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INTRODUCTION 

April 1991 - March 1992 

Reporta on researoh activities, facility operation, and 
facility development of the Texas A&M Cyclotron 
Institue for the period 1 Apd 1991 - 31 March 1992 are 
pnsented in this document. 

During the report period, the ECR-KSOO Cyclotron 
Combination operated 4377 hours. Of this time, 832 
hours was wed for beam development, 942 hours was 
used for tuning and optics, and the beam was available 
for experiments 2603 hours. This time was used in a 
variety of studies including elastic and inelastic scattering, 
projectile break-up, the production and decay of giant 
resonances, fbsion and hssion dynamics, intermediate 
mass fragment emission, e+e- production and molecular 
dissociation. In addition, studies of surfaces and 
metastable states in highly charged ions were carried out 
using the ECR source. 

Completion of two 19element BaF, arrays, of the 
focal plane detector for the proton spectrometer and 
instatlation of the HiLi mukidelector have provided 
signihmt new experimental CapabiLities which have been 
hrther enhanced by major additions to our computer 
network. Progress on the Mass Achromat Recoil 
Spectrometer (MARS) is such that tirst operation of that 
device should occur this summer. Funding for 
installation of the MDM spectrometer was obtained at the 
beginning of this year. As this report is being completed, 
the Enge Split Pole Spectrometer is being disassembled 
and removed to make morn for the MDM spectrometer. 
The split-pole will be shipped to CEBAF for use in 
experiments there. Installation of the MDM should be 
completed within the next year. Also expected in the next 
year is a 92 element plastic-CsI ball. This product of a 
collaboration betwoen vanderbih, OWL, and TAMU 
will be used with the HiLi detector and neutron ball for a 
variety of reaction studies. 

The Institute programs are an integral part a the 
educational program of the College of Science at Texas 
A&M University. During the report period, 30 graduate 
students and 27 undergraduate students have carried out 
research projects with the Institute research staff and 
visiting scientists Listed in the last section of this Report. 
There has also been a significant involvement of scientists 
from OWL, LLL, Legna~~ Laboratory (Italy), and the 
National University of Mexico in Institute reacarch 
activities. 

In addition to the KSOO Cyclotron based research 
programs, Institute scientists were involved in several 
major outside collaborations, Le., MEGA (LAMPF), 
STAR (RHIC), and Few Nucleon Studies (LAMPF). 

The bulk of the research described in this report is 
hnded by the Department of Energy under grants DE- 

(atomic); by the National Science Foundation under grants 
PHY-8907986 and PHY-9001886 (theory); and by The 
Robert A. Welch Foundatiin under grants A-330, A-355, 

Operation of the facility is also s u p p o d  by the 
University. The Texas A&M MEGA collaboration is 
supported under grant DE-FG05-87ER40310. Research 
inthe STAR collaboration is supported under grant 
DE-ASO5-85ER40207. The LAMPF few nucleon studies 
are funded under grant DE-FG05-88ER40395. MARS, 
the MDM spectrometer, the BaB2 crystal amy, and the 
computer system rn also funded by DOE under grant 

Some of the data and conclusions presented in this 
report are based upon preliminary analyses of the 
experiments. Until this research is published, it should 
not be cited without express consent of the investigators 
involved. 

FG05-86ER40256 (nuclear) and DE-FG05-84ER13262 

A-558, A-692, A-972, A-1082, A-1110, and A-1159. 

DE-FG05-86ER40256. 

J. B. Natowitz 
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HEAVY ION REACTIONS 



THE MULTIFRAGMENTATION OF MCa + 40Ca 

K. Hagel, M. Gonin,t R. Wada, J. B. Natowitz, B. H. Sa,# Y. Lou, M. Gui, D. Utley, 
D. Fabris,(l) G. Nebbia,(l) G. Prete,(l) J. Ruiz,(l) 

B. Chambon,@ B. Cheynis,@) A. Demeyer,@) D. Drain,@) D. Guinet,@) X. C. Hu,@) C. Pastor,@) 
A. Giorni,@) A. Llere~,(~) P. Stassi,@) J. B. Viano,@) P. Gonthier(4) 

The analysis of the ‘%!a + “Ca system on which we 
reported in a previous annual report‘ has been extended. 
Comparisons of the various models indicate that the 
multifragment events which we observe result from the 
decay of hot nuclei which have undergone significant 
expansion. 

W e  have used several dynamical models to estimate 
the starting conditions of of A and E* of the system that 
we calculated. L,andau-Vlasovf3 and BUU4s5 calculations 
indicate that at 35 MeVh the collision of “Ca + %a 
results in an initial compression followed by expansion. 
This takes about 70 MC. During this period significant 
pre-equilibrium emission occurs. Based on the 
calculations of reference 2, on BUU calculations using the 
codes of references 4 and 5 and on preequilibrium 
emission estimates using the Boltzman Master Equation6 
we have chosen A=707Z=34, and E*=420 MeV as the 
starting point of our calculations. 

All model calculations have been filtered through the 
same detection and analysis criteria as the experimental 
data. We also corrected for pre-equilibrium emission by 
adding two protons to each event. 

We present in Fig. 1 the experimental charge 
distribution as solid points and the charge distributions 
predicted by several statistical models as histograms. The 
solid line represents the prediction of the simultaneous 
multifragmentation calculation of Sa and Gross’ which 
assumes an expanded starting nucleus with p = 90. The 
dotted line is the prediction of the sequential binary decay 
model of Richert and Wagner: and the dashed line is the 
prediction of the statistical code, GEMINI,!’ which also 
treats the fragment emission as sequential. The Jd for 
the latter has been chosen to be 6Ofr based on the estimate 
of the BUU calculation.s For the experimental events, we 
note a steep falloff in yield behveen Z = 1 and 4, and 
then a more gradual decrease with increasing 2. Of the 
models considered in Fig. 1, the one which comes closest 
to describing the trend of this observed Z-distribution is 
that of Sa and Gross. GEMINI produces the typical Z- 
distriiution expected from a normal statistical model, that 
is, a relatively large production of Z = 1 and 2, a fairly 
low probability of fragments having 3 S 2 S 15, and a 
peak corresponding to heavy residues at higher Z. The 

2 

sequential calculation of Richett and Mgner shows more 
IMF emission and a signikant residue contribution at 
higher Z. 

10’ 

loo 

lo-* 

10-3 

0 5 10 15 20 25 
Z 

Fig. 1. Elemental charge distributions for the 
experiment and the model calculations. The 
points represent the data, the solid line 
represents the multihgmentation calculation of 
Sa and Gross, the dotted line represents the 
binary decay calculation of Richert and Wagner, 
and the dashed line represents the GEMINI 
calculation. 

In Fig. 2 we show correlations between the fragment 
size and multiplicity. The figure shows the probability of 
detecting at least n fragments which have 2 greater than 
or equal to a specified value which we call Zhaw The 
symbols represent the probabilities for n=1,2,3,4 etc. 
For the data shown in Fig. 2(a), we note that up to 9 
fragments having Z I 3 are observed. Figures 2(b), 2(c) 
and 2(d) show the predictions of the simultaneous 
multifragmentation model,’ the sequential binary code of 
Richert and Wagner? and the statistical model, 
GEMINI: respectively. We note again that of these 
models, the Sa-Gross model comes closest to reproducing 
the experimental data. The two standard sequential 
models show much lower probabilities for multiple 
fragment emission than the multihgmentation model 



although the model of Richert and Mgner dcep predii 
slightly more than GEMINI. 

Fig. 2. Probability 
distributions for 
emission of at least n 
fragments, each having 

Symbols are: 
n=l,O; n = 2 , 0 ;  
n=3,A, n=4,0;  
n=S,V; n=6,+; 
n=8,4; n=9,r*. 

zrzw 

Fig. 3. Log distribution of 

Each contour represents 
constant value in units 

2- vs s, (see text). 

of relative 
&Y 

=%=2z 
where Y is the yield. 
The outside contour is 
at a level of 10, and 
each inner contour 
represents a progressive 
increase in yield of 150. 

(a) Experiment, 
(b) Multifragmentation 

calculation of Sa and 
Gross, 

(c) Binary decay calculation 
of Richert and Wagner, 

(d) GEMINI calculation. 
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Figure 3 shows a contour plot of the Ins2 vs W- 
distributions as introduced in our previous annual report.' 
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Two peaks occur in the experimental contour plot in Fig. 
3(a). One is located at large values of M- and small 
values of Ins; and the other is located at small values of 
lnZ- and large values of Ins;. Figure 3(b) shows the 
prediction of the multifragmentation code,' Fig. 3(c) 
shows the prediction of the Richert and Wagner code: 
and Fig. 3(d) shows the prediction of GEMINL9 The 

multifnrgmentatin calculation in Fig. 3(b) shows only one 
peak at large ld; similar to the most prominent peak in 
Fig. 3fa). The other two calculations, on the other hand, 
show a large peak only at small values of Ins;. These 
calculated peaks are at lower valuea Mi than the peak at 
lower Ins; in the experimental data, a fact which reflects the 
dominance of light particle emission in the calculations. 

The comparisons of Fig. 1, 2, and 3 suggest that 
"normal" statistical models are not in agreement ,with the 
observations. Since expansion is a key ingredient in t h e  
reasonably success~l  simultaneous multifragmientatioin 
model, it is of interest to ask how sequential decay from 
an expanding system compares with the data. Friedman 
has proposed a sequential decay model in which the 
daxcitation of an expanding nucleus is treated." In Fig. 
4 we present for the schematic model of Friedman, with 
different assumed values of the expansion energy (E-,) 
of the deexciting system, plots like those of Fig. 3. When 
E- = 0, as shown in Fig. 4(a), the results are 
qualitatively similar to the GEMINI prediction. However, 
ifE-=50 or 100 MeV, as shown in Fig. 4@) and 4(c), 
respectively, the distributions evolve toward larger valucs 
of Ins; and smaller values of M,. For E-=lOO MeV, 
the results shown in Fig. 4(c) are similar to those of the 
multifragmentation model presented in Fig. 3(b). 

Fig. 4. Same as Fig. 3 for 
the schematic 
model of Friedman 
havingE of 
(a) 0 M e T  
(b) 50 MeV, and 
(c) 100 MeV. 

The minimum density 

0.0 0.5 t o  t 5  2.6 
MSZ) 

reached in the model 
calculation which corresponds to Fig. 3(c) is about f q,,. Tliis 
may be compared to the value of q,, used in the 
simultaneous multifragmentation calculation. At 35 

I 
I 
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simultaneous multifragmentation calculation. At 35 
MeVlu the Landau Vlasov and BUU codes lead to a 
minimum density near 1 9 0 . ~ ~  It has been pointed out that 
at such low density the system enters the spinodal region 
and is subject to mechanical instabilities which could lead 
to muItifragmentation. -*I2 

In conclusion, we have shown that model calculations 
which assume significant expansion of the deexciting 
system such tw the Sa and Gross simultaneous 
multifiagmentation model or the expanding sequential 
decay model of Friedman, are in much better agreement 
with the observed behavior than are calculations with 
more standard sequential models. A characteristic of the 
Friedman model is that the bulk of the IMF emission, 
though sequential, occurs in a very short time scale at 
large expansion. We take the success of the two models 
incorporating expansion as a strong argument that the 
experimental events reflect the deexcitation from a hot 
expanded system rather than the equilibrium decay of a 
hot nucleus of normal density. The reasonable success of 
the two models does not presently allow a distinction to be 
made between simultaneous and sequential emission. 

4. 
5. 
6. 
7. 

8. 

9. 
10. 
11. 

tBmkhaven National Laboratory, Upton, New York. 
#Institute of Atomic Energy, Beijing, China. 
(')INFN-Legnaro, 135020, Legnaro, Italy 
OIPN-Lyon, 69622 Vieurbanne Cedex, France 
@)ISN-Grenoble, 38026 GrenobleCedex, France 
@)Hope College, Holland, Michigan 49423 

12. 

REFERENCES 

K. Hagel g aJ., Progress in Research 1993-91, 
Cyclotron Institute, Texas ABM University, p. 18. 
K. Sneppen and L. Viet,  Nucl. Phys. A480, 342 
(1988). 
E. Suraud, in Proceedings of the Symposium on 
Nuclear Dynamics and Nuclear Dkassembiy, edited 
by J. B. Natowitz, M r l d  Scientific Publishing 
Company, Singapore, 1989) p. 464. 
K. Niita 
H. M. Xu g aJ., Phys. Rev. Le4t. 65, 843 (1990). 
M. Blann, Phys. Rev. C31,1245 (1985). 
Sa Ban-Hao and D. H. E. Gross, Nucl. Phys.A437, 
643 (1985); Xiao-Ze Zhang aJ., Nucl. Phys. 
A461, 641 (1987); Xiao-Ze Zhang g d., Nucl. 
Phys. A461,668 (1987). 
J. Richert and P. Wagner, Nucl. Phys. A517, 399 
(1990). 
R. J. Charity g aJ., Nucl. Phys. A483,371 (1988). 
X. Campi, J. Phys. A19, L917 (1986). 
W. Friedman, in Proceedings of the Internarional 
Symposium on Nuclear Dynamics, Niiko, Japan, June 
1991 (to be published in Conf. Proc., Amer. Inst. of 
Physics); W. Friedman, Phys. Rev. Lett. 60, 2125 
(1988); W. Friedman, Phys. Rev. C42,667 (1990). 
C. J. Pethick and D. G. Ravenhall, Nucl. Phys. 
A471, 19c (1987). 

d., Nucl. Phys. A504,391 (1989). 

NEUTRON MULTIPLICITIES IN THE 40Ar + 40Ca SYSTEM 

K. Hagel, R. Wada, J. B. Natowitz, Y. Lou, D. Utley, X. Bin 

The results of the %a + "Oca experiment reported 
elsewhere in this annual report used only data which did 
not sensitively depend on the calibration of the 
AMPHORA detector.' In order to push the data further, 
it would be desirable to have a reliable check on the 
calibration of the AMPHORA detector. The AMPHORA 
experiment had two triggers which we might hope to 
match to the data in this calibration run. One set of data 
had a multiplicity threshold of 4, and the other set of data 
had a multiplicity threshold greater than 14. The lower 
multiplicity threshold detected essentially all of the 
reaction cross section except for the very peripheral 
collisions, whereas the higher multiplicity threshold which 
comprises the majority of our data was selected in order to 
focus on the very violent collisions for the study of 

multifragmentation. 
If neutron multiplicity could be established as an 

indicator of the degree of violence of the collision in this 
light system, we could focus on the very violent collisions 
and compare the energy spectra directly. If the neutron 
multiplicity cannot, however, be established as an 
indicator of the violence of the collision, we can sti l l  take 
our data in singles mode and compare it to the 
AMPHORA data with the lower multiplicity threshold. 

In an attempt to check our calibration of the 
AMPHORA detector, we have bombarded 35 MeVlu @Ar 
ions onto a target in the neutron ball. The trigger 
was the neutron ball. Two klement  dekctor telescopes 
were used to measure the energy spectra of protons and 
alpha particles at the same angles as detectors in the 
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AMPHORA detector. The silicon detectors were 
calibrated using a pulser which was normalized to the 
5.48 MeV alpha patticles f b m  an Am source. Source 
data were also taken from 3.18 MeV alpha particles from 
a Gd source and 6.11 MeV alpha particles from a Cf 
source. One data run was performed where both detectors 
were placed at 90° in order to verify that the calibrations 
of this run were internally consistent. The CsI detector 
was calibrated using range energy tables. 

Figure 1 shows the proton and alpha particle energy 
spectra at the various angles. The open circles are the 
spectra in coincidence with 1 neutron and the closed 
circles are the spectra in coincidence with 10 neutrons. 
No background c o d o n s  have been made for the 
neutron ball. Nk observe in this figure that the spectra 
for protons and alpha particles have very similar forms 
regardless of whether one neutron was detected or ten 
neutrons were detected. If the neutron multiplicity is an 
indicator of the violence of the collision, we would expect 
those spectra to change with neutron multiplicity. This 
insensitivity would indicate that the neutron multiplicity is 
not a good indicator of the violence of the coltision for a 
light system such as the @Ar + @Ca system. We do note, 
however, that the intensity of protons and alpha particles 
does increase when they are in coincidence with ten 
neutrons which would indicate more violent collisions. 

There is clearly more work to be done in order to 
understand this possible discrepancy. The analysis of this 
experiment is in progress. 
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Fig. 1. Energy spectra of protons and alpha paiticles at 
the various AMPHORA angles. Opemi circles 
represent protons or alpha partit:les in 
coincidence with 1 neutron, and solid circles 
represent protons or alpha pattides in 
coincidence with 10 neutrons. No background 
correction has been made for the neutron 
multiplicity. The top set of spectra are for 
8=20°, and each one under that is for 8=31°, 
45", 66". 90". 117", 148", respectively. 

DY NAMICAL ASPECTS OF INTERMEDIATE MASS FRAGMENT EMISSION 
IN THE REACTION OF 32S + Ag AT 30 AMeV 

R. Wada, M. Gonin,(l) M. Gui, K. Hagel, Y. Lou, D. Utley, B. Xiao, D. Miller, J. B. Natowitz, 
D. Fabris,@) G. Nebbia,@) R. Zanon,@) B. Chambon,@) B. Cheynis,@) A. Derneyer,@) D. DraiIi,@) 

D. Guinet,@) X. C. Hu,@) C. Pastor,@) K. Zaid,@) J. Alarja,@) R. Bertholet,o A. Giorni,@) 
A. Lleres,C4) C. Morand,c4) P. Stassi,c4) L. Schu~sler,(~) B. Vian~, (~)  P. G~nthier(~) 

The emission of intermediate mass fragments (IMFs, 
3 5  Z 5 14) has been studied in the reaction 32S + Ag at 
30 M e V .  The experiment was performed at the SARA 
coupled cyclotron facility in Grenoble using a 4 r  array, 
"AMPHORA." Light charged particles are detected by 
the AMPHORA with particle identification. Heavier 
fragments with Z 2 3, including fission fragments, were 
isolated in the CsI detector without Z identification. In 
h n t  of four AMPHORA segments at forward an&, s i  
detecton (300fim,Sx5 cm were set at a polar angle of 
8=8O and azimuthal angles of t$=Oo, 90°, 180' and 

270'. Projectile like fragments were observed using these 
Si (AE) and CsI (E) telescopes. Five of the AMPHORA 
segments were replaced by telescopes which consisted of B 

gas ionization chamber IC (AE) and a CsI (E) detector. 
These telescopes allowed Z identification of the heavier 
fragments. They were set at 8=20", 31", 46", MI", 117O 
at an azimuthal angle of t$ = 180'. 

The inclusive charge distribution of fragment9 , whiclh 
were detected by the IC-CsI telescope at 31°, is plotted in 
Fig.1 using solid circles. The open symbols show the 
charge distribution of the fragments at 31" when an 
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additional hgment with 2 2 3 is detected in the angular 
range 25" 5 8 5 75". For both cases the fragment 
charge distributions are dominated by light IMFs and 
show very similar shapes with an exponential fall-off, 
Calculated IMF yields are also shown for the statistical 
model code GEMINI' and for a classical dynamical 
modeL2 The statistical model underestimates the 
experimental IMF cross sections by more than a factor of 
10, whereas the dynamical model predicts a factor of 2 - 3 
smaller than the experiment. For the latter the 
discrepancy can be explained by the emission from the 
compound nucleus, which is not taken into account in the 
dynamical model. This result may indicate a dynamical 
origin of the observed IMFs. 

The azimuthal angular correlation between fragments 
is an interesting observable which can characterize the 
emission mechanism. The correlation functions between a 
PLF observed at 8" and a fragment detected by the 
AMPHORA segments at 25" 5 8 S 75" are plotted in 
Fig. 2, where the azimuthal angle of the PLF detector is 
taken as +=Oo. ' b o  cases are shown, namely that for 
PLFs with 2 2 9 (closed symbols) and that for PLFs with 
2=5,6 (open symbols). A strong correlation is observed 
for the PLFs with Z 2 9. The correlation indicates that 
the coincident fragment is preferentially emitted in the 
same plane as the PLF but on the opposite side of the 
beam.' A moving source analysis showed that at angles 
B 2 30" the projectilo-like component contributes little to 
the fragment differential cross sections. For the IMF 
emission from a strong polarized compound nucleus 
following an incomplete fusion process, the relative 
azimuthal correlation between IMF-PLF would show a 
coplanarity h e e n  these two fragments but would also 
show enhancements at A+= = 0" and 180". The latter is 
not observed experimentally as seen in Fig. 2. The 
observed azimuthal correlation, therefore, indicates that a 
dynamical process, such as an incomplete deeply inelastic 
process, plays an important role for the fragment emission. 

The correlation becomes smaller for the PLFs with 
2=5,6. This may be caused by the sequential particle 
decay of the excited primary PLF, which smears the 
primary correlation. Even though the correlation becomes 
small, one can see that the fragment emission is still 
enhanced in the reaction plane both on the same side and 
on the opposite side from the PLF. To shed more light on 
this correlation, triple coincidence events were examined. 
The correlation function of the relative azimuthal angle 
(A+& was examined for two fragments which are 
observed in the AMPHORA segments at 25" S B s 75" 
triggered by a PLF having 2 2 5 detected at 8". The 

result is shown in Fig. 3. One can clearly see that the two 
fragments are preferentially emitted around 

= 180". Moreover, in Fig. 4 this azimuthal angle 
correlation is shown to be a rather general observation for 
the two fragment emission. In that figure the correlation 
function of two fragments is plotted by symbols for the 
events triggered by the IC-CsI telescopes (Le. no PLF is 
required). A fragment is detected by one of the IC-CsI 
telescopes at B = 31°, 46", 66" and the other is detected 
by one of the AMPHORA segments at 25" s B S 75". 
The azimuthal angle of the IC-CsI telescopes is taken as 
+ = 0" in the figure. Two cases are shown, fmt one of 
the fragments detected by the IC-CsI telescope has 
Z = 5,6 (open symbols) and second when this fragment 
has Z = 8-12 (closed symbols). For both cases a strong 
azimuthal angular correlation is observed. For the 
2 = 8-12 case 40 = 50% of the fragments are emitted in 
opposite azimuthal directions from each other. As the 
explanation of this azimuthal angular correlation, several 
possible mechanisms can be proposed, such as fusion of 
the compound nucleus following incomplete fusion as well 
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Charge distributions of the fragments at 31". 
Solid symbols show the inclusive distribution. 
Open symbols show the distribution for 
fragments in coincidence with a fragment 
detected at 25" C B s 75" (MF = 2). The 
absolute scale is only for the inclusive data and 
the coincidence data are arbitrarily normalized 
to the inclusive data by multiplying by a factor 
of 4. Histograms are the results of the GEMINI 
calculation with J=lOOh for inclusive (thin 
solid line), M,=2 (multiplied by a factor 4, 
dashed line) and the primary IMFs (see text, 
dotted line), respectively. The histogram plotted 
with a thick solid line shows the result of the 
extended classical dynamical model. All 
calculated results are fdtered using the 
experimental energy thresholds. 



as orbiting or quen th l  breakup of fragments following 
deeply inelastic prooess. The dominance of light IMFs in 
FWO fragment emission, as seen in Fig. 1, rules out fission 
astheexplanation. 

AMPLF -Fl 
I ' I I 1 6 I ' ~ '  

PLF ie 
I i .  

e i  

0 100 200 300 
A@ 

Fig. 2. Azimuthal angular correlation between a PLF 
observed at 8" and a fragment with Z23 
observed at 25' si 8 S 7 5 O  for different Z pLE 
triggers. The azimuthal angle of the PLF 
detector is taken as 0 = Oo, as indicated by the 
arrow. The dotted line indicates 4 = 180". 

The strong azimuthal angular correlation between 
PLF-IMF, shown in Fig. 2, and the coplanarity with 
AI$= = 180" for IMF-IMP emission, shown in Figs. 3 
and 4, am strong constraints for the dominant emission 
mechanism of IMFs. The classical dynamical model has 
been applied to nonequilibrium composite light particle 
emission.2 
W have applied this model to the IMF emission. 

Details of the model can be found in Ref. 2. This model 
assumes a breakup of the projectile into a primary 
projectilelike fragment A1 and a negatively deflected 
fragment A2. This fragment A2 may itself fragment after 
emission as it achieves significant excitation energy during 
deflection. 

For events with IMF emission from (or fission ot) 
fragment A2 one can expect an azimuthal correlation 
around AtPm = 180" when fragment A2 is emitted at 
small angles, which simply results from the momentum 
conservation. In Fig. 4 the calculated azimuthal 
correlations for two such IMFs are compared with the 
data, using the same detection conditions as in the 
experiment. The calculated results reproduce the 
observed correlations very well for both fragment cases, 

although the calculated ratio of double to single mission 

0.030, whereas the experimental ratio b~ 0.143. 
of fragments M, = ZM, = 1 at s o  5 e 5 750,118 

- AMF-F) with ,PLF 

Fig. 3. Relative azimuthal angular correlation between 
two fragments with Z 2 3 observed at 2 5 O  S 8 
S 75" in coincidence with a PLF with Z 2 5 
observed at 8". 

AMC-F) 
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A@ 

Fig. 4. Azimuthal angular correlation between tv~o 
fragments with 223. One of the fragments is 
measured by one of the IC-CsI telaicopes at 
31°, 4 6 O ,  66". ("he azimuthal angle of these 
telescopes is taken as +=Oo.) The other 
fragment is observed by one of the AMPHORA 
segments at 25" S 0 5 75'. Tko different Z 
groups in the telescopes are selected. 

In Fig. 5 we make a comparison between the results 
of the calculation and the experiment. At the top of Fig. 5 
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the calculated initial temperature (assuming an inverse 
level density parameter K=8) of the primary fragment A2 
is plotted 88 a function of the charge of PLFs, Z,, The 
temperature decreases as Z, increases. For lower Z the 
oalculatcd temperatures are comparable with those 
obtained in the measurements of the particle unstable level 
populations in which a source temperature of 4-5 MeV 
was determined for intermediate velocity fragments. In 
the middle of the figure the average differential 
multiplicity of the fragments with 2 2 3  observed by the 
AMPHORA segments is plotted. The multiplicity 
depends strongly on Z,, reflecting the increase of the 
excitation energy with decreasing impact parameter of the 
collision. The calculated multiplicities at 25" s B 5 75O 
for the primary A2 and the secondary IMFs fromA2 
are shown by dashed and solid lines, respectively. The 
calculated multiplicity for the secondary fragments 
reproduces the general trend of the observed data up to 
Z, 5 11. The discrepancy for Z, = 12,13 may 
indicate that the thermal excitation energy given to the 
fragment A2 in proportion to its mass (A=8,6 for Z,, = 
12,13, respectively) is too little. In the bottom of the 
figure the average charge of the fragments with Z 2 3 
observed by the ICCsI telescopes at 31" and 66" is 
plotted as a function of Zprr . The average 2 depends 
slightly on Z, and monotonically deoreases with 
increasing Z, . The calculated results are shown by 
solid (31O) and dashed (66") lines. (The calculated results 
are filtered using the experimental energy thresholds, 
although this has little effect on the results because of 
rather high calculated kinetic energy of the IMFs at these 
angles.) The observed average Z is well reproduced by 
the calculation. Even though in the comparisons the 
calculated cross section for two fragment emission is 
smaller by a factor of 4-5 than for the experiment, 
reasonable agreement is obtained because the basic 
characteristics of the fragmmt emission are dominated by 
a single fragment emission in this incident energy region. 
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Fig. 5. Results of the extended classical dynamical 
calculation are compared with the experimental 
data in coincidence with different PLFs . 

Top: Calculated initial temperature distribution of the 
fragment A2 when an IMP originating from A2 
is detected at angle 25" s B s 75O. 

Middle: Differential multiplicity distribution of the 
fragments detected at 2 5 O  S 6 S 75". Dashed 
line shows the multiplicity for the A2 fragment 
and the solid line is that of the secondary 
fragments. 

Bottom: Average Z distribution of the fragments with 
Z 2 3 observed at 31" and 66". The solid and 
dashed lines are the calculated results for each 
angle. 

8 



PRE-SCISSION TIMES AS A FUNCTION OF FRAGMENT MASS ASYMMETRY 

M. Gui, R. Wada, J. B. Natowitz, K. Hagel, Y. Lou, D. Utley, B. Xiao, 
G. Enders,(l) W. Kiihn,(l) V. Metag,(') R. Novotny,(*) 0. Schwalb,(l) 

R. Charity,@) R. Freifelder,@) A. Gobbi,@) W.Henning,@) K. D. Hildenbrand,o) 
R. Mayer,@) R. S .Simon,@) J. Wessels,@) G. Casini,@) A. Old,@) and A. A. Stefaninio) 

Systematic experimental data on timescales involved 
in nuclear fission as a function of excitation energy, 
temperature, mass-split and total kinetic energy provide 
new insights into the nature of the fission process. In this 
work, investigation of the fssion timescale as a tbnction 
of tission fragment mass asymmetry was camed out. 

The experiment was performed at the UNILAC 
accelerator of GSI in Darmstadt, Germany. An 18.5 
MeVlu (total energy 2516 MeV) *36xez+ ion beam 
bombarded a self-supporting target W with a thickness of 
175 j t g / d .  Fission fragment velocities were measured. 
The fragment masses were deduced by means of a 
kinematic reconstruction. The light charged particles 
emitted in coincidence with fission fragments were 
observed. Pre-scission and post-scission (Y and p 
multiplicities as a function of fragment mass asymmetry 
were determined by a three moving source fit method. 

An empirical technique was used to obtain the 
excitation energy at scission of the system from the 
multiplicities of the emitted light particles. 

From our previous observations of charged particle 
emission, we noted that both the cy and the proton 
multiplicities increase linearly as the excitation energy per 
nucleon of the system increases, 

<M> = K(EX/A) - b 

The slopej and intercept b change slightly depending on 
the mass of the system. In order to determine the 
excitation energies at scission for different fission 
fragment mass asymmetries, we have assumed that this 
property of evaporated CY and proton multiplicities 
increasing linearly with the excitation energy per nucleon 
of the system is also valid for the present system with A 
= 184. As the symmetric fission is well characterized for 
our system, we used data for the symmetric fission 
process to establish the slopes K~ and K~ for this system 
and used an intercept formula based on the data from 
Mda, g & I ,  Gonin, g &z, and Gramegna, g to 
establish the necessary parameters. 

Using this method, we have determined the 
excitation energy at the scission point for scission with 
different mass asymmetries from both the post-scission OL 

or proton multiplicities, as well M fram the pre-scission u 
or proton multiplicities. The results ar t  presented in 
Fig. 1. From these energies, prascission times are 
determined by employing the statistical model computer 
code EVAP (Nicolis, 1991). In Fig. 2, we show results 
of calculations a = ANO. The decay by n,p,d,u,t, 3He 
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Fig. 1 The excitation energy at scission for different 

fission fragment mass asymmetries deducicd 
from pre-scission (Y multiplicity (ab), poet- 
scission (Y multiplicity (o), pre-scissioa proton 
multiplicity ( + ) and post-scission proton 
multiplicity (0)as  a function of fusion fiagme:nt 
mass asymmetry. For clarity, points are slightly 
displaced on the mass asymmetry scale. 

and 6Li has been considered in the calculation of decay 
widths. The statistical fission decay was suppressed in the 
calculation. As it was found previously that the paramekr 
k = A/a increases as excitation energy per nucleon of the 
system increases, the lifetime and cumulative decay tune 
were also calculated as a function of the excitation energy 
by assuming a temperature dependent levell density 
parameter (Shlomo and Natowitz'). These lifetimes a.re 
shown in Fig. 2. 

Table 1 summarizes our results, where E x  xepreseiits 
excitation energy at scission, Tune(A/lO) represents the 
pre-scission times obtained by assuming a level density 
parameter a I = A/lO,  Tme(a(T) represents the p r e  
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scission times by assuming a temperature dependent level 
density parameter. These results indicate that for very hot 
nuclei with A = 180, having initial excitation energies 
about 3 MeVlu, symmetric break up still occurs at the 
very end of the dc-excitation chain, at an excitation energy 
around 100 MeV. SymmetncaUy fissioning nuclei are 
cold at scission. This is because the time needed for the 
hot nucleus to change shape into two nearly equal sized 
nuclei is 1 xlO-m sec. Duing this time, the very rapid 
evaporation of light particles removes the extra excitation 
energy, leaving the system relatively cold. 

103 

lo2 

10' 

loo 

Fig. 2 
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Prc-scission lifetime as a function of mass 
asymmetry. (0)  represents the prescission 
timescale extracted from our experiment 
assuming II = A/IO. (0) represents the p r e  
scission timescale assuming a temperature 
dependent level density parameter. (For clarity, 
points are slightly displaced on the mass 
asymmetry scale.) The lines are to guide the 
eye. (*) indicates the prsscission timescale 
obtained by Hilscher 4. for the system l%*, 
and ( 0 )  indicates the prescission timescale 
calculated using the Feldmeier model by 
assuming L = 120 fi. 

Even for completely relaxed processes, asymmetric 
b d - u p  happens at an earlier stage of the particle d e  
excitation cham than symmetric fission. The greater the 
fragment mass asymmetry, the earlier in the dGexcitation 
stage the scission occurs. Some of the asymmetric mass- 

split processes may be correlated with higher angular 
momenta, reflecting large fluctuations in energy 
dissipation or interaction time. For the most asymmetric 
break up observed here the time to scission is 0.3 to 
1.1 x 10-21sec, which is close to the characteristic time of 
deepinelastic scattering. 

The fission fragment angular distribution 
observed in this experiment, (da/dO) in the Center of Mass 
Frame, is flat for symmetric fmion, but shows a forward- 
backward peaking for the asymmetric fssion. In the 
Center of Mass Frame, the heavier fragment peaks 
forward while the lighter fragment peaks backward. As 
our system is a reversed kinematics system, this forward 
and backward peaking implies that the system at the 
scission point sti l l  has the memory of the entrance 
channel. This is also true for most detected three body 
events which were observed to be strongly damped. 

Table 1 
Excitation Energies and Times 

1 .oo 
1.56 
2.54 
4.75 

Ex 
(MeV) 
110*19 
158f22 
240f25 
413f46 

(l)II. Physikalisches Institiit, Universitiit Gieflen, Germany 
OGSI, Darmstadt, Germany 
OIINFN, Florence, Italy 
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FISSION PROCESSES IN THE REACTION 
~ C U  + lwMo at 10, 17 and 25 Mevh 

Y.Lou, L.Cooke, TBotting, M.Gonh,(l) M.Gui, K.Hage1, B.Hurst, D.O'Kelly, G.Mouchaity, 
LNatowitz, R. P. Schmitt, W. lbrmel, D.Utley, R.Wada, B.Burch,@) D.Fabris,@ G.Nebbia,@) 

M.E.Brandan,@) A.Menchaca-Rocha,@) F.Gramegna,o M.Poggi,o G.Prete,o J.Ruiz,@) G.Viesti@) 

Previous experiments on neutron and light charged 
particle emission in the 69ui + l%o reaction at 9.2 and 
10.9 MeVlu and on charged light particle emission at 13.3 
and 16.7 MeVlu have shown that the fission decay is a 
cold process with the fission occurring at an excitation 
energy near 130 MeV.' To be#er characterize the d e  
excitation pathways of the hot compound nucleus d e  
excitation and to achieve a better understanding of the 
firsion time scale we have looked at the fission decay in 
coincidence with neutrons and light charged particles for 
the reaction of %u + '""Mo at bombardiig energies of 
10, 17 and 25 Mevlu. 

For these reactions average linear momentum 
transfers (LMT) near 100%,90%, and 80% are expected, 
leading to the excitation energies of 280, 500 and 670 
MeV for the compound nuclei. The hot compound nuclei 
decay by evaporating light particles (and possibly IMF) 
both before and after scission. 

To detect coincident evaporated species, we position 
two 7-strip Si detectors on the leA (LF) and right (RF) 
sides of the beam for fission fragment detection and 
several hodoscopes consisting of an Si strip detector 
backed by CsI crystals and several telescopes of Si 
detectors for light charge particle detection. The LF strip 
detector covers from 21.5' to 42.5' and the RF strip 
detector covers from -21.92' to -48.08*. All these 
delectors are inside the vacuum chamber of the neutron 
ball, allowing total neutron detection and a neutron 
angular distribution measurement. 

Once the linear momentum transfer is understood, 
the mass distribution of the fusion fragments may be 
determined from the energy and angles of the detected 
fragments. Since the evaporation is symmetric in the 
frame of the evaporating nucleus, we assume that the 
average velocity of the compound nucleus does not change 
before scission. Also the post-scission emission is 
assumed not to affect the average fission fragment 
velocities. Applying the momentum conservation and 
assuming the total mass at the scission point is M,, we 
can extract the fission fragment masses. 

Htot x E2 x sin202 

E l  x sin20a+E2 X sin262 
H I  = 

H~~~ x EI x sin%, 

EI x S ~ ~ % ~ + E Z  x sinZez 
M2 = 

Here E l  and E2 are the fssion hgment energies and 
8, and 8, are the angles at which the fission fragnients are 
detected. 

For the 10 MeVlu experiment Fig. 1 shlows the 
resultant mass spectra for the coincidence matrix of two 
seven strip Si detectors LF and RF placed on opposite 
sides of the beam. For this energy the peak of the foldirig 
angle for symmetric fission occurs in the upper right 
portion of the figure. More asymmetric fission events am 
detected at other angles. The Total Kinetic Energy 
(TKE) of the two fission fragments in the moving frame is 
shown in Fig. 2(a) for the 10 MeVlu experiment. Tire 
experimental geometry discriminates against very 
asymmdric breakups. 

s 4 I (I T 

M1 (4 

Fig. 1. The mass spectra for coincident fragment 
detection in two Si strip detectors for the 110 
MeVIu run. 

A simulation was performed to see how the geometry 
affects the fission fragment detection. In the simulation 
we let the hot nucleus decay by light particle (protoas, 
alphas and neutrons) evaporation and cool down to 130 
Mev excitation energy before fissioning. At the scission 
point we control the width of the fission fragment mass 
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distribution. 
velocity of the center of mass. 

The hot nucleus initially moves at the 
We then analyze the 

simulation results in the same way as the experimental 
data, reconstructing the masses and the TKE. In Fig. 2@) 
we show all the events without geometric restrictions, 
while Fig. 2(c) shows the result of fdtering by the 
experimental acceptance conditions. The simulation 
prova to be very useful in understanding the experimental 
results. 

While the simulation starts with the average velocity 
V,, this may not be the case in the experiment. A range 
of linear momentum transfers may result from partial 
fusion at the different impact parameten. 

From the experimental folding angle distributions 
obtained for a symmetric firsion fragment window 
(AM=20) on the 10 MeVlu data we have extracted the 
linear momentum transfer (LMT) distribution figures 
shown in Fig. 3(a). In Fig. 3@) and Fig. 3(c) we show 
similar results (AM=lO) for 17 and 25 MeVlu runs. The 
increasing width of the LMT distribution with increasing 
energy reflects both a broader range of momentum 
transfer and evaporation broadening of the primary 
distribution. 

To assist in the interpretation of these results we are 
employing the simulation. In Fig. 3(a) we show a 

TKE n ha ta I M.VN “tu % 

0 Y o ~ l ! w  
M1 (01 

Total kinetic enera (TKE) of fission frasments 
vs. fission fragment mass at 10 MeVlu. (a) 
experimental data. (b) the simulation for 1009% 
LMT without filtering through the experimental 
geometry. (c) the simulation with the added 
condition of the experimental geometry. 

Fig. 2 

%u + looMo Symmetric fission 
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i3 102 

AM,=20 

LFbRFn 
A LF20RFn 

LF3rRFn 
v LFIrRFn 
e LF5-RFn 
e LFGrRFn 
4 LF7rRFn 

_....”.. 10’ 
10‘ 

103 

3 102 

17 k V / u  data (AM-10) 

(c) 25 MeV/u data (AM-10) I LFlrRFn 
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Fig. 3 (a) Linear momentum transfer at 10 MeVlu. The 
dashed line shows simulation with an initial 
mass distribution of Width AM = 0.4 mass 
units at the scission point. f i e  dotted line 
shows the simulation with width AM = 20 
mass units at the scission point. As &dicated 
the different symbols resent the results for 
distributions obtained Trom observations of 
fragments in different strips in the LF detector 
with fragments in the RF detector. @) Linear 
momentum transfer at 17 MeVlu. The dashed 
line shows the simulation with a width AM, = 
40 mass unit. (c) Linear momentum transfer at 
25 MeVlu. The dashed line shows the 
simulation with a width AM, = 40 mass unit. 

simulation of the LMT distribution to be expected at 10 
MeVlu if the initial LMT is 100% and the initial width of 
the fission fragment mass distribution is 0.4 mass units 
(dashed line) or 20 units (dotted line). Similar 
calculations for the 17 and 25 MeVIu simulations are 
shown in Fig. 3(b) and Fig. 3(c) (dashed line). From 
comparisons such as this we hope to obtain the primary 
LMT distributions at 10, 17 and 25 MeVlu. 

Further analysis of the data is under way. 

(I)  Brookhaven National Laboratory, Upton, New York 
INFN & Dipartimento di Fisica dell‘university di 
Padova, Padova, Italy 
Instituto de Fisica, UNAM, Mexico D.F 01OOO 
INFN, Lab. Naz. Legnaro,1-35020, Legnaro, Italy 
INFN & Dipahen to  di Fisica dell’university di 
Bari, Ban, Italy 
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HEAVY RESIDUE PRODUCTION IN THE SYSTEM Ar + Th AT 1600 MEV 

D. Utley, X.Bin, M. Gui, K. Hagel, J. Li, Y. Lou, D. Miller, J. Natowitz and R. Wada 

Beams from the K-500 superconducting cyclotron 
have been used in experiments with the neutron ball to 
explore the limits to excitation energy in compound nuclei 
formed in the reactions Ar + Th, Au, Mo and Ni with 
projectile energies of 35 MeVlu and 40 MeVIu.' 

Experiments with 44 MeVlu Ar projectiles and Th 
and Au targets camed out at the Hahn Meitner Institute 
were interpreted as suggesting an upper limit to the 
excitation energy of 600-800 MeV for this system.2 
Calculations completed here show the detector angle of 
20" reported by the Berlin group to be too large to detect 
the majority of residues which might be produced from 
collisions central enough to induce excitation energies 
above 700 MeV, should such residues avoid fssioning. 

In our experiment at 35 MeVIu residues with mass 
greater than 150 u were found to have neutron 
multiplicities simiiar to that found in fission. A follow up 
experiment with the capability of obtaining the light 
charged particle (LCP) energy spectra, LCP multiplicities 
and neutron multiplicities in coincidence with heavy 
residues and projectile like fragments at selected lab 

The experiment at 40 MeVIu was completed in the 
scattering chamber of the Neutron Ball. Eight LCP 
telescopes consisting of ionization chambers backed by 
silicon surface bamer detectors (3) or CsIlPMT detectors 
(5) were positioned at 20' intervals in the reaction plane. 

Four 300 micron silicon strip detectors 6 cm x 5 cm 
each divided into three regions for angular resolution were 
placed in the forward direction to detect residues: two at 
45 cm and two at 68 cm from the target. The two 
detectors at 68 cm were backed by 0.5 cm CsI crystals for 
identification of the projectile like fragments. The residue 
detectors provided coverage from 3.4' to 12' from the 
beam. 

Energy and timing calibrations have been completed 
for the residue detectors. Preliminary fragment mass 
distn'butions based on the lab kinetic energy and time of 
flight are currently being obtained. Figure 1 illustrates a 
prelimiinary mass versus lab kinetic energy distribution for 
a single detector located at 4' from the beam axis 68 cm 
from the Th target. Corrections for pulse height defect3 
and timing resolution have not been made in this plot. 
These corrections are expected to shift the mass 
distributions significantly. Figure 2 is the background 

angles was performed. 

corrected neutron multiplicity for the associated matis 
distribution of Fig. 1. 

Analysis of the spectra of light charged particles arid 
IMFs in coincidence with the massive fragments is in 
progress. Excitation energies corresponding to the moat 
central collisions will be extracted from these dah. 
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Fig. 1 Mass versus fragment kinetic energy 
distributions for Ar + Th at 1 6 0  Me'V. 
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FOLDING ANGLE AND NEUTRON MULTIPLICITY 
IN THE REACTION *ONe + W m  AT 20 Mevh 
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As a part of our continuing study of the decay 
propertk of hot nuclei with As160, we have investigated 
the reaction of 2OMeV %e + %m, a much more 
asymmetric entrance channel than employed in the 
experiments we performed in Ref. 1,2. 

Fission fragments were detected by 5 Si strip 
detectors. These detectors are 6.0 cm long and 4.0 cm 
wide. Three of them were placed on the left side of the 
beam. The LF strip detector was centered at 32" and 
covered the angle from 21.5" to 4 2 9 ,  LP1 was centered 
at 61" and covered from 50.98' to 71.02', Lp2 was 
centered at 94" with angle coverage from 82.48" to 
105.52O. Two strip detectors were placed on the right 
side of the beam: the RF strip detector centered at -35" 
and covering from -21.92O to -48.08", and the TOP 
detector centered at -75" with angle coverage from 
-62.06O to -87.94O. Neutrons, in coincidence with 
fission fragments, were detected by the 4~ neutron ball 
which has top and bottom hemispheres as well as 8 
wedges covering 320" in the reaction plane with 40" 
coverage for each wedge. Wk can measure both the total 
neutron multiplicity and the angular distribution of the in 
plane neutrons. 

Two measurements of fission fragment folding angle 
are shown in Fig. l(a) and Fig. l(b). In Fig. l(a), we 
show the results for fission fragments detected in three 
different strips of the LF detector LF1(42.S0), LF4(32O), 
and LE(28.5") in coincidence with fragments detected in 
the TOP detector. Fig. l(b) shows the results for fission 
fragments in strips TOP1(-62.06O), TOP2(-66.34O), and 
"3(-70.62O) observed in coincidence respectively with 
fragments in the LPl detector. These data will be 
analyzed to get momentum transfer information. 

Total neutron multiplicities with different windows 
on the folding angle are also being studied. The typical 
neutron multiplicities (uncorrected for efficient) obtained 
by setting Merent coincidence trigger requirements are 
610. The reaction kinematics lead to very forward 
peaked neutron angular distributions in the lab as shown in 
Fig. 2. We are exploring the possibility of determining 
prescission, postcission neutron multiplicities from these 
angular distributions. 

FOLDlNG ANGLE FOR 20 MeV/u *'Ne + "'Sm 
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LFbTOPn 
LF5ITOPn 
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Fig. l(a).Fission fragment folding angle distribution for 
L F l m P n ,  L F 4 m h ,  and LFSrzIDh 
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ENERGY DEPOSITION SYSTEMATICS IN 30 MeVh 14N AND 6 3 C ~  REACTIONS 

T. Botting, B. Hurst, L. Cooke, D. O'Kelly, W. Tunnel, and R. P. Schrnitt 

Because of the strong correlations between neutron 
multiplicity and both momentum transfer and deposited 
excitation energy,' 4% neutron detectors are powerful 
tools for investigating reaction mechanisms and defining 
the conditions necessary for the production of hot nuclei.2 
In a recent experiment, we have used our 4 1  neutron ball) 
to study the neutron multiplicity distributions for a variety 
of "N- and 63Cu-induced reactions. The objectives of 
thape measurements were two-fold: f d ,  to obtain global 
systematics on energy deposition, and second, to explore 
the correlations beiween the neutron multiplicity and other 
parameters from the ball, such as the amplitude of the 
prompt energy signal. Depending on the stmgth of such 
correlations, it might be possible to run the detector in a 
fast mode. This latter mode would be very useful in 
performing certain classes of measurements which require 
a simple centrality trigger. 

beams 
from the K=500 cyclotron were used to bombard a series 
of targets ranging from '% to The neutron ball was 
operated in a self-triggered mode. When a nuclear 
reaction occurs inside the ball, a prompt pulse is generally 
observed in the detector due to the thermalization of 
neutrons and the interaction of y rays in the detector. This 
prompt flash is followed by delayed flashes signaling the 
capture of the thermalized neutrons. When the neutron 
ball is self-triggered, a significant fraction of the triggers 
are produced by the detection of background 7 rays. This 
is especially a problem when the neutron ball is tuned for 
high detection efficiency. In the measurements described 
here, the ball was tuned to 85% efficiency for %f 
neutrons. Empirically, it was found that requiring at least 
four phototubes to fire on the prompt flash reduced the 
background rate to an acceptable level without 

In the experiments 30 MeVIu I4N and 

significantly biasing the high folds of the neutma 
multiplicity distribution. 

During the measurements a number of signals 
characteriziing the prompt tlmh were recorded on tap:, 
including the pulse heights in the hemispheres and the 
wedges, as well as the multiplicity of phototuh firing 1u1 

each sector of the detector. The number of delayed 
capture signals were measured for both hemispheres anid 
all the individual wedges during a 100psec counting gate 
(beginning 0.Spsec after the prompt flash) and a 100psrx: 
background gate (beginning 120pscc after the prompt 
flash). The same information was recorded in Y2Cf 
calibration experiments for three source orientations 
relative to the m e d i i  plane. These data will enable us ID 

extract some information on the neutron anguhu 
distributions. 

The data from the counting gates and the backgrounld 
gates were used to generate background correctecl neutron 
multiplicity distributions for each reaction. Thebe 
distributions were then corrected for losses due to the 
fmite gate widths and pileup effect9. A number of 
normalized neutron multiplicity dmiutions,  P(MJ, a1-e 
displayed in Figs. 1 & 2. It is interesting to note that each 
of these distributions was obtained in a relativdy short 
bombardment, typically only about half an hour long. 

For the lightest systems, P(M3 clecreas~w 
monotonically with M,. This behavior is partially 
explained by the relatively low neutron numbers of the 
systems and the strong competition between neutron curd 
charged particle emission promoted by the low [Coulonrb 
bamers. Kinematical effects also contribute to t h i s  trend. 
The excitation energies are expected to be the lowest in 
the lightest systems. Moreover, the neutrons emitted by 
these light systems should be forward focused and boosted 
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to high energies due to the relatively high source 
velocities. A significant &action of these energetk, 
forward focussed neutrons can escape from the detector 
without being captured, depleting the high folds. 

For medium mass and heavy targets, the distributions 
show two distinct components: a low multiplicity tail 
presumably due to peripheral processes and an 
approximately Gaussian shaped component which can be 
attributed to central collisions. One must be cautious in 
drawing conclusions about the relative probabilities of 
peripheral and central collisions h m  these data because 
self-triggering artificially enhances the yield of &fold 
events. Also, the low multiplicities are certainly enhanced 
for composite targets, such as UF,, and can also be 
influenced by possible oxidation of some of the targets. 
However, these complications should not have much 
influence on the position of the central collision bump. 

In general, the peak of the high multiplicity 
component shifts towards higher M,-values with 
increasing target mass. This seems easy to understand 
since an increase in excitation energy, a decrease in 
charged particle emission probability and, hally, an 
increase in iission probability are all expected to 

accompany an increase in target mass. The position of the 
high multiplicity component has been extracted from all 
the distributions showing a welldefmed bump. These 
have been approximately corrected for the detector 
response assuming emission from a source moving with a 
velocity obtained from momentum transfer systematics. 
The results for the I4N + IWAu and %u + IWAu system 
are shown in Fig. 3 together with similar data taken at 
GANIL for Ar, Kr and Pb projectiles with about 30 
MeVlu? The error bars on our data points mainly re&& 
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Fig. 2 Neutron multiplicity distributions for a variety 

of 30 MeVIu @Cu reactions with the indicated 
targets. 
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the estimated uncertainty in the detection efficiency. The experimental neutron angular distn'bution data should 
"N point is in good agreement with the resub of Piasecki 
g &.? but the %u point seems to fall a bit low. 
Possibly, the detection efficiency has been underestimated 
for the b)Cu-induced reactions. 

We me currently in the process of developing a 
detailed simulation of the neutron ball's response using a 
highly modified version of the code DENIS.' This 
version can handle emission from one or more moving 
sources and portrays the geometry of the neutron ball in 
detail. The results of this simulation together with the 

enabk us to obtain a reasonabk handle on the: energy 
deposition in the various d o n s .  
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GDR y-RAY EMISSION IN 120 MeV 160-INDUCED FISSION OF mPb 

W. 'hrmel, T. Botting, L. Cooke, B. Hurst, D. O'Kelly, R. P. Schmitt, H. Utsunomiya 

placed in 4-packs each at a distance of 60cm from the 

Since their discovery, y rays emitted by giant dipole 
resonance8 (GDR) built on excited states' have ge-nerated 
much interest because they can provide new information 
on the shapes and other characteristics of hot nuc1ei.l 
Recent studies involving fissioning systems3 have shown 
that the GDR y rays can provide insights into the 
dynamics of the fission process similar to those obtained 
in fission-neutron coincidence e~periments.4~ Besides 
yielding the time scale of the fission process, GDR y ray 
emission can also provide information on the shapes of 
rapidly rotating nuclei. 

As described elsewhere? we recently performed 
experiments on GDR y ray emission in 120 MeV I%- 

induced reactions to explore nuclear shapes and time 
scales as a function of exit channel mass asymmetry. The 
results for the 0 + Pb system suggested a mass 
dependence of the energy of the prefusion GDR y ray 
component. However, because the statistics were 
somewhat marginal, we repeated the measurement with 
greatly improved efficiency. To this end, we built an 
array of four parallel plate avalanche counters (PPAC) 
each with an active area of 14cm x 14cm and a position 
resolution of lmm. The PPAC's were arranged in a 
symmetrical manner about the target: two were placed in 
the horizontal and two in the vertical planes. The PPAC's 
covered the approximate angular range 50-130° in the lab 
system. The gamma rays were detected with 16 of the 
total energy crystal's 18 NaI segments. These were 

target. Two of these clusters were located at No whfle 
the other two were placed at 135'. This expc:rimentd 
geometry was chosen to obtain information on both the hi- 
plane and out-of-plane y-ray angular distributions. 

We have made a prelimimry analysis of the data. As 
in previous studies, the timing and the positialn 
information from the PPAC's we= wed to kinematicalliy 
reconstruct the masses of the fission hgments. Becaucie 
the y rays were timed with respect to the fissioii events, 
it was necessary to make corrections for the different 
flight times of the fragments. This was accompliihed by 
simply adding the time difference for the detection of the 
two fusion fragments to timing signals from the gamma 
detecton. Time vs. energy contour plots for the 
uncomted and the comted data are shown in Eli@. 1 & 
2, respectively. It can be seen that the neutron-gamma 
separation is quite good in the GDR region. Figure 3 
shows the total gamma ray spectrum (Le., sum of all 'y 
ray detectors) gated on fission fragments. One otwrves a 
very pronounced bump visible in the spectrum in the 
region where GDR y rays are expected (about 11 MeV 
for the compound system and 15 MeV for the frape-nts~i. 

The initial results indicate differences in y-ray 
spectra gated on different on mass asymmetries. Theire 
also appear to be some significant angular dttributbn 
effects. We are presently in the process of refining 01JC 

kinematical mass calculations to characterize these effects. 
Given the available statistics, we should be able to extract 
fssion times and shape information for several mass cuts. 
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90 
The recent completion of the BaF, array together with 
improvements in our fusion detector array should greatly 
facilitate future studies in this area. 
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Fig. 1 Contour plot showing the distribution of events 
in the plane defined by the raw timing and 
energy. 
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NEUTRON BALL AS AN EXIT CHANNEL FILTER 

B. Hunt, D. O'Kelly, T. Botting, W. Turmel, L. Cooke, R. P. Schmitt 

Because the number of evaporated neutrons is 
strongly correlated with the excitation energy of medium 
mass and heavy nuclei, event-by-event neutron 
multiplicity (Ma determinations offer new opportunities in 
studies of both particle spectroscopy and nuclear reaction 
mechanisms. As an example, simultaneous measurements 
of Ma and the kinetic energies of projectilelike fragments 
can help separate transfer reactions from processes 
involving sequential decay. It should also be possible to 
study the characteristics of charged particle spectra for 
specific M, values, providing new, very restrictive tests of 
the statistical model. Moreover, since Ma is expected to 
be anticorrelated with spin, such studies could also yield 
insights into charged-particle emission from high-spin 
nuclei while avoiding troublesome questions about the spin 
removed by the emitted particles. 

We have recently performed a test experiment to 
investigate some possible applications of our 4 1  neutron 
ball as an exit channel mter. To this end, we have studied 
pmjectiblike fragments produced in the reaction 30 
MeVh We + pepb. This particular system was selected 
to see if we could shed some light on the origin of certain 
continuum structures reporsed in a variety of inelastic 
scattering experiments involving both low and 
intermediate energy heavy ions.' Whiie these structures 
have sometimes been cited as evidence for multi-phonon 
excitations of giant resonances (GR) at high excitation 
energies, they have also been attributed to various 
sequential decay processes.2 

In the experiment, a 30 MeVh We beam w a s  used 
to bombard a self-supporting 1 mg/cm2 =Pb target. The 
measurements were performed without the most forward 
wedges of the neutron ball (which subtend f 20') to 
facilitate the placement of particle detectors at small 
angles. Projectirelike fragments were detected using two 
tripleelement, charged particle telescopes. Each 
telescope consisted of a 300 and two lOOOpm thick surface 
barrier transmission detectors collimated to 285 mm2. 
The telescopes were placed near the grazing angle ( 6 u  
10') about 35 cm from the target. Energy signals were 
recorded from each detector of the telescopes. The timiig 
was determined by the middle elements. An event was 
triggered by the logical OR of the particle telescope timing 
signals. Energy calibration of the telescopes was 
accomplished in beam using the elastic peak and graded 
pulser signals. Detection efficiencies were measured off- 

line using a calibrated ='Am a source at the target 
position. The telescopes provided good 2 separation from 
Be to Na. 

A variety of neutron ball parameters were mdxl 
for each event to test the capabilities of the devia:. These 
included the sum energy (E-) and the phototube 
multiplicity (M,) of the prompt flash, as well BII, scalers 
for the delayed flashes detscted during counting atid 
background gates for the top, bottom and m e d i i  phne 
sections. Scalers during these two gates were also 
recorded for the entire ball and each of the eight 
individual wedge segments. The phototube multiplicity 
requirement for delayed y rays (capture 7 's  or background 
7's) was made in hardware. Nk required that two or 
more tubes fue in the top or bottom hemispheres or one or 
more tubas) fire in the median plane. If the logical OR 
of these conditions was met during an active gate, the 
appropriate scaler was incremented. The counting and 
background gates were both 100 pa wide. Whey were 
delayed relative to the prompt flash by .62 andl 100 cis, 
respectively. 

Calibration of the neutron ball was perfixmed in 
coincidence measurements between fission fragments and 
neutrons from a ?nCf source. In order to determine 
neutron angular distribution data from the med i i  plane 
detectors, the fragments were measured in different 
geometries. In one measurememt. a collimated (f So) Si 
counter was used to detect fragments emitted normal to 
the median plane of the ball yielding an isotropic 
distribution. In the second measurement, the fragments 
were detected in the median plane at 8 = golo, which 
produced an anisotropy of about two in the median plane 
elements. The overall neutron detection efficiency ranged 
between 80-8546 for the two source orientations. The 
results were in good agreements with MonteCarlo 
simulations. The neutron ball's response to calibrated 
6oCo and %i y-ray sources was also recorded. These 
signals were used to aid in matching the gains of the hvo 
hemispheres and the med i i  plane so that a total prompt 
flash sum energy parameter could be made off-line. A 
total prompt flash phototube multiplicity parameter was 
also generated in software. 

Figure 1 shows the correlation of the centnoid of the 
E,, of the prompt flash and the M, threshold. Both of 
these parameters were gated on 2=8 particles with 
energies between about 300-550 MeV. One cain see that 
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Ms is approximatefy linearly correlated with the average 
sum energy. Initially, we hoped 'that by requiring both 
high M,-values and high E-, it would be possible to 
select high M, events, allowing one to run the neutron ball 
as a fast trigger to pick out central collisions. 
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Fig. 1 Centmid of the sum energy signal versus the 
minimum number of phototubes h g  during 
the prompt flash. 

The results of the current test show that the correlation 
between Me and both M, and E, are weak for 
projectilelike fragments, probably due to the relatively 
low M, values together with the significant background 
contributions (1-2 per gate) in the measurements. 
Preliminary results wing less biased trigger conditions 
indicate that M, and E, can still bc quite useful in using 
the neutron ball to key on central collisions with other 
devices, such as the BaF, array. 

The correlation between background corrected Me 
and the laboratory kinetic energy of projectile-like 
fragments is illustrated in Fig. 2 for Z=8 particles. As 
seen with other ejectiles, at the highest kinetic energies Me 
increases rapidly with increasing energy loss, 
corresponding to about one neutron per 13-15 MeV lost 
energy. This is compatible with mainly transfers to the 
target-like fragment. For energy larger than about 50 
MeV, this trend gives way to a more gradual increase in 
Me, presumably because of overlapping contniutions 
h m  transfer and breakup reactions. Figure 3 shows 
another correlation of interest, M, verus Z of projectile 
like fragments stopped in the second element of the 
telescopes. The rapid rise in Me with decreasing Z clearly 
implies increased mass transfers and energy depositions 
for lighter e jdes .  

6.0 

5.0 T 

Fig. 2 Neutron multiplicity as a function of kinetic 
energy for Z=8 ejectiles. 

We are currently involved in a detailed analysis of 
the data to better characterize the neutron ball's 
capabilities as an exit channel filter for both peripheral 
and central collisions. Somewhat contrary to 
expectations, it appears that for peripheral reactions the 
best exit channel selectivity may be obtained when the 
demtor is tuned for relatively low neutron detection 
efficiencies, in the range of 50-7096, mainly due to the 
associated reduction in room and beam related 
background. We plan to test this further in the near 
future. 
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Fig.3 Neutron multiplicity as a firnction of 2 for 
p r o j d e l i k e  fragments. 
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INVESTIGATlONS OF ENTRANCE CHANNEL EFFBCTS IN THE DECAY OF 142Nd 
COMPOUND NUCLEUS PRODUCED IN '60 + 'We and "Ne + '2% REACTIONS 

R. K. Choudhury, K. Wolf, R. P. Schmitt, K. Hagel, R. Wada, R. Erkert, H. Jabs, N. Jevtic, 
Y. Lou, D. Miller, J. Shoemaker, W. lbrmel, L. Whitesell, J. B. Natowitz 

In recent years, there has been growhg interest in 
studying the dynamics of the heavy ion reaction processes 
W i n g  to fusion of two heavy nuclei at intermediate 
bombardiig energies. Experiments are being carried out 
to study the merent  aspects of the collision dynamics and 
to measure the relaxation times in the mass, energy, and 
shape degrees of freedom of the fusioning system. 
Entrance channel mass asymmetry may also play some 
role in governing the reaction dynamics and the fusion 
time scales in the heavy ion reactions at medium 
bombardiig energies. There have been many attempts to 
investigate the entrance channel effects in fusion reactions 
by looking at the dfierences in the particle and r emission 
spectra and multipIicities from the same compound system 
fonned by different projectilehrget combiibns. 
Recent measurements of Thoennessen, &,I on '%r 
and *@Yb compound nuclei produced by collisions of very 
different entrance channel mass asymmetries indicate 
significant differences in the 7 ray energy spectra in the 
GDR region for both the systems. Since the GDR y rays 
are predominantly emitted during the initial stages of the 
compound nucleus decay, they carry direct information on 
the CN shaped formed in the collision process. In the 
present work, we have selected the '60 + '-e and we 
+ *%n reactions producing the '%Id compound nucleus 
at 150 MeV excitation energy to look for differences in 
the GDR and particle spectra with entrance channel mass 
asymmetry. The above two systems are expected to lie on 
either side of the Businam-Gallone critical mass 
asymmetry and may follow different shape evolutions 
during the dynamical equiliiration leading to the fusion 
process. 

The experiments were performed using the beams 
from the K-500 cyclotron. The y rays were detected by 
two 19-pack BaFz arrays2 placed at 90' and 135" with 
respect to the beam direction and at a distance of 65 cm 
and 55 cm, respectively, from the target. The cornpound 
nuclear residues were detected with two large area parallel 
plate avalanche counters and one Si surface barrier 
detector placed at a distance of about 30 cm from the 
target covering the angular range of 6"-20" in the forward 
direction. TINO particle detector telescopes were used at 
90' and 120' to detect the light charged particles. The y 
ray energy spectra were recorded in coincidence with the 

midue and particle debxtom and the timing of' all I :  

debxtora was done with respect to the Cyclotron W. "he 
compound nuclear residues couM be iclcntiki 
unambiguously from the ?DF spectrum of the residue: 
detectom. Gamma, neutron disorimination in tile BaF, 
detectors was also done using the ?DF spectrum in thesc: 
detectors with respect to the cyclotron RF? The 7 ra;y 
energy was obtained by summing the energy output of ald 
the 19 detectom in each pack after suitable gain 
normalization and the energy threshold for the experhenit 
was set at about 4.0 MeV in the sum energy. Thte 
charged particle energies were determined from %'Am p! 

Mwoeul(ipul$crcaLib~. 

+++ % +=Ne (193 MeV) 
o o o Irh + Irg (179 MeV) 

Ea (MeV) 

Fig. 1 (a)&&) Measured a@le spectra at 120' and 
90" for the O+Te and Ne+% reactions. 
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Figures 1 (a) and (b) show the energy spectra of the a 
p6utkk.s measured at the laboratory angk of 1%)" and 
9oo, rrrpcdively, for both systems. The shift in the 
energy spectra to lower energies for the Ne + Sn system 
as compared to the 0 + R system is consistent with the 
higher recoil velocity of the compound nucleus in the 
former case. Figure 2 shows the measured y ray energy 
aspedn for both systems. The statistical (E < 10 MeV) 
and the Bremsstrahlung continuum (E > 20 MeV) 
components were 6tted by two exponential distributions as 
shown by the solid lines in the figure. The GDR yield 

E, (MeV1 

Fig. 2 Gamma ray Qlcroy dirtributionr fix 0 + Te and 
Ne + Sn reactions in coincidence with 
compound nuclear residues and light particles. 

was obtained by subtraaing these components from the 
measured spectra. It was found that the GDR yield 

the Ne + Sn aystein 811 compared to the 0 + Te system 
by a factor of about 1.6 to 1.8. The shapes of the GDR 
spectra were obdpintd from the ratio ofthemensured yray 
S ~ t o t h e s m o o t h  in Fig. 3. The 

nonnalizad to the total yray yield is reduced in thecaseof 

oxygen data were 6tted with a Lorentzian distribution with 
the reeonance energy of 14.88 (0.18) MeV and the width 
parameter of 6.94 (0.2) MeV, which agree with the 
available systematics for this mass region. It is seen that 
within the present statistical errors, there is no discerniile 
difference in the shape of the GDR spectrum for the Ne + 
Sn case. The reduced GDR strength in the case of Ne + 
Sn reaction as compared to the 0 + 'k system needs 
further investigation. Also, it is seen that for the Ne + Sn 
system, the cvpatticle spectrum shows somewhat enhanced 
yield in the low energy region as compared to the 0 + Te 
system. Further experiments are beiig carried out to 
examine these features in more detail. 

5 m s 20 25 30 35 
E, (MeV) 

Fig. 3 GDR energy spectra and fits with Lorentzh 
distributions. 
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SEARCH FOR CORRELATED POSITRON-ELECTRON PEAKS IN Xe + Au COLLISIONS 

T. E. Cowan,* M. W. Clark,* J. H. Hartley,* J. L. McDonald,* J. W. McDonald,* 
R. R. Rohatgi,* D. H. G. Schneider,* R. L. Watson, V. Horvat, W. H. Tnaska 

Despite years of study, the origin of the narrow 
correlated e+e' peaks discovered in superheavy nuclear 
collision experiments at GSI Darmstadt,' remains an 
unsolved mystery in nuclear physics. It has been widely 
suggested that the e+e' lines may signal the production and 
subsequent two-body decays of a new family of particle 
like objects baving masses of 1-2 MeV/cZ, however no 
independent support for this hypothesis has yet been found 
in a variety of particle seafch Additional 
high-statistics systematic investigations of the e+e- peaks 
in heavy-ion collisions are urgently needed to understand 
this phenomenon. %k have developed a new High 
Efficiency Coincident Lepton Spectrometer (HECLS) 
which provides almost 25 times greater detection 
efficimcy for the e+e- peaks than the GSI instruments, 
making such investigations possible for the first time.3 
We installed the HECLS spectrometer in beamline 7 at the 
KSOO in November 1991, and have begun a search for 
e+e- peaks in collision systems much lighter than 
previously measured at GSI, where the production cross- 
section is expected to decrease. In this contribution we 
report the results of a first experiment in '%e + lWAu 
collisions. 

Experimental Apparatus 
The HECLS spectrometer, shown in Fig. 1, consists 

of a 2.7 Tesla superconducting solenoid transport system 
oriented Coaxiauy to the ion beam. Positmns and 
electrons emitted from the target site at the center of the 
high field region, spiral along magnetic field lines to 
detector arrays both upstream and downstream of the 
target. Their helical orbits expand and elongate 
adiabatically as they are transported out of the strong field 
region. Electrons are separated from positrons as they 
pass through a transverse magnetic field formed by 
samarium-cobalt permanent magnets before being 
colle~ted in separate Si(Li) detector arrays, as indicated in 
Fig. 2. Positrons are unambiguously identified by the 
coincident detection of their 511 keV annihilation quanta 
in a box-shaped array of large volume NaI crystals (from 
the Cyclotron Institute's 2r sum spectrometer) 
surrounding the Si(Li) detectors. 

The 30 x 60 mm2 by 2.5 mm thick Si(Li) detectors 
are segmented in order to accommodate both the high 
counting rate and large multiplicity of electrons produced 

aw LI I l l  I 

Fig. 1. Diagram of the HECLS specbometer. Ion bearn 
enters along the axb from left. Positmns and 
electrons created at target (center) ai= 
tnuuportcd to Si(L.i) detactor arrays tipstrean 

are detected in array of gas PPACs. 
and downstream of target. S c a t t ~ d  heavy-iorts 

i 
I- 

Fig. 2. Ray-tracing calculation of a 400 keV e+ in the 
HECLS spectrometer, showing the adiabatic 
expansion of its orbit and deflection by SmClo 
permanent magnets into the Si(Li) detector. 
Note the target wheel and graphite rind laid 
shielding. 

in superheavy collisions without pileup limitations. The 
energy resolution of the alcohol-cooled Si(Li)'s is =I2 
keV (FWHM). Lead and graphite shielding inside the 
vacuum chamber eliminated X-ray, gamma-my, arid 
external conversion e+e- backgrounds in the Si(Li)'s and 
NaI detectors. 

Both the scattered Xe projectile and Au remil ions 
are detected in kinematic coincidence in a pyramidal a m y  
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of four parallel plate avalanche counters CpPAC's) 
operated with isobutane at 5 Torr. The Xe+Au angular 
resolution is =So, dominated by the beam spot size and 
multiple scattering in the 0.8 mg/cmz Au target foils. 
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Fig.3. (A) Angleangle plot of heavy-ion events, in 

ooincadenot with positrons, detected in PPACs 
#2 & #4. (B) Timeof-Flight difference for the 
heavy-ions, plotted versus the difference of their 
measured scattering angles. Dashed lines denote 
the kinematic branches. The TOF separation 
allows detennination of the identity of each ion, 
and hence the CM scattering angle and impact 
parameter. 

(The intrinsic PPAC resolution is 2.4".) As shown in 
Fig. 3a, this is not sufficient to resolve the kinematic 
branches. The PPAC t h e  resolution (~600 ps), 
however, is sufficient to completely separate the kinematic 
branches by the-of-fight (Fig. 3b), allowing an 
unambiguous identification of each ion and determination 
of the CM scattering angle. The PPAC angular 
acceptance is 20' - 67", corresponding to a CM scattering 

angle range of 46" - 104" for binary coincidence events. 
Nuclear gamma-rays are measured in a 3%" NaI 

detector at 90' w.r.t. the beam. Af€er transit through the 
spectrometer, the average beam velocity k measured to 
better than l W 3  accuracy using an electrostatic convoy- 
electron spectrometer. 

Experimental Results 
The Cyclotron Operations staff developed a high 

current '%e beam for this expehent ,  which required 
the early installation of one of three cryopanels which bad 
been planned to improve the median plane vacuum of the 
K500. It operated successfully at both 77'K and 4.2"K, 
and enabled high current extraction of up to 2 particle nA 
of '%e beam. We typically took data with -0.5 - 1 pnA 
of beam on target. Because of the low combined nuclear 
charge, the delta electron background was much less in 
Xe+Au than in heavier collision systems studied at GSI 
(e.g., U+Ta & U+Th). The electron detector count raten 
( ~ 2 0  kHz in each segment) were much lower than what 
HECLS can accommodate (~200 kHz). Despite running 
at only 10% of the HECLS data-taking capacity, in 4 days 
of production run we still accumulated a total of -52500 
e+e- pairs at 5.9 and 6.0 MeVlamu, more than half of the 
entire sample from all EPOS Collaboration experiments at 
GSI. 

Figure 4(a,b) show the positron and electron energy 
distributions for the coincident e+e- pair events. In the 
heavier collision systems the large delta-electron 
background obscured individual nuclear transitions, 
however in these data a strong electron conversion line at 
190 keV is apparent. The dependence of its Doppler- 
broadened width on ion scattering angle indentifb it as 
being associated with the Xe projectile, presumably a 
highly converted transition at -220 keV. The presence 
of structure in the electron distribution requires that care 
be taken so that no sum-energy peaks a1t artificially 
produced in the sum-energy and difference-energy 
projections described below. The total sum-energy 
distribution of the coincident pairs is rather smooth and 
structureless, as shown in Fig. 4c. 

A "minimum bias" search for hkro-body decay 
candidates in this experiment involves examining the 
subset of e+e* pairs in which the leptons are emitted with 
approximately equal energies, into opposite arms of the 
spectrometer &e., a preference for back-to-back 
emission). Figure 5 shows the Ee+ vs. Ee- energy 

correlation plane for the opposite hemisphere subset of 
events ( ~ 4 0 %  of the total sample - same hemisphere 
pairs constitute the remaining 60%). The sum-energy 
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dmiut ion  of events within the wedge-shaped contour 
"S" is shown in Fig. 6a, where the dashed curve indicates 
the "background" dstribution obtained h m  the total data 
sampk. 

HEQS: ''%e + '"h 5.9 0 6.0 kkV/cmu 
Y 

peak exhibits the characteristic narrow sum-encrgy ped: 
and much wider differencoenergy distribution c..xptcteti 
for a lwo-body decay candidate. A peak at thii energ{ 
has not previously been established in the GS[ 
measurements, and the probability of a statistical 
fluctuation of this magnitude anywhere within our 
spectrometer band-pass is approximately 1%. W, 
therefore estimate the statistical significance of thi~ line to 
be = 99%. The intensity of the 965 keV linc (70 counb5 
in our 5x104 e+e- pair sample) is comparable to that of 
previous GSI data (e.g., 40-100 counts in 3x1104 pnir 
samples), however the relative size of the signal almve the 
continuum background appears to be smaller. Much 
w&r (<2 u) excessea are present in Fig. 6a at the 
emrgies of previously observed sumznergy linea: - 545,640, and 800 keV. 

Fig. 4. Positron (A), ekotron (B), and e+e- sum-energy 
(C) spec€m of positrons and dectrons dekcted in 
coincidence in 6.0 and 5.9 MeVlamu Xe+Au 
collisions. A 190 keV electron conversion line 
is apparent superimposed on smooth exponential 
electron continuum in (B). 

The most promhent feature in this spectrum is a 70 
f 18 count (3.8 u) excess of events in a 20 keV wide 
peak at a mean sumenergy of 965 f 5 keV. Figure 6b 
shows the differenceenergy spectrum for thit line 
corresponding to events in contour "D" in Fig. 5. This 

Fig. 5. &.+vs. E a  comlatlon plotof e + d  pah 
emitted into opposite arms of the spectrometer 
(i.e., upstream e+ & downstream e-, or 
downstream e+ & upstream e-). Contalurs "D" 
and "S" indicate cuts shown in Fig. 7. 

Some of the GSI lines exhibit a carrelation with 
heavy-ion impact parameter. Figure 7a shows data for 
small impact paramem Xe+Au collisions, corresponding 
to projectile scattering angles of 60" < e,, < 67". A 58 
f 19 count (3 u) sumenergy line at 652 f 10 keV IB 
observed withiin a wcdge-cut the same width aa sihown in 
Fig. 5 but shifted so as to be symmetric about I&+ = G- . 
The corresponding differenceenergy spectrum is [shown in 
Fig. 7b. "hit line may compond to the r620-640 keV 
line observed at GS1.I Like the GSI data, thii peak daw 
not exhibit solely "back-to-baclr" lepton emissioa in the 
laboratory frame, and both oppositb and same-hemiipheire 
lepton detedor combinations are included in them spectra. 
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Fig. 6. Coincident e+e- pairs emitted into opposite arms 
of the spectrometer (Le., upstream e+ & 
downstream e', or downstream e+ & upstream 
e-). (A) Sumenergy distribution for events 
withii wedge-shaped contour "S" in Fig. 5. 
(B) D&erence-energy distribution gated on sum- 
energies h e e n  945 to 984 keV (contour "D" 
in Fig. 5). Dashed curves show shape of 
underlying background events, extracted from 
neighboring kinematic regions. 

DiscussiOn and Summary 
If the existence of these candidate e+e- lines at 650 

and 965 keV is confirmed in our upcoming run, this 
discovery of narrow sum-enerm peaks in a light collision 
system could have far reaching consequences for 
thmretid attempts to explain these lines. The combined 
nuclear charge of the Xe+Au system (2, = 133), is 
much lower than in the lightest system previously 
measured (Th+Ta, 2, = 163). Many theoretical and 
phenomenological models (for example, those postulating 
a new phase of QED) have assumed that the strong 
Coulomb field of the colliding nuclei is an important or 
essential ingredient? and may have to be modified or 
abandoned. Perhaps coincidentally, these lines lie close to 
the 1.66 and 2.01 MeV continuum resonances predicted 

Fig. 7. (A) Sumenergy distribution for e+e- pairs 
detected in coincidence with small impact 
parameter Xe+Au collisions. (B) Difference 
energy distribution gated on sum-energies 
between 640 to 669 keV. Dashed curves show 
shape of underlying background events, 
extracted from neighboring kinematic regions. 

by Spence and Vary? in which the Coulomb field is not 
required for their existence but does affect the production 
cross-section via the line width. 

In summary, we have completed the construction of 
the HECLS spectrometer at the K500 and achieved its 
principal design goal of very high e+e- collection 
efficiency. In a first search for correlated e+e- emission 
in low 2, collisions, we have observed a candidate two- 
body decay signal at a -99% C.L. at a sum-energy of 
965 keV, as well as evidence for a 650 keV line which 
may correspond to lines observed in previous high 2, 
collisions at GSI. In future runs, we plan to expand our 
base of low 2, collision data, and begin systematic 
measurements of the e+e- peak production cross-sections 
versus ion beam energy, scattering angle, and combined 
nuclear charge. 

We are indebted to the operations staff and scientific 
leadership of the Cyclotron Institute for both their warm 
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hospitalay and theii extensive efforts in developing the 
'%e beam. Development of the HECLS speotrometet 
has been supported by LLNL and by the DOE Division of 
Nuclear Physics under contnrct No. W-7405-ENG-48. 

* Department of Physics, Lawrence Livermore 
National Laboratory, Livermore, California 
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NUCLEAR STRUCTURE AND 
FUNDAMENTAL INTERACTIONS 



DEUTERON ELASTIC SUITERING 

A. C. Betker, C. A. Gagliardi, D. R. Semon, R. E. Tribble, H. M. Xu, and A. E Zaruba 

Nk have measured deuteron elastic scatteakg cross- 
sections at 110 MeV on C and =Pb with the Texas A&M 
K500 cyclotron. The motivation for this experiment is 
that, except for some limited data above 200 MeV,' there 
exists no elastic scattering data above 90 MeV. In order to 
calculate deuteron optical potentials in the energy range 
accessible by the K500, 110-160 MeV, these elastic 
scattering cross-sections must be measured. The 
immediate interest in this data is to obtain optical 
potentials with which the (d,%e) data taken with the 
pmton #-meter can be analyzed. 

Fig. 1. The experimental appatatur 

The experimental setup is shown in Fig. 1. The 
beam enters from the right. The detector telescope is 
mounted on a turntable that was rotated from -loo to 
+ao. The fmt element in the telescope is a collimator 
that, along with tbe mounting position, defines the solid 
angle. The solid angles for the two data runs were .159 
and .128 msr. AAer the collimator is a 1 mm thick 
transmission mount silicon surface barrier detector for a 
AE signal, which is followed by a 2 inch thick, 3/4 inch 
diameter BaF2 scintillator coupled to a Hammamatsu 
R1397 photomultiplier tube that provides a total energy 
signal. The energy resolution for this system was about 2 
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MeV full width at half maximum. The beam that doee not 
interact with the target goes on to a Faraday cup at Oo 
which is connected to an integrator. A monitor d&ctor, 
another Bap, scintillator, was mounted at -2OO for 
detector angles to +So, and at 45"  for the larger 
detector angles. The purpose of this detector was to 
provide a consistency check on the beam current 
integration and to provide the cone& normahtion at the 
smallest angles where the beam intensity was so low that 
the integrator was unreliable. The overall systematio 
normalization uncertainty of 5% arises from target 
thickness non-uniformity and beam current integration. 

There are two deuteron global optical model 
potentials currently available. The h t ,  from Daehnick, 
@.: covers the mass range of Ax27 to A=238. Some 
'ZC and %Mg data are included at 80 and 90 MeV with 
reduced weights because not much higher mass data exists 
at these energies. The full energy range covered is thus 
11.8 to 90 MeV. Both relativistic and non-dativistic 
forms of the potential were extracted, but this made little 
difference when the potentials were extraplated to our 
data. The relativistic potential is used in the analysis 
below. 

4.) 
Thi potential covers the mass range from A-12 to 
A=208 and the energy range from 52 to 85 MeV. This 
group took additional data at 58.7 and 85 MeV on several 
targets, so their data set includes more higher energy 
work. Only non-relativistic potentials were extracted. 

Both Daehnick and Bojowald optical potentials have 
the same general form: 

The other global potential is from Bojowald, 

where 
f(r,ri,ai) = [l + exp((r-r,AIB)/q]l, 

is the standard WbodsSaxon form. 
The higher energy data that is available is from 

Nguyen Van Sen 2 @.' Cross-sections along with vector 
and tensor analyzing powers were measured on =Ni from 
200 to 700 MeV, and *Ca at 200 MeV. This group found 
that the Daehnick potential described the shape of their 
data well, and provided a good starting point for a fit. 
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Our carbon data, along with the potentials and fits, 
are shown in Fig. 2. The error bars are typical statistical 
errors at the higher angles. Statistical errors at the lower 
angles are much smaller than the size of the points. The 
data vary smoothly from the lower energy data and, as 
expected, are slightly smaller in intensity and slightly 
more forward peaked. Note that the Daehnick potential is 
wen more forward peaked than the data, and somewhat 
larger in intensity. The Bojowald potential has the correct 
phase, but is atPo too large in intensity. Both fits, camed 
out with the optical model search code CUPID' and using 
tbc two global poteatiols as starting points, describe the 
data quite WU. The fitting is done by 9 m i n i m i i n .  

12C(d,d)t2C, 1 IO MeV 
1 

Pi. 2. The Carbon data, along with the predictions of 
two global optical model potentials, and fits to 
the data from these potentials. The error bars 
shown arc typical at the larger angles. Small 
angle error bars are smaller than the points. 

Figure 3 shows our lead data. Again, the error bars 
shown are statistical and typical at those angles. The data 
are slightly more forward peaked and lower in amplitude 
than at lower energies, as with carbon. The Daehnick 
potential is again slightly out of phase with the data, this 
time with the potential less forward peaked. The intensity 
of the fit is quite good. The Bojowald potential is too low 
in amplitude overall, but has the correct phase. Again, 
both starting points provide fits that agree with the data 
quite well. 

Table 1 shows the optical model parameters from the 
extrapolated global potentials and the fits on both targets. 
Both global potentials were qualitatively close. With the 
limited data that we have, the only significant mass and 
energy dependent patterns that can be seen are in the 
imaginary terns. Both carbon fits have the increased 
absorption in the imaginary volume integral needed to 

decrease the scattering cross-section. The Bojowld fit cin 
lead has the decreased absorption needed to incirease the 
cross-section. The Daehnick lead fit is very close to its 
starting point. The mass dependencies in the irnaginaiy 
terns can be seen by comparing carbon to lead. In 
Daehnick's potential the differenct is all in the 
diffuseness, a,. In Bojowald's potential both a, and the 
depth of the surface potential, WD, change as a function of 
A. Looking at the fitted parameters, we can see that IUI 

the Daehnick case the variation in ai is too large across the 
mass range at this higher energy. In the Bojow,ald case, 
the variation of a, is correct but the overall magnitude is 
smaller, and the difference in Wo is not as large. W4th 
the data available, we can fit equally well to either form 
of the potential, but there is a trend for the maw 
dependence to be somewhat reduced over what loww 
energy potentials would imply in both caw.  

a 

Y i 0 .I 

208Pb(d,d)208Pb, 11 0 MeV 

.3 

Fig. 3. The Lead data, potentials, and fits, as in Fig. 2. 

Since this data were taken we have obtaincd a new 
NaI scintillator to replace the BaFY W hope that this 
new detector will give us the increased energy resolution 
needed to separate the elastic peak from excited states for 
intermediate mass nuclei such as sNi and "%n. Plans are 
also underway to repeat these measurements at higBer 
energies when the KSOO can provide the higher energy 
beams. 
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Table 1 

Optical Uodel Parameters 

1% *%b 
Daehnick Oaehnick-f it Bojwald Bojowald-f it Daehnick Daehnick-fi t Bojowald Bojwald-f it 

-59.18 
1.17 
0.849 

-10.82 
-18.38 

1.271 
0.666 

-7.36 
1.07 
0.66 

-60.00 
1.16 
0.765 

-11.34 
-19.01 

1.319 
0.697 

-7.39 
1.12 
0.7 

-58.67 
1.18 
0.716 

-8.58 
-16.29 

1.270 
0.816 

-12.00 
0.867 
0.867 

-60.17 
1.14 
0.748 

-9.12 
-17.36 

1.356 
0.741 

-10.88 
0.921 
0.902 

-69.05 -68.37 
1.17 1.18 
0.849 0.811 

-10.82 -10.94 
-18.38 -18.61 

1.271 1.295 
0.895 0.873 

-7.36 -10.47 
1.07 1.11 
0.66 1.30 

-74.71 -68.17 
1.18 1.19 
0.843 0.810 

-8.58 -8.14 
-31 A 1  -29.31 

1.270 1.273 
0.892 0.845 

-12.00 -13.01 
1.01 1.07 
1.01 1.14 

Volune Integrals (J/N 

Imaginary -268.3 -315.1 
Spin-Orbit -19.0 -19.9 

Rea 1 -793.8 -721.3 -684.8 -682.4 -531.8 
-278.8 -302.8 -164.9 
-26.0 -25.0 -2.8 

-538.3 
-172.3 

-4.15 

-588.0 -545.1 
-184.1 -167.8 

-4.3 -5.0 

M,,& MEASUREMENTS USING 490 MeV 14N COULOMB 

Y. -W. Lui, D. H. Youngblood, W. Liu and H. M. Xu 

It is known that the deformation parameters B are 
widely Merent from experiments using different 
pmjectiled and thii systematic difference is explained by 
Madsen g d.' for singleclosed-shell nuclei and later 
extended to the open-shell nuclei.2 These variations are 
due to different contributions of the isoscalar and 
isovector pa& of the collective deformation parameters 
(Bp and S,,) from different transition mechanisms. It is 
commonly assumed that the deformation parameter is an 
intrinsic property of the target nucleus, therefore, 
mdependent of its excitation by different projectiles. 
However, Bernstein gt show that I3 is in fact 
dependent on the type of projectiles as well as the target 
neutron (Ma and proton (Md matrix elements. Results 
from the inelastic scatterbig of *+ and f indicated that 
there is a large isovcctor component in the region where 
the giant quadrupole resonance (GQR) is located.*8 This 
contradicta both theoretical prediction9 and experimental 
results from other inelastic hadron that the 
GQR is a pure isoscalar nsonance. Recently, Beene 

- a1.12 and Horen &I3 used beams of 84 MeVlu 1 7 0  ions 
to investigate the isospin character of the GQR on several 
nuclei. Their technique uses the interference &ea 
nuclear and Coulomb interaction to determine the ratio of 
the neutron to proton matrix elements (M,,/M& Horen 
- al." later used the same technique to m e r  investigate 
the isospin character of transitions to low-lying 2+ and 3 
states of *-F% by inelastically scattered 375 MeV 
"0 ions. Since heavy ions can excite both nuclear and 
Coulomb strongly, it is a good probe to study the isospin 
mixtures of the low lying states as well as the giant 
resonances. As high energy heavy ion beams become 
more generally available, it is inkresting to use other 
heavy ion projectiles to further test the validity of 
projectile dependence on deformation parameter, 
especially on those nuclei with large discrepancies. 

A 490 MeV I4N beam from the KSOO cyclotron was 
used to bombard gDzr, PZMo and '%m targets. Elastic 
and inelastic scattering of the 14N ions were measured 
using the Enge split-pole magneiic spectrograph and a 
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h l  plane detector system. This detector system includes 
a vertical drift chamber (VDC), an ionization chamber 
and a BC400 plastic scintillator and provides information 
on position, angle, timing as well as particle identification 
for light heavy ions. The typical energy resolution during 
thcst measurements waa maintained less than 400 KeV in 
order to separate the first excited state from the ground 
state, A large solid angle opening with angular 
aweptamx f 1 . 6 O  was used. 

Analyses were done by dividing each angle setting to 
nine angle bins. Behveen each angle setting two or three 
overlapping angles were obtained which provide relative 
normahation of crvss-pcctiOn between each angle setting. 
Figure 1 shows the angular diatribuions of the differential 
cross-section of elastic scattering. 

10' 

1 o6 
1 o5 
1 o4 
1 o3 
1 o2 
10' 

10; 
/1 
k 

0 2 4 6 8 1 0 1 2 1 4  
0 (deg.) 

Differential cross-section of elastic scattering. 
Solid lines are the optical model fits. 

c.m. 
Fig. 1 

The solid lines are the optical model fits. The data were 
normalized to the calculations. The normalization factor 
was included as one of the fitting parameters and the same 
normalization factor was applied to the inelastic scattering 
cross-section. The angular distributions of differential 
cross-section of inelastically scattered *'N from %r, 
%lo and %m are shown in Fig. 2 and the solid lines 
were the corresponding cross-section calculations. Both 
the optical model analyses and the inelastic scattering 

calculations were perfarmed with the program 
P10LEMY.'5 Optical model potentials obtained from the 
fitting pmcas wtic used in dcculating the inelastic C ~ S B -  

section. 

100 

10 

1 

100 

0 2 4 6 8 10 121 14 
0 (deg.) 

- c.m. 
Fig. 2 Diffbntial c m s s d n  of idastic wattcrh g. 

Solid lines are the corresponding coupbXr 
channel calculations. 

Calculations clearly show that the absolute cross- 
sections which r e b  to the deformation length (BR), ciin 
be changed by a factor of three from different optical 
potentials. However, the shape of the angular 
distributions are quite simiir to each other as long as tlhe 
same ratio of M, to Mp was used. The ratio of M, to Mp 
is determined by varying M, and M, to fit tlhe 
experimental data, especially in the region just inside the 
grazing angle where it is dominated by the interference 
between the nuclear and Coulomb intt~ractiorla. 
Preliminary results indicate that the ratio of M, [to Mp for 
the first excited states in both %r and "'Sm is nearly 
MnIM,=NIZ, suggesting a collective excitation, however 
the result for the first excited state in %io can be 
reproduced by M,/M,=0.7, which indicates the state is 
less collective. In W o ,  the result is in good aigreemmt 
with schematic model prediction by Madsen and Bro~~f l?  
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however, in “zr and %m the results disagree with the 
prediction. In order to determine accurate ratio of M, 
and Mp, more detailed analyses are required, especially 
in q r ,  where the first excited states was not clearly 
separated from the second excited state. 
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2. 

3. 

4. 

5. 

6. 

7. 
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RESONANT BREAKUP REACTIONS INDUCED WITH 30 MeV/u l60 and **Ne 

D. O’Kelly, Y.-W. Lui, H. Utsunomiya, B. Hurst, 
T. Botting, L. Cooke, W. Turmel, and R. P. Schmitt 

The study of projectile dissociation reactions 
continues to be an active area of heavy ion research. 
!Sequential breakup reactions, which populate discrete, 
remnant states in the emitting system, m rather well 
documented. However, so-called direct breakup reactions 
are not well c h a r a c t e r h d . ’ ~  A direct breakup 
mechanism has been attributed to a continuous distribution 
of relative energies between the two breakup fragments. 
Such continua have been observed near the particle 
thresholds in the dissociation of 6Li and t i ,  ‘A6 but have 
yet to be seen with heavier projectiles. The excitation of 

continuum states in the projectilelike system are of 
considerable interest beyond their possible mechanistic 
implications. It has been suggested’ that the Coulomb 
contribution to the cross section for such continuum 
excitations can, through the detailad balance 
approximation, provide information on radiative capture 
reactions down to extremely low relative momenta, which 
are of considerable astrophysical intemt. As described 
elsewhere, we have previously studied the projectile 
breakup reaction of x i  into a + t at two incident 
energies.’ To hrther our understanding of projectile 
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breakup reactions and better define its astrophysical 
implications, we have c o n d u d  additional experimental 
investigations of heavy ion breakup reactions at 

Using an Enge split pole magnetic spectrograph, we 
have performed separate experiments on breakup reactions 
of 30 MeVlu '60 and We projectiles with a series of 
target nuclei. Both studies employed a GO-linear breakup 
geomw,  which selects breakup partners traveling either 
parallel or anti-parallel with respect to the initial ejectile 
direction. This configuration is very sensitive because the 
dcttotion threshold in relative kinetic energy can be 
reduced to low values. Also, in this geometry the energy 
resolution benefits from the fact that small changes in the 
relative kinetic energy results are amplified into large 
changes in the laboratory kinetic energies of the 
fragments. An additional feature of the spectrograph 
m e t h d  is that it allows easy access to forward angles 
without the interference of the elastic scattering, which is 
of obvious importance in coincidence measurements. 

In the first experiment, an '60 beam from the Texas 
A&M superoonducting cyclotron was used to irradiate 
self-suppo&g metallic foils of %Ni, '%n and 208Pb. 
The We experiment employed targets of "C, W i ,  %n, 
and aDBpb. As described previously,8 two focal plane 
detectors were mounted in the Enge split pole to measure 
the two particle correlations. Both these detectors, which 
consisted of 40 cm long resistive wire proportional 
counters backed by plastic phoswiches, were mounted on 
the high B-p side of the focal plane. An 11 cm dead space 
was left between the counters to accommodate elastically 
SCatteFed projectiles. This gap resulted in a detection 
threshold of 200 keV (relative kinetic energies) for the a 
+ and the a i- '60 channels in the two measurements. 
The phoswich detectors were comprised of a thin layer of 
BC400 fast plastic and a thick layer of BC444 slow 
plastic. Together, the signals from these two scintillaton 
provided complete isotope separation for "light" heavy 
ions when combined with the plq selection of the 
spectrograph. The focal plane detectors were position and 
energy calibrated using a 30 MeV/u HD+ beam. The 
beam energy was accurately determined by applying the 
cross-over method to '%(d,d')'? and '%(d,t)llC 
reactions. 

As described previously~ the initial analysis of the 
'60 data concentrated on the (r + I2C channel in view of 
its astrophysical significance. However, the data from the 
'60 run also showed strong correlations for a variety of 
a + H.I. pairs: cuparticles were seen in coincidence with 
isotopes of B, C, N, and 0, indicating a variety of 

intennediite energies. 

different processes preceding breakup. Aa an illwitration, 
Fig. 1 show a sum energy spectrum for at - '31 
coincidences obtaimd with a =Pb target summed over all 
angles (3, 5, 8, and llo). The mean energy of tfii ped: 
cornponds to about 130 MeV total kinotic energy lors 
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Fig. 1. Sum energy spectrum for a - % 0oinc:idcncCs 

obtained with a target aummtd over all 
angles (3,5, 8, and 11O). 

The broad structure seen in Fig. 1 corresponds In many 
different inelastic breakup channels. A gate waa set on 
this structure in order to generate a relative kinetic: energy 
spectrum for the different breakup processes. The: relative 
kinetic energy spectrum can be seen in Fig. 2. Thme 
distinct peaks can be discerned in this spectrum, 
comsponding to excitation energk of 14.502, 16.044, 
17.727 MeV, respectively. The spin and parity of thcsc. 
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Fig. 2. Relative kinetic energy spectrum displaying 

resonant states in 1%'. 
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states have not been determined. It is interesting to note 
that apparently none of these pealcs have been identified in 
previous work on tbe 16N* system. 

We have recently begun the analysis of the We data. 
Fig. 3 shows a A-E versus position scatter plot for the 
high-p detector (Counter 1). As can be seen from this 
figure, 2 resolution for 2 = 2 through 10 was obtained. 
The low p detector gave similar Z resolution. Gates were 
set around 2=2 in the high-p detector and various other 
2's in the low p counter to investigate the various particle 
correlations, particularly the a! + '60 channel. Figure 4 
shows a scatter plot of the u- '60 coincidence events for 
the loBpb target in the plane dehed  by the positions of the 
Q and the '60. A number of structures are apparent in this 
plot. The band with a negative slope seen in the upper 
right hand comer arises from breakup reactions in which 
the target nucleus remains in its ground state (i.e., elastic 
breakup). There rfe &vera[ heavy kncentrations of 

n F IOoo I 

L 

0 
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A-E 
pig. 3. Scatter plot of A-E versus position for the high-p 

detector showing Z resolution from 2-2 through 
10. 

events along this line of constant energy. These are 
associated with various particle unbound resonances in the 
we* system. A number of bands with positive slopes are 
also seen in Fig. 4. The bands arise from the same states 
in We*, but cornspond to varying degrees of target 
excitation. 

The distriiution of events in Fig. 4 suggests that 
elastic breakup is more important than inelastic breakup. 
This is clearly evident in the sum energy spectrum shown 
in Fig. 5, which is dominated by a narrow peak 
corresponding to a! + '60 (Q = -4.73 MeV). The broad 
structure at lower total energies is due to the various 
inelastic breakup channels. 
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Fig. 4. Scatter plot of pl veraus p 2  for u - '60 
coincidence events for a =Pb target at So. 

50 

0 500 1000 1500 2000 
Channel Number 

Fig. 5. Sum energy spectrum for u - '9 coincidences. 
The narrow peak corresponds to the breakup of 
We. 

After placing a gate on the sum energy, a relative 
kinetic energy spectrum was generated (Fig. 6). This 
spectrum shows distinct peaks corresponding to resonant 
states in %le. The fvst discrete peak corresponds to an 
excitation energy of 5.52 MeV. The second, third, and 
fourth peaks correspond to known states at 6.73(0+), 
7.16(3-), and 7.42(2+) MeV, respectively. The fifth 
broad peak is possibly a triplet corresponding to the 
8.453(5'), 8.708(1-), and 9.03(4+) resonant states in We, 

Although the analysis of the we data is still 
underway, preliminary indications are that the breakup 
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spectra are dominated by discrete resonances, as is the 
case in the '60 data. In contrast to the 'Li experiment, no 
si&cant continua were observed in the elastic breakup 
channels with either of these projectiles. Hopefully, a 
more thorough analysis of the '60 and We data will cast 
further light on the differences in the underlying reaction 
mechanisms. 
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EXPERIMENTAL PROGRAM IN N-N AND KAON PHYSICS 

L. C. Northcliffe, J. C. Hiebert, R. A. Kenefick, G. Glass, T. Shima and 
collaborators from numerous other institutions 

A. Experiments at LAMPF (Clinton P. Anderson 
Meson Physics Facility) 

1. Neutron-proton elastic spin transfer 

This program (LAMPF experiment E876) was 
initiated in the summer of 1990 with the measurement of 
K,, K,, GL and K, at 788 MeV. These initial data 
have been published.' E876 was continued during 1991 
and measurements were made of these same spin transfer 
coefficients at 485 and 635 MeV. These data have a 
signiticant impact on the phase shill analyses and there are 
now suficient data near these energies to overdetermine 
the elastic nucleon-nucleon amplitudes. A manuscript has 
been submitted2 on the most recent data set. E876 is 
continuing in the summer of 1992 with the measurement 
of KNN at 635 and 788 MeV. The entire program has 
been in collaboration with persons from Argonne National 
Laboratory (ANL), Los Alamos National Lab (LANL), 
Rice University (RiU), Rutgers University (RuU), the 

measurements h m  485 to 788 MeV 

Univ. of Central Arkansas (UCA), the Univwsity of 
Montana (UM), the University of Texas at Austin (UT) 
and Wkshmgton State University (WSU). Dr H. I,. 
Woolverton, who received her PhD in 1981 bawd on an 
n-p measurement at the Cyclotron Institute, has recently 
joined the faculty at UCA and received financial support 
from our research grant in order to join this collatmration. 

2. Spin transfer parameter K, at Oo for the 
D@,n)2p reaction from 305 to 788 MeV 

The E876 spin transfer measurements revealed a 10 - 
169% normalization discrepancy with previous rneasurw 
ments of the polarization of the LAMPF neutron beam. 
Consequently, experiment E1234 was proposed to 
remeasure the D@,n)2p spin transfer parameter K, at 
zero degrees at beam energies of 305, 485, 635, 722 and 
788 MeV. These measurements were completed in the 
summer of 1991 by the collaboration of A.l with an 
additional collaborator from the University of Colorado. 
A manuscript has been submitted to Phys. Rev. C3 
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3. 

The cylindrical drift chamber detector for E1097 was 
installed downstream of the E876 setup for testing during 
the summer of 1991. E1097 will measure the differential 
cross section and the spin observables A,, A,, A,, 
bi, 4, Am, and A, for the single pion production 
reaction n p - p p  at neutron beam energies in the range 
500 - 800 MeV. The four independent channels available 
in the NN-NNr reaction can be identified in terms of the 
total isospin of the initial (I) and final (I') state nucleons 
(I,I') with I or I' = 0,l. The dominant channel for pion 
production is through the (1,O) resonance, since the A++ 
(I=3/2,S=3/2) can be excited through this channel. The 
role of the non-resonant amplitudes, particularly the (0,l) 
channel is not welldetermined. The np-.ppr reaction 
proceeds through the (1,l) and (0,l) channels which 
cannot excite the A++, thereby making possible the study 
of the non-resonant contributions to pion production. The 
data acquired in E1097 should permit a fmt order partial 
wave analysis of the I = 0 inelastic amplitudes. 

The first phase of E1097, scheduled for the summer 
of 1992, will use the polarized neutron beam and a liquid 
hydrogen target. Upon completion of phase I a polarized 
hydrogen (frozen spin) target is required for the 
measurement of the spin correlation parameters. 

Participating institutions in thii LAMPF experiment 
include ANL, California State University, the University 
of Houston, LANL, the University of Manitoba, the 
University of Alberta, RiU, UTA and TAMU. 

Single pion production in np scattering: 
LAMPF E1097 

4. Absolute pp-elastic cross sections 

Absolute pp-elastic differential cross sections have 
been measured at incident energies 492, 576, 642, 728, 
and 793 MeV from about 30° to 90' c.m. The total 
uncertainty was determined to be less than 196, made 
possible by particle counting for beam normalization and 
extensive crosschecks of systematic effects. The new 
data are consistent with previous data above 600 MeV but 
have uncertainties about a factor of ten smaller. Near 500 
MeV these data arc consistent with 90' data from 
"RIUMF, but differ significantly from similar data from 
PSI. A manuscript reporting these results will be 
submitted in the near future. This work was done in 
collaboration with persons from LANL, UCLA, RiU, 
RuU, and UT and forms the basis for the W D  dissertation 
of Anthony J. Simon, which should be completed in 1992. 

from 492 to 793 MeV 
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5. Neutron-proton elastic scattering spin 
correlation parameter measurements 
between 500-800 MeV 

A manuscript based on this experiment has been 
submitted for p~blication.~ A second manuscript has 
been prepared and is about to be submitted. The work 
was done in collaboration with persons from ANL, 
NMSU, LANL, UM, and WSU. 

6. Differential cross section for n-p 
elastic scattering at 459 MeV 

A manuscript on this experiment has been submitted 
This work was done in collaboration for p~blication.~ 

with persons from LANL and UTA. 

B. Experiments at Brookhaven National Laboratory 

1. K+ total cross sections as a 
test for nucleon "swelling" 

The final manuscript reporting results of E835 at the 
Zero Gradient Synchrotron (ZGS) has been submitted.6 
This experiment was a collaboration with persons from 
Tel Aviv University, BNL, Vassar College, Osaka 
University, and TRIUMF. A WD. degree was awarded 
to R. A. Krauss in May, 1991, for a dissertation based on 
this experiment. 

C. Experiments at KEK (National Laboratory for High 
Energy Physics, Tsukuba, Japan) 

1. Energy dependence of the analyzing power 
for the pp+pp and p@r+ reactions 
in the energy region 500 - 800 MeV 

' b o  fmal manuscripts have been submitted for 
publication based on the experiments conducted at 
KEK.'n* Participating institutions included KEK, Kyoto 
University, Tohoku University, and the Tokyo Institute of 
Technology. 
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TEMPERATURE AND MASS DEPENDENCE OF LEVEL DENSITY PARAMETER 

S. Shlomo and J. B. Natowitz 

Very recently, there has been an increasing interest 
in the nuclear level density parameter, a, stimulated by 
experimental dah' on the temperature dependence of a for 
nuclei with A = 160. The temperature dependence of the 
level density param-r, (I, was deduced from coincidence 
measurements between heavy residues and evaporated 
light particles. It was found that a decreases from A/8 at 
low temperature to A113 for -5 MeV. This observation 
stimulated a significant amount of theoretical and 
experimental work. Temperature dependent Hartree 
Fock2 or semiclassical3 calculations with various types of 
effective interaction fail to reproduce the trend of the data. 
It has been recognizedu that the observed T dependence 
of a can be accounted for by including the effects of 
correlations (collectivity), i.e., the Tdependence of the 
frequency dependent effective mass, mw . In Ref. [4] we 
have presented a simple and realistic model for calculating 
a, as a function of T, taking into account the finite size of 
the nucleus, the continuum states, shell effects, the 
momentum and frequency dependence of the effective 
mass and the variation of these effects with T. Using this 
model, a reasonable agreement with the experimental data 
in the A = 160 mass region was obtained. More recently, 
several experimental investigations have been carried 
out7-'O to determine the temperature dependence of a for 
various mass regions. The purpose of thii work is to 
present results of a calculation of a for a wide range of 
temperahue and nuclear mass, using the model described 
in Ref. [4]. 

We first give a short review of the model we use to 
calculate the level density parameter a. We adopt the 
defhtion, 

a(T) = Ex/TP, (1) 

where 

In our calculation the internal energy E(T) is obtained 
from, 

where g ( ~ )  is the single particle level density and 
1 

l+expl(c-p)/TI f(c,N,T) = (4) 

is the occupation probability. The chemical potential p is 
determined by the conservation condition 

A = J g(c) f(r,p,T)dc. (5) 

To calculate the single particle level density, we 
adopt the Thomas-Fermi approximation comcted for the 
continuum effect. As demonstrated recently,ll the f i 2  

corrections for a smooth potential, such as the W i d -  
Saxon potential, are relatively small and can be accounted 
for by slightly reducing the potential depth (by 3 to 4 
MeV). Moreover, a good approximation for the total 
level density parameter, a = a,, + a,,, can be obtained by 
using the mean field associated with a neutron (which 
includes the symmetry potential) for the A nucleon system 
(without Coulomb interaction). Thus, for a local mean 
field, V, modified by an effective mass, m*, we use the 
expression 

where &e) = 0 or 1 for E < 0 or e > 0, respectively. 

form, 
For the local potential we adopt the WoodsSaxon 

and for the effective mass m* = m(mk h)(m,  h) we use 
the forms** 

dn 
dr m u / m = l - @ - ,  

where 

( 9 )  
q(r) 1 
p o  l+expt(r-c)/r~ 

n(r) = - = * 

To determine the A dependence of the mean field 
parameters, we follow the prescription of Ref. 1131. 
Considering the matter density p(r), we 6rst determine the 
equivalent sharp radius Rp which is defmed as the radius 
of a uniform distribution having the same bulk density p, 
and volume integral as p(r). Assuming p, = 0.17fm-3, we 
find using r R; p ,  = A, that 



3 u3 
kp  = ro ~ u 3 ,  ro = ( = 1.12 fm. 

(10) 

Therefore, the parameters of the Fermi density 
dbbu t ion ,  Eq. (9), are taken to be 

po = 0.17 fm-3,  z = 0.54 fm, 

The value of C is determined by iteration. For rt < C 
we have C-l.12A1" - 0.857A"" fin. The mot mean 
square radii < Z > of (9) using (1 1) agree nicely with 
experimental va1ues.I' The parameters of the single 
particle potential well are determined by taking the 
equivalent sharp radius of the potential well, Rv, to bel3 

To calculate ap), we follow the pnocedun: 
introduced in Ref. [4], which takes into account the 
variation of the mean field and the effective maas with 7. 
For each ked value of T we determine g(e) firom (6) 
using V and m* given by Eqs. ('7) - (15). The reeulting 
g(e) is then used in (3) to determine both E m  arid E@), 
The value of ap) is then obtained from (1). Vk haw: 
carried out calculations for various nuclei along thc 
stability line with mass number A = 40,60 ,110 ,  L60 and 
210. In Table 1 we present the values of the parannetem 1' 
and m* for these nuclei at T = 0. We also include in thti 
table the density average of the effective mass defined by, 

Note that <m&> -0.8 and <m&> - 1.4 in 
agreement with Refs. [6] and [ l a .  In Fig. 1 we present 
the results for the parameter 

RV = Rp + b (12) 

where b is a constant. We therefore use the following 
parameters for the mean field, for T = 0, 

N-2 
VoCHev) = -47 + 33 - A 

d = 0.70 fm 

RV 1 . 1 2 ~ ~ 1 ~  + 0.8 fm, 

and12 

a ( T  = 0) = 0.3, 

B(T = 0) = 0.4 A l l 3  . (14) 

For the temperature dependence of the mean field 
parameters we adopt the expressions used in Ref. [4] (see 
also Refs. 2,5,6,12,15-17). 

R(T)  = R(T = 0)(1 + 0.0005T2) 

(15) 

We use the value of y = 21/A*" (MeV). For A = 200 we 
have 7 = 3.5 (MeV) in agreement with the results of 
Refs. [q and [lq. The A dependence of y is introduced 
to take into account the well-known variation with A of the 
excitation energies of the low lying collective states." 

for the nuclei with A = 40,60, 110, 160 and 210. 
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Fig. 1. Calculated inverse level density parameter K == 

A/a as a function of Temperature for various 
nuclei with mass A along the line of stability. 
See text for the values of the parameters usedl. 
Also indicated by the dashed l ina are the loci 
corresponding to constant excitation energies per 
nucleon of 1-5 MeV. 
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Values of KC) are now available for several mass 
r e .g i~ns .~*~-~~  These values are measured over a range of 
excitation energies. Any comparison of these results with 
the prescnt calculation should take cognizance of the 
excitation energy range involved. To facilitate this 
comparison we ale0 indicate in Fig. 1 the loci of lines of 
constant excitation energy per nucleon, e, of 1-5 MeV 
where e = l/KT2. 

Table I 

Potential end effective mass parameters at T = 0 

A 40 60 110 160 210 

z (fm) 0.54 0.54 0.54 0.54 0.54 
C (fm) 3.58 4.17 5.19 5.92 6.51 
d (fm) 0.70 0.70 0.70 0.70 0.70 
R (fm) 4.28 4.87 5.91 6.65 7.24 
Vo(MeV) -45.0 -44.0 -43.0 -42.0 -41.0 
Q 0.3 0.3 0.3 0.3 0.3 
@(fn'l) 1.37 1.57 1.92 2.17 2.38 
7(MeV) 5.84 5.36 4.38 3.87 3.53 
eF(ReV) -5.85 -5.28 -4.65 -4.01 -3.37 
%/m 0.82 0.81 0.79 0.78 0.Z' 

w m  1.37 1.39 1.43 1.45 1.47 
an*/np 1.12 1.12 1.13 1.13 1.13 

For A = 160, measurements up to e = 2 MeV show 
a strong decrease in a consistent with our calculations.' 
For nuclei with A = 110 to 120 at similar excitation 
energies, a higher value of a is predicted. The values 
near All1 which are reported7** are in reasonable 
agreement with the calculations. This value does not 
appear to decrease with increasing temperature. Note, 
however, that for higher excitation energies per nucleon 
the onset of intermediate mass fragment emission becomes 
increasingly important and, as a result, establishing the 
required temperature - excitation energy correlations is 
more diffi~uIt.'~ 

For A = 40 at excitation energies up to 1.7 MeVlu, 
values of a = ,418 are derived from particle s p e ~ t r a . ~  
Again this result is consistent with the trends presented in 
Fig. 1. For similar light mass systems at even higher 
excitation energy, little change in a is found.l0 But here 
again the onset of intermediite mass fragment emission 
may affect the results. 
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DESCRIPTION OF EVEN-EVEN MO BY PRON-NEUTRON INTERACTING BOSON MODEL 

H. Dejbakhsh, G. Ajupova, D. Latipov, and S. Shlomo 

The neutron-rich even-even Mo isotopes in mass 100 
region have been investigated using the proton-neutron 
interacting boson model (IBM-2). ' b o  different 
approaches were used in these calculations. The first 
investigation is based on the validity of the Z=38 subshell 
closure and the second considers only Z and N=50 as 
valid shells. The results from both calculations are in 
good agreement with the experimental data. 

The Ol+ levels in Mo isotopes are low in energy and 
have a minimum in %o and are near or below the 2:+ 
energies. This feature has been associated with shape 
coexistence in these nuclei. The origin of the strong 
deformation and coexistence of two shapes in this region 
can be attributed to the gaps in the singleparticle 
spectrum at 2-40 ,  R = O  and 2-38,  R=0.28, which 
stabilizes the nuclear shape. However, the deformed 
state can coexist with a nearly spherical configuration in a 
delicate balance. 

The Sambataro g 4.' investigation is the first attempt 
to explore the nature of the shape transitions in eveneven 
Mo isotopes in mass 100 region. In their investigation the 
authors have argued that no reasonable set of parameters 
is able to predict the O,++ levels in these nuclei, considering 
the Z=40 subshell closure. Therefore, the authors 
considered the mixing of two boson configurations. The 
first configuration consists of one proton boson and two to 
five neutron bosons (A=96 to 104) in the singleparticle 
orbits near the closed shells of Z=40 and N=50. The 
second configuration corresponds to the excited pair of 
proton bosons out of the 2=40 shell resulting in 3 proton 
bosons, two proton bosons and one proton hole boson. 
The mixing of two boson configurations by Sambataro 
- et 4.' has provided a good agreement with the known 
properties of these nuclei. 

The Mo isotopes have been investigated in the 
framework of IBM-1 assuming an effective boson number 
derived from configuration mixing or N,,*N,, scheme.2 
The parameter x which is related to quadrupole strength 
has a large negative value, -1.12, in contrast with the 
mixing calculation result (x1(xff+x,)/2=-0.3). The 
overall agreement with data is reasonable, but a large 
discrepancy exists b e e n  the theoretical and some of the 
experimental B(E2) values in the case of an effective 
boson calculation. This is an indication of the limitation 
of the effective boson calculation. 

The microscopic investigation of the Zr rind Mo 
isotopes carried out by Federman and Pb13  in the shell 
model and HartreeFock-Bogoliubov framework 
considered Z=38 and N=50 as closed shells for protons 
and neutrons respectively, in their calculation. Basad 011 

this investigation we considered Z=38 as a proton 
subshell closure instead of Z=40, which had beer1 chosen 
in the Sambataro study, as a core. The callculatioin 
was carried out for the Mo isotopes based on the Z=3rB 
proton and N=SO shell, the preliminary results suppoit 
the microscopic investigation of the Federman and Phkl 
that the n-p interaction of valance particles outside the 
core =Sr (Z=38 and N=50) is suftlcient to describe these 
nuclei. The number of proton bosons for Mo isotopes, 
outside the =Sr core, is 2. 

The IBA-2 Hamiltonian used in this caIculation is 
written as follow: 

H = H, + H, + H,,ff 

where 

and 

The parameters obtained in the first dculation using 
N, = 2 and N, = 2 to 6 are presented in Table li. 
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Table 1. 
The neutron-proton interacting boson d e l  parameters for t h e  even-even no isotopes. 

The N,=2 and C h r  CzUr and C h  are equal t o  zero. 

56 2 1.22 0.74 -0.10 -1.2 -1.2 -0.4 0.1 0.0 0.035 0.08 
M 3 1.25 0.75 -0.08 -1.2 -1.2 -1.0 0.2 0.06 
58 4 0.81 0.62 -0.059 -1.2 -1.2 -0.52 0.18 0.12 
60 5 0.60 0.52 -0.08 -1.05 -1.05 -0.18 0.07 0.12 
62 6 0.39 0.55 -0.115 -0.68 -0.68 0.07 0.0 -0.01 

The interaction b e e n  the protons in a lhn orbit 
and the neutrons in a lg7n is an important deformation 
driving force in the Mo isotopes and will increase as the 
number of neutrons increases. This has been reflected 
through the values of cy and cff which decreases as the 
number of neutrons increases (see Table 1). In Ref. [l] 
the energy of the proton and neutron d bosons (eff = c y )  

were chosen equal, the authors also have chosen proton 
quadrupole, X, and neutron quadrupole strength, xu for 
Mo isotopes to be the same as those in the Ru isotopes. 
Since these parametem x, reflect the direction of the 
shape transition, we expect these values to be different 
from those in the Ru isotopes. In our calculations we used 
different values for cff and cy following the shell model 
structure of these nuclei. The values of X, and xu have 
the same sign and amplitude which is an indication of a 
different symmetry for Mo isotopes from those in 
Sambataro's (p(xff+x,,/2=-0.3) calculation. 
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Fig. 1) Systematics of experimental and IBM-2 
calculation with N,=2 (solid line) and Nu=4 
(dashed line) of the yrast band in the Mo 
isotopes. 

Agreement of the result from IBM-2 with Nff =2 with 
the experimental result is good. Figure 1 shows the 
results of the calculation for the yrast band in pb104Mo 
isotopes. In Fig. 2, the calculations are compared with 
the experimental results for other states in these nuclei. 
This shows that by considering Z=38 as a proton closed 
shell, the IBM-2 can properly predict the property of the 
Mo isotopes. This result will also strengthen the IBM-2 
model and its microscopic foundations, which we am 
planning to investigate further. 
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N 
Fig. 2) The same as Fig. 1 but for a different set of 

states in the Mo isotopes. 

In order to investigate further the validity of the 
2=38 subshell closure in comparison with the Z=SO 
closed shell, we investigated the neutron-proton 
interacting boson model for Mo isotopes considering the 
Z=50 and N=50 closed shell. In this case, the number 
of proton-hole bosons is 4 for the Mo isotopes. The 
parameter for the IBM-2 calculation with Nff =4 is given 
in Table 2 .  The results from this investigation for the 
yrast band are also shown in Fig. 1 and for the other 
states, in Fig. 2 .  
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Table 2. 
The neutron-proton interacting boson d e l  parameters for the even-even Ho isotopes. 

The Nu=4 and Ch, Ch, and C h  are equal t o  zero. 

54 2 1.28 0.68 -0.06 -1.2 -1.2 -0.4 -0.1 0.0 0.035 0.05 
56 3 1.36 0.70 -0.06 -1.1 -1.1 -1.0 0.2 0.06 
58 4 1.02 0.65 -0.06 -1.1 -1.1 -0.6 . -0.1 O.fO 
60 5 0.70 0.55 -0.06 -1.0 -1.0 -0.1 -0.05 0.10 
62 6 0.58 0.50 -0.088 -0.55 -0.55 0.08 0.05 0.10 

In conclusion the systematic investigation of even- 
wen Mo isotopes in the framework of the IBM-2 has been 
carried out for two proton bosons and four proton-hole 
boson configurations. The calculated results are in good 
agreement with the experimental data. This investigation 
shows that the low-lying structure of these nuclei can be 
well reproduced by the IBM-2 without introducing mixing 
of two configurations. The B(E2) values from both 
calculations for Mo isotopes are in reasonable agreement 
with the experimental data. 
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INVESTIGATION OF SHAPE COEXISTENCE OF THE ODD-A TC ISUIOPES BY 
PR(JTON-NEUTRON INTERACTING BOSON-FERMION MODEL 

H. Dejbakhsh, G. Ajupova, D. Latipov, S. Shlomo 

The odd-A neutron-rich Tc isotopes with 2=43 lie in 
a region with an active 2=38, 40 and N=S6 subshell 
closure. The presence of these subshell closures has a 
strong effect on the shapes and shape transition of these 
nuclei. 

The Tc isotopes have been investigated based on 
Interacting Boson Fermion model-1 (IBFM-1) and 
Interacting Boson Fermion model-2 (IBFM-2). In the 
IBFM-1 calculation the even-even core nuclei were 
investigated based on interacting boson model (IBM-1) 
which does not distinguish between proton and neutron 
bosons. In the IBFM-1 calculation the odd particle is 
coupled to the IBM-1 core. A more realistic interacting 
boson model (IBM-2) is the case when proton and neutron 
degtees of freedom are taken into account along with the 
interaction between them. in the IBFM-2 model the odd 
particle is coupled to an IBM-2 core. In all of the 
previous investigations of the Tc isotopes, the authors 
considered the even-even Ru isotopes as the core, 
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assuming that the only valid shell is Z=50 and 
investigating the Tc isotopes as hole states. Our 
investigation reported here is based on the validity of the 
2=38 subshell closure With the states being considered as 
particle states. New experimental results at the: TAMlJ 
Cyclotron Institute enable us to investigate Tc isotopeo 
systematically. 

We have investigated the low lying structuis of thie 
Tc isotopes within the framework of the IBFM-:! model. 
In our investigation we considered 2=38 and N=50 LIS 

proton and neutron closed shells respectively. The result 
for the even-even Mo isotopes, obtained within thie IBM-2 
model, was used as a core to investigate the add-A 1% 
isotopes. The results of the calculation for Mo isotop:~ 
are reported in another section. 

The IBFM-2 Hamiltonian can be written as follows: 

H HE + HF + HBF (1) 



where H, M the IBM-2 Hamiltonian which has been 
discussed in another section of the progress report; for 
details see "The Interacting Boson Model" by Iachello and 
Arima.' The fermion Hamiltonian, H,, is written as: 

(10) 

where q s  are quasi-particle energies. 
Fermion interaction for the odd-proton is written as: 

The Boson- 

The H, (boson fermion interaction) consists of a 
monopoIamonopole, a quadrupolequadrupole interaction 
between bosons and fermions and an exchange term with 
corresponding interaction strength, &, r,,, A,, 
mpectively. A large number of parameters are involved 
in many j orbitals. In order to reduced the number of free 
parameters, the matrix elements Fjjl and k j j l j l 1  
have been expressed in term of physical quantities, such 
M occupation probabilities and quasi-particle energies, as 
follows: 

where cj are singleparticle energies, Xis the Fermi energy 
and we have used A=12A-In MeV for the pairing gap. 
In our work the singleparticle energies, E ,  were taken 
from Ref. 2. 

Both configurations (.gwz and ,p,n) have been 
investigated using the same boson fermion interaction 
parameters, 4, r,, and a. The single particle orbitals 
used for the Tc isotopes are 2p,,, 2p,, 1fm, 14, for 
negative parity and 1&, 2ds, for the positive pa&y 
band. W6 only report here the result from the positive 
parity configuration. The neutron-proton interacting 
boson-fermion model parameters used in thii calculation 
are as follows: 

A = -0.1 MeV, I' = 0.87 MeV, and A = -4.0 MeV 

The result for the BCS calculation and the parameters 
used to investigate the Tc isotopes in the present work are 
presented in Table 1. We have obtained very good 
agreement with the experimental energy levels especially 
for the low lying levels, 5/2+ and 7/2+, which most of the 
previous calculations failed to predict. The experimental 
and calculated result from the IBFMP for positive parity 
are shown in Fig. 1. 

An j j I j I I = -A, ( U j V j  I + V j U  j I )fij I I j(lO/N, j j I 
( 7 )  

where: 

B j j l  = ~u.v.,+vjujl 'Ojjl  1 1  

ajjl = < ~ 1 / Z j ~ Y ( 2 ) ~ 1 ~ 1 / z j ~  > ( 9 )  
The quasi-particle energies, El, and occupation 
probabilities, vJ, were obtained by solving the BCS 
equations: 
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DISAPPEARANCE OF FLOW IN INTERMEDIATE ENERGY 
NUCLEUS-NUCLEUS COLLISIONS 

Hong Ming Xu 

flow, or, the in-plane transverse momentum 
distriiution of emitted particles, can carry important 
information about reaction dynamics of nucleus-nucleus 
collisions and the nuclear equation of state. At incident 
energies of a few tens of MeV per nucleon, the interaction 
between nucleons is dominated by the attractive part of the 
nuclear mean field and the particles are deflected to 
negative angles.' At energies of a few hundred MeV to a 
GeV per nucleon, the individual nucleon-nucleon 
scattering and the repulsive part of the nuclear mean field 
become important and the particles are emitted to positive 
angles." At a certain intermediate incident energy, k, 
referred to as the energy of balance,- the attractive part 
and the repulsive part of interactions are expected to 
balance each other and the flow crosses zero, changing 
from a negative sign at low energies to a positive sign at 
high energies.*I2 Measurements of flow at different 
energies could, in principle, provide quantitative 
information concerning the nuclear equation of state at 
both low (attractive) and high (repulsive) densities. 
Significant effoxts were made recently to study the 
equations of state at high densities. Whether there is any 
noticeable sensitivity of flow to equations of state at low 
densities remains unclear. 

To investigate the sensitivities of E,,,, to the equation 
of state and to the in-medium nucleon-nucleon cross 
section and to determine whether one can separate these 
dual dependencies, we have performed improved BUU 
calculations'213 for *Ar + nN collisions. The upper-left 
panel of Fig. 1 shows the in-plane transverse momentum 
distributions of free nucleons for an incident energy E/A= 
65 MeV with an in-medium nucleon-nucleon cross section 
of 4~~ = 25 mb (triangles), 35 mb (circles), and 45 nib 
(diamonds), respedively. For all values of &, the 
momentum distributions are characterized by negative 
slopes in the mid-rapidity region, indicating tire 
importance of the attractive mean field at thii energy. 
Calculations with larger sN yield less steep s l o p  shoe 
nucleon-nucleon scattering tends to make the emissicin 
more isotropic. The evolution of flow with incideint 
energy can be clearly seen in the calculations with & = 
35 mb (solid circles). In the mid-rapidity region, tire 
slope becomes less negative at E/A=85 MeV (upper-right 
panel), flat at E/A=100 MeV (lower-left panel), arid 
changes to positive sign at E/A = 125 MeV (lower-right 
panel). This gradual change reflects the iricreasirig 
importance of the repulsive part of the nuclear equation of 
state. The higher the incident energy, the larger the 
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Fig. 1: The transverse momentum distniution as a 
function of longitudinal rapidity for *Ar + nAl 
collisions calculated with a stiff equation of state 
at impact parameter b=1.6 fm and incident 
energies EIA = 65 (upper left panel), 85 (upper 
right), 100 (lower left), and 125 (lower right) 
MeV, respectively. The triangles, circles, and 
diamonds indicate calculations with (kN = 25, 
35, 45 mb, respectively. The lines are used to 
guide eyes. The arrows indicate the nucleon- 
nucleon center of mass rapidity, YNN. 

nuclear compression, and therefore, the stronger the 
repulsive mean field. The role of nucleon-nucleon 
scattering is clearly evident in all incident energies: more 
positive emission is observed with a larger value of sN. 
It is interesting to note here that for this asymmetric 
system, the momentum distribution becomes ilat at a non- 
zero value (in the projectiIe side), in contrast to collisions 
between symmetric nucIei.5 

To better characterize flow for this asymmetric 
system and to allow for a comparison with data, we follow 
Ref. f7l and define the flow parameter as the slope in the 
mid-rapidity region multiplied by (Y- - YNN)/Ybcsm' 
Here YNN indicates the nucleon-nucleon center of mass 
rapidity and the slope is extracted by a linear fit of the 
momentum distribution within IY/Y,ICM S 1 (CM 
denotes the nucleus-nucleus center of mass). In Fig. 2, 
we display the flow parameters as a function of incident 
energy for *Ar + nAl collisions at impact parameters 
b=1.6, 3, and 5 fm, respectively. The solid- diamonds, 
circles, and triangles correspond to calculations with 4 5 ~  
= 25, 35, and 45 mb, respectively, and with a stiff 
equation of state. The open circles are the calculated 
results with sN = 35 mb and a soft equation of state. 
Clearly, at all impact parameters, the calculated flow 
parameter is very sensitive to the in-medium nucleon- 
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Fig. 2: The flow parameter aa a hnction of energy for 
*Ar + nAl collisions calculated at b=1.6 (top 
window), 3 ( center) and 5 fm (bottom), 
respectively. The solid- triangles, circles, and 
diamonds display the BUU calculations with a 
stiff equation of state and 4 5 ~  = 25,35, 45 mb, 
respectively. The open circles are calculations 
with a soft equation of state and % = 35 mb. 
The open and closed stars indicate experimental 
data for particles with charge Z=1, and Z=2, 
respectively, taken from Ref. [7]. The lines are 
used to guide eyes. 

nucleon cross section. For the calculations at b = 1.6 fm 
and 3 fm, the flow parameter appears to be in-sensitive to 
the equation of state, allowing sN to be determined from 
data. The sensitivities to the equation of state and to q,,, 
become comparable at impact parameters b 2 5 fm. This 
sensitivity to the EOS at large impact parameters could 
arise from the difference of EOS at low densities.13 A 
stiffer EOS has higher surface tensile strength14 and the 
emitted nucleons are therefore deflected to more negative 
angles (the corresponding & is higher). At smaller 
impact parameters, the sensitivity to the EOS at sub- 
nuclear density is washed out mainly because: 1) 
collisions among nucleons are more frequent, and 2) 
surface effects due to the different EOS are reduced (the 
average density in the padicipant region is closer to PO, 
where the gradients of mean field for both EOS are about 
zero. If sN could be determined from the flow in small 
impact parameter collisions, the equation of state could, in 
turn, be extracted from the flow in large impact 
parameter collisions. 



The open and closed stars in Fig. 2 depict the 
experimental data for particles with charge Z=1 and 
2=2, respectively, taken from Ref. yrl. Due to the 
experimental limitations,2 only the absolute values were 
extracted. The average flow per nucleon should be 
intermediate between the flow extracted for 2 3 1  and 
2=2 since these two charges constitute the dominant part 
of the observed multiplicities.* Based on coalescence 
models, one also expects that particles with charge Z= 1 
and Z=2 have the same value of E,.,,,, at which the flow 
vanishe8. The calculatiom with akN = 35-45 mb yield a 
value of EJA - 80-100 MeV at b=1.6 and 3 fm, 
consistent with the experimental data. The calculations 
wem to exclude values of q.,N below 25 mb. Clearly, 
more data at higher energies are needed to determine the 
upper limit of & (lower limit of h). Experimental 
tests of whether particles with different charges and 
masses produce different values of E,.,,, would also provide 
a stringent test for coalescence models. 

In summary, we have studied the disappearance of 
flow for 4oAr + nAl collisionsI2 with improved BUU 
calculations. The influence of the attractive and the 
repulsive- part of the nuclear mean field, and of the in- 
d i u m  nucleon-nucleon scattering to the flow is 
investigated. Within the present parameterization for the 
EOS, the calculated energy of balance, E,,,,, is insensitive 
to the equation of state but quite sensitive to the in- 
medium nucleon-nucleon cross section, at impact 
parameters of less than 3 fm. This lack of sensitivity to 
the nuclear equation of state could provide a direct 
observable to extract the in-medium nucleon-nucleon cross 
swtion from experimental data. The sensitivity to both 
the equation of state and &N becomes comparable at 
larger impact parameters. Although the change of flow 
from a negative sign at low energies to a positive sign at 
high energies reflects the increasing importance of the 
Wulsive part of the EOS, the sensitivity of & to the 
EOS at large impact parameters turns out to be determined 
by the EOS at low densities. Compared with the 

available data, the calculations indicate an in-medium 
nucleon-nucleon cross section in the range of sN ap 
25-45 mb. Clearly, more experimental data in Ithe high 
energy region are called for to determine the lower limit 
of G. On the theoretical si&, further calculations are 
needed to investigate the influence of the detailed 
algorithm of Pauli Blocking and of the surface anergy t o  
the predicted flow. 
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DISAPPEARANCE OF RCYFATION IN HEAVYION COLLISIONS 

Hong Ming Xu 

The azimuthal distributions of emitted particles in 
nucleus-nucleus collisions can carry important information 
concerning the reaction dynamics and the nuclear equation 
of state (EOS).' At incident energies below WA = 100 
MeV, the azimuthal distributions have been investigated 
by using large angle particleparticle correlations and the 
observed in-plane enhancements could be well explained 
by models incorporating the decay of a hot rotating 
80urce.~ On the other hand, y-ray circular polarization 
measurements3 indicated that particles were preferably 
emitted to negative angles because of the attracting mean 
field. Moreover, the in-plane transverse momentum 
distributions of emitted particles were predicted,e7 and 
later to change sign at a certain intermediate 
energy, referred to as the energy of balance.&'0 Thii 
transverse motion due to attractive nuclear mean field at 
low energies or repulsive mean field at high energies was 
referred to as the directed transverse motion. 

Recently, in an effort to investigate relative 
contributions from the collective rotation and the directed 
transverse motion, azimuthal distributions of emitted 
particles were measured by Wilson &I1 for '"Ar + 
"V collisions at energies from EIA = 35 to 85 MeV 
using the Michigan State University 4 s  array. It was 
demonstrated that the observed in-plane enhancement 
gradually decreased with energy and the spectra became 
nearly isotropic at energiea around WA = 80 MeV. 
However, due to incomplete coverage of angles and large 
detector thresholds, the measured spectra exhibited large 
distortions and it was rather difficult to examine effects of 
rotational motion and directed transverse motion. Even 
for an ideal detecting system with no loss of efficiency, it 
is still difficult to get a detailed insight into the reaction 
dynamics which governs the final observables, mainly 
because experiments only provide data in the fmal exit 
channels. This task CouId, in principle, be assessed from 
dynamical model calculations. 

To investigate effects of the collective rotation and 
the directed transverse motion and whether azimuthal 
distributions are sensitive to the equation of state and the 
in-medium nucleon-nucleon cross section, we have 
performed improved BUU' calculations for OAr + slV 
collisions. In Fig. 1, we show both Fk (solid symbols) 
and F, (open symbols) as a function of incident energy. 
The first parameter is the fraction ofparticles emitted 
"in plane'' defined as those within 45' of the reaction 

'OAr + 51V, b=2 fm 
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Fig. 1. The azimuthal fractions of F, (solid rymbh) 
and Fp (open symbols) are shown as a function 
of incident energy calculated at b=2 fm. The 
asterisks indicate experimental values of Pi, 
taken from Ref. 11. The circles and the squares 
depict calculations with the stiff EOS and the 
soft EOS, respectively, and with q,,, = 41 mb. 
The triangles depict calculations with the stiff 
EOS and q,kN = 25 mb. The lines are used to 
guide eyes. Details concerning Pip and F, are 
discussed in the text. 

plane (satisfying 141 S 45O or 14 - 180° I S 45"; with 4 
= 0 defined by the momentum vector pointing from the 
center of the projectile towards that of the target, when 
the impact parameter b #O),and the second is the fraction 
of particles satisfying 141 5 90' or those on the 
"projectile side" as referred to in Ref. 11. To accumulate 
sufficient statistics, we have included all emitted nucleons 
satisfying Y 2 YCaM.; here C.M. denotes the nucleus- 
nucleus center of mass. The asterisks indicate Pi, 
extracted experimentally for charged particles with Z=2, 
taken from Ref. 11. 

For both equations of state, the predicted Fip 
decreases with incident energy, and becomes nearly 
isotropic at high energies, W A  75 MeV, similar to the 
trends established by the experimental data. The 
noticeable differences between the calculated and 
measured values of F, at low energies are as expected 
because (1) clusters, not incorporated by BUU 
calculations, tend to show larger in-plane enhancements 
than nucleons, and (2) emission due to a rotating source in 
the final stages could provide additional enhancements, 
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particularly at low incident energies. We will come back 
to thii point. The predicted values of Fip show little 
sensitivity to both the equation of state and the in-medium 
nucleon-nucleon cross section. In contrast, the predicted 
values of Fp show little sensitivities to the EOS, but 
significant sensitivities to %N, with %,, = 25 mb 

Thus 
measurements of energy dependent F, could in principle 
provide a powerfid tool to pin down sN accurately by 
comparing model calculations with experimental data. 

Because of negative deflections at low energies and 
positive deflections at higher energies, the predicted Fp 
would only have a value of F, = 0.5, consistent with 
azimuthally isotropic emission, at a certain fmed energy 
(for 4~~ = 41 mb here, this energy is at EIA = 87 MeV; 
for & = 25 mb, it is higher than 125 MeV). For later 
reference, we denote this energy as Es It is interesting 
to note here that E, is higher than the energy of balance 
(for %N = 41 mb, L l A  3: 80 MeV) determined by the 
slope of transverse momentum distributions.' This 
difference arises because of the mass asymmetry between 
the projectile and the target. As shown in Ref. 7, the 
transverse momentum distribution becomes flat at a value 
away from zero (in normal kinematics, a negative value) 
and thus at (= 80 MeV per nucleon), Fp at rapidity 
Y 2 YCeM. is still consistent with negative deflections. As 
the mass asymmetry between projectile and target 
increases, the difference between E, and & is expected 
to increase, and could therefore provide an additional 
observable for the extraction of 4~~ from collisions 
between asymmetric systems. 

To examine how effects of residue rotations depend 
on the incident energy, we display in Fig. 2 the angular 
momenta of bound residues @(r) 2 lO%p,,) as a function 
of time for &Ar + 5'V collisions at EIA = 35 MeV 
(circles), 75 MeV (squares), and 125 MeV (triangles), 
respectively. The numerical accuracies for angular 
momentum conservation are demonstrated by the open 
symbols which depict the total entrance channel angular 
momenta in the center of mass. For calculations at all 
three energies, the angular momenta left in residues 
exhibit two distinct stages, a rather steep decrease at a 
early stage (t 120 fmlc) and a slow decrease 
ahwards.  This result is not a surprise since one would 
expect the earlier non-equilibrium stage could have a 
higher emission rate than that in the later evaporation 
stage. The interesting point here is that the angular 
momentum drops at the early nonequilibrium stage are so 
large at higher energies, EIA = 75 and 125 MeV, that the 
angular momenta left in residues are even smaller than 

producing sign%cant larger values of F,. 

40Ar+51V, Stiff EOS, b=2frn 

t (fm/cl 

Fig.2. The angular momenta of residuecl (solid 
symbols) as a function of time calculated at E/,4 
= 35 MeV (circles), 75 MeV (squares), and 125 
MeV (triangles). The open symbols show the 
corresponding total angular momenta in the 
nucleus-nucleus center of mass. The lines are 
used to guide eyes. 

that at WA = 35 MeV after a certain elapse of time (t sm 
75 fm/c for EIA = 75 MeV and t = 60 fm/c for EIA := 
125 MeV). Several points are immediately clear. Firsit, 
because residues have not made a full cycle of rotation on 
the time scale which we follow, the contribumtions to 
azimuthal asymmetry from later residue rotations would 
be smaller at higher energies, simply because they have 
smaller angular momenta. At low energy, EIA = 35 
MeV, because the residue still has a non-negligible 
angular momentum, J = 3Jh, emission from residue 
rotation could provide additional in-plane enhancement to 

Fip (see Fig. 1). Second, the residue at energies above 
EIA = 75 MeV, if any, would have a much shorter We 
time than that at lower energies. Even for the earlier noti- 
equilibrium stage, the calculations appear to indicrite that a 
hot equilibrated rotating source may not exist at high 
energies, EIA 2 75 MeV, due perhlaps to 
multifragmentation which is not incorporated in the 
present calculations. This result is further s u p p o d  by 
the nearly isotropic emission (although the instant angulu 
momentum in the nonequilibrium stage is veiy large) 
indicated by parameter F4, as shown in Fig. 1. 

In conclusion, with improved BUU calculations, we 
have investigated the dynamical origins of the azimuthal 
asymmetry in central 4oAr + 51V collisions. Wik 
demonstrated that dramatically different aspecta of 
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d o n  dynamics could be revealed by constructing two 
simpW~cd azimuthal parameters, Fb and Pp. The 
calculations indicated that the contributions to azimuthal 
asymmetry from collective rotating residues decreasc with 
incident energy and could eventually vanish at energies 
E/A 2 75 MeV. In contrast, the dirtotad transverse 
motion due to the nuclear mean field remains important at 
aU energies. The predicted azimuthal distcibutions appear 
not sensitive to the equation of state, but can be very 
sensitive to the in-medium nucleon-nucleon cross section, 
if they arc properly constructed. Mk therefore propose 
that measurements of E,, at which the azimuthal 
distributions an consistent with isotropic emission as 
revealed by Fp, could provide M important tool to pin 
down accutately the in-medium nucleon-nucleon cross 
section. 
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RESIDUE TEMPERATURES AND THE NUCLEAR EQUATION OF STATE 

H. M. Xu, P. Danielewin' and W. G. Lynch' 

lntermodi energy nucleus-nucleus collisions 
provide excellent opportunities for producing hot nuclear 
systems at excitation tllCTgic0 and temperatures near the 
values beyond which metastable nuclei cannot exist. 
Many experimental invdgations suggest a limiting 
temperature in the range of T=44 Such 
observations could nflect either the thermal htabilities of 
metastable hot nuclei. or some dynamical limits to the 
energy which cpll be deposited into these residua via the 
nactions being 8tudi.d. 

To investigate the possible dynamical limits to the 
excitation energies of hot residual nuclei, and the 
sensitivity of residue excitation energies to the nuclear 
equation of state and the in-mcdium nucleon-nucleon cross 
raction, calculations were performed with an improved 
Boltzmann-Uehling-Ubkk (BUU) model for OAr f 
'%n rractiolll at a variety of incident energies.13 Figure 
1 showa the predicted thermal excitation energy/nucleon 
aa a finction of the impact parammr for + %n 
collisions at WAs35 MeV (top window) and WA=65 
MeV(bottom window), respectively. A comparisonof 

the thermal excitation energies oolculated for the two 
equations of state and 

are shown in the left hand panels. The thermal excitation 
energies calculated for the stiff EOS (open circles) an 
significantly larger than those calculated for the soft EOS 
(solid circles). This dependence can be attributed to the 
later freezeout time for calculations with the sofi EOS, 
since it allows a longer time during which energy can be 
carried away by pnequilibnum nucleon emission. The 
thermal excitation energies also depend mort strongly 
upon impact parameter at the higher incident energy, 
where the targd nucleus is lcss effective in capturing 
nucleons from the projectik, than at WA=35 MeV. The 
right hand side of the figure shows the sensitivity of the 
residue thermal excitation energies to the in-medium 
nucleon-nucleon cross section for calculations assuming a 
soft equation of state. Calculations with q,,, = 41 m6 
(solid circles) an slightly larger than the corresponding 
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cakulations with 4 3 ~  = 20 mb (open circles). This 
difference is comparable, however, to the uncertainty in 
the calculated thermal excitation energy 6E*IA = 0.3 
MeV due b uncestaiati# in &thing the frea&out the. 

'O&+ '"Sn 

0 
0 1 2 3-4 5 0 1 2 3 4 5 

b (fd 
Fig. 1: Ssnritivitk of the tempefttun to the EOS (lek 

panels) and 4 5 ~  (right panels) for "'Ar + %n 
cofiions at E/A=35 MeV (top panels) and 65 
MeV (bottom panels). Details are discussed in 
the text. 

Fig. 2: Dependence of thermal excitation energies (top 
panel) and temperatures (bottom) on the incident 
energy for *Ar + *%n collisions at b=O. The 
dashed lines are results for the stiff EOS and the 
solid lines are results for the soft EOS. The 
other symbols in the bottom panel are 
experimental data discussed in the text. 

The top panel of Fig. 2 shows the energy dependence 
of the thermal excitation energy/nuchn at b=O fm for 
the two equations of state and 4 3 ~  = 41 mb. The bottom 
panel shows corresponding estimatca of the reaidtie 
temperatures, calculated by integrating the Fermi-pur 
expression e*V,e&)) over the density ditributions and 
equating the integrated value to the thermal energy froin 
the numerical simulations. (eF@) is the Fermi energy for 
a nuclear system at density p.) Assuming equd Fernni 
energies for protons and neutrons and the low teniperatui.e 
limit, thii procedure yields: 

where the integration is performed over the volume of tlte 
reaction residue, defined by the requirement p( ?) 2 0. 'fib 
(Except at the highest incident energies, WA 2 65 MeV, 
Eq. (1) provides a level density parameter close ID N101.) 
In both panels of the figure, the dashed lines represent 
calculations using the stif€ EOS and the solid limes 
represent calculations using the soit EOS. Both equations 
of state predict a gradual increase in the residu: thermal 
excitation energies and temperatures as the incident 
energy is raised from HA = 30 MeV to 85 MeV. The 
rate of increase, however, becomes very small at the 
highest incident energies and the calculated temperatures 
are nearly constant at EIA 2 65 MeV. 

A saturation has been reported in the excitation 
energies deduced from measurements of the multiplicitiea 
of neutrons and u particles.*2 Since preequilibrium 
emission cames away more nucleons in our callculatioins 
than assumed in the analysis of neutron and u particle 
multiplicities, we do not know whether our callculatio~ns 
are truly comparable to the data, and therefore, UIC refrain 
from making thii comparison. Limiting tempexntunes 
have also been deduced from the energy spectra of light 
particles" and from the relative populations of excited 
states of emitted complex fragments.s12 In the bottom 
panel, we include the temperatures extracted froin energy 
spectra of light charged particles by Refs. 6 (open 
diamond), 7 (open cross), 3 (solid triangles), 5 (open 
square), 8 (open triangle); neutron energy spectra by Rcf. 
4 (star), and the emission tempmtures extmcted h m  
excited states by Refs. 9 (solid- circles and cmlsses), LO 
(open circle), 11 (solid diamond), and Ref. 12 (sollid 
square), because such temperatures have proven relatively 
insensitive to the total mass of the colliding system. 
Except for the few data points represented by an open 
diamond and an open cross, the calculated temperatuxa 
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are similar to the measured values. This comparison 
must, nevertheless, be regarded as speculative, because 
measured temperatures are expected to be strongly impact 
parameter dependent and the influence of impact 
parameter averaging on these measurements is poorly 
understood. 

In summary, thermal excitation energies of residues 
have been calculated as functions of the impact parameter 
for central &Ar + %n collisions over a range of incident 
energies. These thermal excitation energies are evaluated 
at freezeout times determined from the time dependencies 
of the thermal excitation energy and the emission rate of 
nucleons. Both these thermal excitation energies and 
temperatures, obtained assuming Fermi gas level 
densities, are sensitive to the nuclear equation of state and 
the impact parameter. Surprisingly little sensitivity is 
observed to the in-medium nucleon-nucleon cross section. 
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VIRTUAL PION CONTRIBUTION IN HEAVY ION REACTIONS 

S. V. Akulinichev* 

In a system of nucleons interacting via effective 
meson exchange currents, there is a certain excess of 
virtual mesons.I2 The direct contribution of such virtual 
pions, for example, to the deuteron electrodisintegration 
has been observed.' This example shows that virtual 
nuclear pions can absorb and generate quanta of external 
fields. We demonstrated in an earlier papep that the 
contribution of virtual nuclear pions can explain the K+A 
total cross section enhancement at intermediate energies. 
Here we will use the same conjecture to explain some 
puzzles of heavy ion reactions at high energies. The 
kaons produced in the collisions of virtual pions with 
nucleons from a colliding nucleus are different from kaons 
produced in standard channels in their rapidity distribution 
and isospin content. The contribution of virtual pions can 
be very important at AGS energy, but also can be seen at 
CERN energies. If we further assume that virtual pions 
can evaporate in high energy collisions, then it can lead to 
a low P, enhancement of produced pions and photons, 
seen in many experiments. 
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The amount of virtual pions per nucleon, %, can be 
estimated in many different ways, with slightly different 
results. In a modelz with a realistic nucleon-nucleon 
interaction, n,=0.12 was obtained for intermediate 
nuclei. In other papers, a smaller excess of pions w a s  
claimed (see Ref. 3 for further references). For the 
qualitative estimates of this paper, we will use the above 
value for defmitiveness. Our main assumption is that at 
high energies, when the projectile energy is much larger 
than any energy of intranuclear interactions, the virtual 
nuclear pions interact with a projectile like free particles. 
From this point of view, there is no difference between 
nuclear nucleons and pions. In fact, nuclear nucleons and 
pions are both described by interacting fields and 
therefore are both virtual. Note that each excess pion is 
produced coherently by the interaction of several 
nucleons.z For defmitiveness we will assume an equal 
number of ro,  r+, and r -  mesons in nuclei. This 
assumption is not very important here in contrast to the 
case of K+A ~cattering.~ According to our conjecture, in 



heavy ion coWmns at high energies, the kaons are 
produced not only in the initial collisions of baryons and 
in the fireball, but ais0 in N+r and r + N  cotlisions (here 
the finst e l c  belongs to the projectile nucleus and the 
sccond one to the target nucleus). Note that the 
K-production in Nr interactions is nstricted by the 
isospin. This is the possible explanation of the K + K  
relative yield enhancement at AGS energies.' The total 
cross section for the K+,K"-production in the x+N-  
channel now can be written 

where the subscriptpor T means projectile or target. 
5 ( r w + + x )  and Z(.(r+&+A) are isospbaveragedS 
elementary cross sections. The total cross section for the 
N+mhannel M given by t&=&tnrT/n,$dM for two 
similar nuclei. The parametrktion of elementary cross 
sections for Brookhaven energies can be found in Ref. 5.  
As it follows ftom the data, the AGS energy is very close 
to the resonance for K+ and K"-pduction in T N  
collisions. Therefore the disousd contribution can be 
very important. The elementary T + N  cross 
section b(r+N+X++X) for the beam energy 14.6 &VIA 
is equal to5 0.16rnb. For a large energy, we may neglect 
the intranuclear motion of constituents. From Eq. (1) we 
obtain t&(Si+Au)=O.lb. W don't know experimental 
cross section for this reaction, but a comparison with the 
available data6 for other nuclei and lower energies shows 
that contribution of virtual pions is very important at AGS 
energy. The production of pions in the r + N  and N+T 
channels must be peaked at the corresponding center of 
mass rapiditieg 

YM 0.9 , Y h  = 2.6 . 
The maximum at Y=YM was clearly observed7 and no 
other model has yet explained it. This peak is below the 
fireball rapidity Ye- -1.25 and below the NN c.m. 
rapidity Y,=1.7. The peak at Y-YIU observed by 
the same group for the p+Au reaction may be connected 
to the M a l l  rapidity in thii reaction because in the last 
case the projectile nucleon hits several target nucleons. 
There is no data for K+-prodWhn at Y=YNw. The 
observation of a peak in this region could be a strong 
support of our conjecture. Since negative kaons are not 
produced in r N  interactions, their rapidity distribution 
should be different from that for other kaons: K'-mesons 
are only produced in baryon-baryon collisions and must be 
concentrated at midrapidity. This was observed in the 

data.73 Note that for all ksollil produced in the W a l l ,  
the rapidity ditriiution should be almost the mt. Wk 
can conclude that at Brookhaven energy the nuclear pion 
contribution to the strangeness production is very 
important and leads to some observed but previously 
unexplained effects. 

At the CERN energy the elementary cross sectionis 
o(.+N+K+X) become relatively small, as does the role of 
thii channel. The main contriiution to the stningeneos 
produclion coma from the mall and is strongly peaked 
at the Cenrral rapid it^.^ We are not aware of rekble da~a 
for elementary cross sections in this energy region. The 
simple continuation of the parametrizetion from Ref. 5 IO 

the energy 200 GeV/A gives ~ ~ ( ~ ~ + X ) r O . O : l m b .  lh 
reality, we may exptct a larger value since all the 
hadronic cross d o n s  become aImort constant at smaklx 
energies. We will use the above cross section only 'to 
estimate the m i n i i l  contriiution of pions. For the S+S 
reaction at 200 &V/A we obtain &s+s) = (&s+w 
L 1.2mb. This is a negligiile contriiution to the total 
yield of kaons. The dominant part of the kaoiis in the 
central collisions of these nuclei is produced at. Ypll = 
Ym = 3. Therefore we may expect the observation of 
the pionic contribution, if any, in the rapidity dqpcndcnix 
of the ratio R(Y) = [u(S+S)/o(P+P)l. "hiis ratio strongly 
enhances all the noncentral contributions. The c.m. 
rapidities for two pionic channels are given by 

As it follows from Ref. 9, the enhanoemat of R(y) WM 

observed at Y = Yru ! W don't know any other possible 
source for this peculiarity and believe that h e n  we have 
an indication of the virtual pion contribution, if tlhe 
experimental resuits are confumed. Mk also m y  expect 
that since the pionic channel is less importarit at this 
energy, the relative K + K  yield will be smalIe.r than at 
AGS energy. The comparison of the data7*l0 shows ttis 
trend. To make a firm conclusion, we need elementary 
cross sections and a more detailed rapidity dependence of 
the production cross section. The direct measurement of 
the strangeness of production at Y=Yh is very important.. 

It is interesting to note that the region of tlhe low pl 
enhancement of pions,I1 produced in heavy ion i d o r w ,  
coincides with the momentum distribution of the exccss 
pions in nuclei.2 It is a simple exercise to show that the 
transverse momentum dependence of the excess pions2 
and of the low p,-enhancementl* is quite similar. Tllis 
suggests that we may assume some mechanism of the 
pions release (evaporation) in heavy ion collisioiis at high 
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energies. In that case, pions will keep their initial 
transvem momentum distribution, but their rapidity 
distribution will be somehow modified. W e  fmd, 
however, that thc amount of virtual pions in nuclei is at 
least 5 times smaller than needed to mproduce the 
absolute value of the low pt enhancement,12 provided we 
describe the whole spectrum with only one temperature. 
Thus the pion evaporation can produce a low P, 
enhancement, but not of the magnitude reported. 

We demonstrated that virtual nuclear pions have a 
remarkable effect for the strangeness production in heavy 
ion collisions at high energies. This effect can be hardly 
reproduced by other models. These results are in 
contradiction with the papersI3 claiming that there is no 
excess of pions in nuclei. It is important to clear up this 
problem to better understand nuclear properties. 

I am grateful to the Cyclotron Institute at Texas 
A&M University for the kind hospitality. 

* Permanent address: Institute for Nuclear Research, 
6O-th October Anniversary Prospect 7., Moscow 
117312, Russia 
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PIONS CONTRIBUTION “0 K+-NUCLEUS SCATTERING 

S. V. Akulinichev* 

As a result of its long mean free path, the K+ meson 
is a promising probe of the nuclear interior. Contrary to 
the expectation, there is a persistent discrepancy of about 
10% between “conventional” optical model calculations of 
the K+-nucleus cross section and the available 
experimental data. Namely, the experimental cross 
sections in the PL = 450-1000 MeV/c region are 
systematically larger than the optical model results.’” 
The widely accepted explanation of this discrepancy was 
based on the mechanism of “swelling” or partial 
deconfmement of nucleons in nuclei.?‘ A similar 
mechanism can be used to explain the European Muon 
Collaboration (EMC) effect in the deep inelastic lepton 
scattering from nuclei.’ This led many authors to the 
conclusion that the K+-nucleus scattering and the EMC 
effect reflect the same propeaties of nucleons in the 
nucleus. 

Here we show that the K+-nucleus data can be 
explained without assuming the “swelling” of nucleons, 

provided the contribution of virtual nuclear pions is taken 
into account. As is known,6 some amount of virtual pions 
in nuclei is necessary to fulfill the energy-momentum sum 
rule for the deep inelastic scattering from nuclei composed 
of bound nucleons. We show here that the K+n cross 
section can be larger than the K+N cross section in the 
considered energy region. This makes important the 
pionic contribution to the K+-nucleus cross section. 

At low (resonance) energies the K+N interaction is 
relatively weak because of its quark content. The quark 
structure of the K+ meson is lug> and it does not permit 
the s-channel resonances with the nucleon. But such 
resonances contribute to the scattering of K+ meson from 
n- and x0 , since their structure is represented by ldib and 
( I/& I da- w > , respectively. Therefore one might expect 
a large K+n cross section. 

Direct experimental results for the K+rr cmss 
sections are not available, but these cross sections can be 
reconstructed from the partial-wave analysis of the K+p 
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scattering. This analysis gives phenomenological KU 
phase shib 6?, where I and L are the total isospin and 
angular momentum of the KU system. The experimental 
results can be fitted to an effective range form for the 
phase shifts7 

where q is the c.m. momentum and the phenomenological 
panunetera and f are given by 

a4 = 2.39 GeV-l , 

a3 = -1.00 GeV'l , 

r4 = -1.76 GeV'l 

r l  = -1.76 GeV". 
(2) 

The contriiution of partial waves with L f 0 is very 
small and can be neglected in the energy region under 
consideration. From (1) and (2) we obtain the results for 
the I = 2 and I = cross sections presented in Fig. 1, 
where the data for the K'p cross section are also shown. 
AS we can see from this figure, the I = 2 experimental 
cross section for KU scattering is almost three times larger 
tban the K+p cross section. 

2 

'=''?K%) 

400 600 800 1 000 

5 (MeV/c> 
Fig. 1. Phenomenological tit for the K+R cross section. 

The intermediate line is the average of the two 
possible isospins, I = and I =:, of the K+r 
system. PL is the lab momentum of K+. 

The optical model resultsu for the ratio 

(3) 

are shown in Fig. 2 by the lower band. This band 
represents the uncertainty of the "conventionalN 
calculations. Even with many possible sources of 
uncertainty of the conventional mechanism takm into 
account, there is still a discrepancy of about 10% I b e e i i  
the calculated and experimental results. 

Fig. 2. The total cross section ratio for the K+-nucleus 
scattering. The data for I2C are from Ref. 11. 
The lower band shows the optical modd 
results.' The upper band is the result of this 
work. 

We now show that this discrepancy can be eliminated 
by the contribution of virtual pions. Some amount of 
virtual mesons is present in a system of bound inucleor,is 
interacting by the effective mesonic field. The 
contribution of these mesons is not included in the 
elementary projectile - nucleon amplitudes used in th,e 
multiple scattering formalism. The number of pions pt:r 
one nucleon can be related to the enhancement factor K of 
the photonuclear sum rule* 

3 -1 nn = 5 "aff >mu , (4) 

where <a,-' > is an average pion inverse energy. If we 
take9 <a, > = 400 MeV then from (4) we obtain' nu a 
0.07 for nuclear matter. Using energy-momenturn 
conservation it was found in Ref. 6 that 

where < c > and c~ are the average separation energy anid 
the chemical potential. If we use for nuclear rnattcr 
<E> = 40 MeV, p = 8 MeV and <w, > = eo0 MeV, 
we obtain the estimate n, = 0.08, which is very close In 
the result of Eq. (4). In a recent work, Nakano and 
Wng" obtained the value of n, = 0.057. Thcrc:fore, for 
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the average number of pions per nucleon, we use the 
intermedii value of 

n, = 0.07. 

The energy momentum distribution of pions and the 
off-mass-shell continuation of the K+II amplitude are 
unknown. But as a first approximation, we can neglect 
them because of the smooth behavior of the K+r cross 
sections. Instead of (3) we now can write, 

( 7 )  

where R* is the optical model result of Ref. 3 and 
u(K+II) is the average K+n cross section. For the latter 
we use the expression, 

I=1/2 +,) + uI=3/2(K+,) 

2 
u (K 

u(K+rr) 

since the isospin content of virtual pions is unknown. The 
last equation is, of course, an approximation that may be 
improved in later publications. 

Numerical results are presented in Fig. 2 by the 
upper band. As we can see from this figure, the 
experimental data are now inside the theoretical band. 

Let us now briefly discuss the uncettainties and the 
limitations of this model. First, we do not try to describe 
the differential cross sections. As pointed out in Ref. 3, 
there are large additional uncertainties in the experimental 
and theoretical (optical model) differential cross sections. 
The clean observable is the ratio of total cross sections. 
The average separation energy < c > of '*c is smaller 
than that of nuclear matter. Therefore n, for carbon 
should be correspondingly smaller than the nuclear matter 
value. On the other hand, some authors claim larger 
values of nRI2 and Therefore we expect that 
(6) does not significantly overestimate the effect. 
Equation (7) is certainly an approximate result. Besides 
usual limitations of the optical model, it is assumed that 
the multiple scattering from nucleons and the projectile- 
pion interactions develop independently. It is difficult to 
assess here the validity of this approximation, but it is 
likely that the error is smaller than the bare pionic 
contribution. The large uncertainty comes from Equation 
(S), as it follows from Fig. 1. For v(K+n) we simply used 
a value at the center of the corresponding uncertainty 
band. This value significantly overestimates the cross 
d o n  for so mesons but it is close to the average cross 
section for the mixture of II- and n+ mesons. More 
detailed analysis of the isospin content of virtual pions as 

well as of the Klr phase shifts are needed. Note that 
results (1) and (2) are based on the elastic unitarity 
assumption' and may underestimate the Icr cross sections. 

We conclude that the discrepancy between the 
"conventional" calculations and the data for the K+- 
nucleus scattering can be explained by the contribution of 
virtual pions. These pions are the result of the binding 
nuclear forces. It was shown6 that these forces can 
significantly change the nuclear structure function due to 
the binding correction. Thus the nuclear effects in the 
deep inelastic scattering and in the K+-A scattering indeed 
may have the same physical origin. 

I would like to thank S. Shlomo for useful 
discussions. 

* Supported in part by the National Science Foundation 
Grant N PHY-9001886. 

** On leave from the Institute for Nuclear Research of 
the Academy of Science, Moscow - 177312, 60th 
October Anniversary Prospect 7, Russia 

REFERENCES 
M. J. Paez, R. H. Landau, Phys. Rev. C 24, 1120 
(1981). 
P. B. Siegel, W. B. Kaufmann, W. R. Gibbs, Phys. 
Rev. C 30, 1256 (1984). 
P. B. Siegel, W. B. Kaufmann, W. R. Gibbs, Phys. 
Rev. C 31, 2184 (1985). 
G. E. Brown, C. B. Dover, P. B. Siegel, W. Weise, 
Phys. Rev. Lett. 60, 2723 (1988); W. Weise, Nuovo 
Cim. 102A, 265 (1989). 
R. Jaffe, E Close, R. Roberts and G. Ross, Phys. 
Lett. 134B, 449 (1984). 
S. V. Akulinichev, S. A. Kulagin, G. M. Vagradov, 
NBI-prepdt, 8520 (1985); Phys. Lett. f58B, 485 
(1985). 

M. Ericson and M. Rosa-Clot, Phys. Lett. 188B, 11 
(1987). 

9. V.R. Pandharipande, Nucl. Phys. A M ,  189 (1985). 
10. K. Nakano, S. S. M. Wong, Phys. Lett. 2578, 10 

(1991). 
11. E. Piasetzky, Nuovo Cim. 102A, 281 (1989). 
12. S. Glazek, M. Schaden, Z. Phys. A323,451 (1986). 
13. S. Shlomo, G. M. Vagradov, Phys. Lett. 232B, 19 

(1989). 

University of Liege, Belgium (1991). 

1. 

2. 

3. 

4. 

5.  

6. 

7. P. Estabrooks &., Nucl. Phys. B133,490 (1978). 
8. 

14. M. Bald0 9 &, Preprint ULG-PNT-91-5-P, 

56 



VACUUM ENERGY IN THE NUCLEAR MANY BODY PROBLEM 

H. A. Bethe,(I) G. E. Brown,Q) and C. M. KO 

C h d  symmetry is broken through the development 
of a quark condensate in the physical vacuum. The zero 
temperature quark condensate is determined by the cut off 
A in momentum and the mass mQ of the constituent quark. 
At finite temperature, the condensate is reduced by the 
excitation of quarks from the negative to the positive 
energy states. If A > > mQ, as in consideration to date, 
then the condensate depends on the temperature 
quadratically. This quadratic temperature dependence is 
also given uniquely by chml invariance.' By comparing 
the two results, one obtains A = 607 MeV. When the 
covariant momentum cut off is used, we expect it to have 
a larger value and thus be comparable to the scale for 
chml symmetry breaking = 1 GeV. 

The magnitude of the zero temperature quark 
condensate is known from the Gell-Mann, Oakes, Renner 
relation2 to be < 0 I ku I 0 > = -(240*20 MeV).3 Using 
the above momentum cutoff, one can then determine the 
constituent quark mass to be m, r: 329 MeV, which is 
about 1/3 of the nucleon mass. 

In the broken symmetry mode of chiral symmetry 
where quarks are condensed in negative energy states, 
mesons, not quarks and gluons, are the correct variables 
to use. %k consider the constitutent quarks to be held 
together in the condensate by interactions involving scalar 
meson exchange. This gives us the expression for the 
vacuum energy obtained in the Nambu-Jona-Lasinio 
theory)3*4 

The last term on the right hand side subtracts off the 
energy of the perturbative vacuum. Vector mesons couple 

to baryon number and their e f f e  will cancel out in the 
subtraction of the energy of the perturbative vacuuni. 
With the values of A and mQ determined above, we find 
-E, = Bxm r: (161 MeV)4 L. 88 MeV/fm3, just in &,e 
range of values usually taken from the MIT bag model. 
As A -. -,the vacuum energy diverges logarithmically 
with A. If both A and me scale the same way with 
density! m;5/mp = A*/A = +*, then B& = (+*)'BxSv 
Choosing the energy of our physical vacuum to be zero, 
we find that the vacuum energy at finite density, iia 

where m* represents any of the hadron masses, other than 
that of the pion, which have common scaling. The 
vacuum energy is presently being incorporated into 
calculations of the nuclear equation of state. 

(1) 

Q 

1. 

2. 

3. 

4. 

5.  

6. 
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PION MULTIPLICITY AS A PROBE OF THE DECONFINEMENT 
TRANSITION IN HEAVY-ION COLLISIONS 

Mark I. Gorenstein,(l) C. M. KO, and S. N. Yango) 

Pion production from relativistic heavy ion collisions 
M studied in the hydrochemical model with self-similar 
expansion.' For hadronic matter we use the ideal gas 
equation of state for a gas of pions, nuclwns and deltas 
modified by the excluded volume corrections.2 To 
describe the quark-gluon plasma phase we use the bag 
model equation of state with massless u, dquarks and the 
bag constant B = 400 MeV/h3. The phase diagram for 
our two-phase system is constructed according to the 
Gibb's procedure for systems with a first-order phase 
transition. wi: find reasonable values for the phase 
transition parameters bezween the hadronic (H) and quark- 
gluon (Q) p h  for baryon hardare radii r = 
(0.5-0.7)fin in the hadronic phaac. The T-n phase 

0 50 100 150 200 
T (MeV) 

Figwe 1.phpre diagram (dotted curvea) in the T - n 
plane. The solid curve is the shock .di.bot with 
the numbers near the open circles beiig the 
incident energies in GeV/nuclwn. 

diagram, where n is the baryonic number density, for r = 
0.65 fin is shown in Fig. 1 by the dotted curves. 

Mk assume that via the compression shock mode$' a 
baryon-rich fireball is formed in the central collision of 
two heavy ions. The compression shock adiabat in the 
T - n plane is shown in Fig. 1 by the solid curve. The 
numbers near the open circles, which correspond to the 
entry points in the phase diagram, stand for the values of 
the incident energy per nucleon in units of GeVlnuclwn. 

From a given initial state the fireball expands up to 
the freeze out at some critical baryonic density which we 
choose as n: = OSn,,. In the quark-gluon and mixed 
phases we assume both thermal and chemical 
equilibriums. For the expansion in the hadronic phase, 
w e i n c l u d e t h e r e a c € i o n s N + n - a a n d N + N - N +  

6 

z ' 5  

A. So the chemical equilibrium among hadrons can be 
violated and the total entropy of the ihball becomm a 
nomnscrved quantity. 

1 ' 1 ' 1 ' 1  

1.0 - 
0.8 - 

- 
- 

- 
- 
- 

0 2 4 6 8 
Elab/A (GeV) 

Figure2.The incident energy dependence ot the pion 
multipkity per nucleon. The solid, dotted, and 
dashed CuTvCs denote r n U h  obtained with the 
baryon radius parameter r = 0.60, 0.65 and 
0.70 fm, respectively. The data points given by 
the open squares are from Ref. 4. 

In Fig. 2, we show the results of our calculation for 
the pion multiplicity per nucleon, N, /A, as a function 
of the incident energy per nucleon, E, /A, for three 
different values d baryon radius. The solid, dotted, and 
dashed curves correspond to r = 0.60,0.65 and 0.70 fm, 
respectively. The pion multiplicity is calculated as a sum 
of pion and delta numbers at the thermal freezewut when 
the baryonic number density is n = n$ wi: see that when 
the initial state of the fireball is in the mixed phase we 
find a plateau-like structure in the dependence of pion 
multiplicity on the incident energy. The physical origin of 
this phenomenon is the anomalous thermodynamical 
properties of the mixed phase. with increasing initial 
collision energy both baryonic density and energy density 
on the compression shock adiabat inside the mixed phase 
increase but the fireball temperature decreases. Besides 
the structure in pion multiplicity function this temperature 
decrease also leads to the suppression of dilepton 
production in the corresponding range of the initial 
energies.' It is thus of interest to study experimentally 
these s iwh for the mixed phase. 
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PHI IWSON IN DENSE MATIER 

C. M. KO, P. LevaW, X. J. Qiu@ and C. T. Li(3) 

In relativistic heavy--ion collisions, the nuclear matter 
can be compressed to densities which are many times the 
normal nuclear density. This has recently generated great 
interests in theoretical studies of hadron properties under 
such extreme conditions. We have studied the property of 
the phi meson in dense mawr using the vector dominance 
model.' 

9 9-k ,A, 
k f<-\ k 

W t - 3 -  
-+/ 

(1 

\ I  

- 
Figure 1. The phi meson self-energy diagrams. The wavy 

and dashed lines denote, respectively, the phi 
meson and the kaon. 

In this model, the one-loop self-energy of the phi meson is 
shown by the two diagrams in Fig. 1, in which the dashed 
line denotes the kaon. According to Refs. [2,3], the kaon 
effective mass in the medium decreases and vanishes at 
the critical density 2.5~~ < p,  < 5p0, depending on the 
strangeness content of the nucleon. 

Choosing p, LI 5p0, corresponding to zero 
strangeness content for the nucleon, we have calculated 
the phi meson mass and width in the matter. It is seen in 
Fig. 2 that the phi meson mass decreases slightly with 
increasing density except near the critical density p, where 
the phi meson mass increases again with the density but 
remains below the free mass. The width shown in Fig. 3 
increases with the density and becomes an order of 
magnitude larger than its value in free space. We note 
that the phi meson mass and width remain unchanged 
beyond the critical density. The change in the phi meson 
property in dense matter can be investigated 
experimentally via the ddepton invariant mass spectrum in 
high energy heavy-ion collisions in which a dense matter 
is formed in the initial stage. 

Fig. 2. 

0 1 2 3 4 5  

Q/QO 
The mass of phi meson as a function of the 
matter density. 

Fig. 3. 

0 1 2 3 4 5  

Q ~ O  
The width of phi meson as a function of the 
matter density. 
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RHO MESON IN DENSE HADRONIC M A m R  

M. Asakawa, C. M. KO, P. L&ai(l) and X. J. Qiu@ 

W have studied the propetty of a rho meson at rest 
in nuclear mattcr using the Vector Dominance Model 
(VDM).' The self-energy of a rho meson is then 
determined by its coupling to the pions, which are 
modX0d by the dehhle polarization of nuclear matter.2 

Figure 1. The rho meson self-energy diagrams. The wavy 
and dashed lines with a solid circle denote the 
rho meson and the pion, respectively. 

This is shown in Fig. 1, where the second diagram in the 
figure results ftom treating the rho meson as a gauge 
boson in the VDM. Both the p m  and p p m  vedices also 
include the vertex corrections from the delta-hole 
polarization in order to preserve the gauge invariance. 

The imaginary part of the rho meson self-energy is 
finite, but the real part is divergent and needs to be 
renormalized. This is done by writing the self-energy Cfiv 
as ReEfiv=(ReEfiv - ReEf) + ReCg". The difference 
shown in the bracket between the real part of the rho 
meson self-energies in the medium and in free space is 
finiie as the pion self-energy in nuclear matter vanishes at 
large momenta. The divergent rho meson self-energy in 
frec space ReEf' given by the last term is then replaced 
by the square of the measured rho meson mass mp = 770 
MeV. 

The property of a rho meson in the medium can be 
expressed by its spectral function which is given by 21 
times the imaginary part of its propagator. We have 
calculated the rho meson spectral function at different 
nuclear densities. They are shown in Fig. 2. Mk find 
that as the nuclear density increases the rho peak shiAs to 
larger invariant masses and its width also becomes larger. 
At high nuclear densities we have also found a peak at 
masses around three times the pion mass, corresponding 
approximately to the sum of the pion mass and the delta- 
hole energy. 

But hadron masses decrease in the medium due to the 
scaling propedy of QCD.3 This effect can be included by 
using the density-dependent hadron masses in the effective 
Lagrangians. Assuming that all hadron masses in the 

medium decrease as the empirical density-dependent 
nucleon effective mass, we have repeated the above 
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Fig. 2. The spectral function of a rho meson. The solid 
curve is for a rho meson in free space. For a 
rho meson in the medium, the dotted, dashed, 
and dashdotted curves correspond, respectively, 
to nuclear densities of PO, 2pg and 3p0, where po 
is the normal nuclear matter density. 

n 
c;J > 
a, 

s 

60 

40 

20 

0 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 
M [GeVl 

Fig. 3. Same as Fig. 2 with the density-dependent 
hadron masses in the effective Lagrangians. 

calculations and the results are shown in Fig. 3. It is 
seen that the rho peak in the spectral b c t i o n  moves to a 
smaller invariant mass with diminishing strength when the 
density becomes higher. The low mass peak also shifts 
down with increasing density but becomes more 
pronounced than in the case with bare hadron masses. 
Future experiments to measure the dilepton invariant mass 
spectrum from heavy-ion collisions should provide 
excellent opportunities to find out experimentally how the 
property of the rho meson is modified in dense nuclear 
matter. 
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QCD SUM RULES OF THE PHI MESON MASS IN HCrr AND DENSE M A T E R  

M. Asakawa, C. M. KO and T. Hatsuda' 

Accodmg to QCD sum rules, the mass of the phi 
meson' is related to the strangeness condensate in the 
QCD vacuum < i s  > *, which has a value of about -(265 
Mew3. In dense nuclear matter, the strangeness 
condensate <is > is reduced by the strangeness content of 

P 
the nucleon <is>N; i.e. <is> - <is>*+ < i ~ > ~ * p ,  

where p is the density of the matter. Since the empirical 
strangeness content of the nucleon <is > = 0.5 - 0.9 is 
small, the phi meson mass in dense matter is thus not 
much affected. The reduction of the phi meson mass at 
three times the normal nuclear matter density is at most 
596. 

However, the high density matter formed in high 
energy heavy ion collisions consists of many strange 
particles as observed in both AGS and CERN SPS 
experiments. These strange particles, mostly kaons and 
lambdas, have appreciable strangeness content. 

P 
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750 
120 140 160 180 
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Figure 1. The phi meson mass as a function of the 
temperature of the hadronic matter at four times 
normal nuclear density. 

Accordiig to [2], the strangeness content is about 1.83 
and 1.73 for kaons and lambdas, respectively. Their 
effect on the phi meson mass is thus expected to be 
significant. This effect can be included by considisring the 
dense matter at finite temperature and assuming that all 
hadrons are in equilibrium. The results from the detailed 
QCD sum rules calculation is given in Fig. 1 where the 
phi meson mass is shown as a function of the temperatuie 
of the hadronic matter at four times normal nuclear 
density. The strangeness content is taken to be 0.7!i, 
1.73, 1.83 and 0.0 for nucleon, lambda, kaon, and pion, 
respectively. We see that the phi meson mass is reduced 
substantially in high density matter when the temperatuzs 
is high. In the effective Lagrangian approach," the phi 
meson mass also decreases in dense matter. The relation 
between the two approaches needs to be studied. It has 
been shown4 that the decreasing phi meson mass in dense 
matter enhances its production in heavy-ion collisions antd 
may account for the large 4/u ratio measured in the CERN 
experiments .' 
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C. M. KO, M. Asakawa and P. Levai' 

In the NA35 experiment at CERN SPS forthe 
collision between sulfer nuclei at 200 GeVhucleon,' the 
antilambda yield is 1.5 per event and is 115 times greater 
than that in p-p collisions at the same energy. Compared 
with the 38for(l enhancement of the negatively charged 
pattiolea, most of them being negative pions, there is a 
factor three enhancement of antilambda yield in heavy ion 
collisions. 

Since there are many mesons produced in the 
collision, the reaction KM - m, where M denotes either 
a pion or a rho meson, is favored as it is not suppressed 
by the OZI rule. This cross section in free space is, 
however, small due to the large threshold energy. But the 
antilambda mass in the medium is reduced according to 
the Walecka model: and the cross section is thus expected 
to increase with the density. 

A N 

I I '  I 

I I I 

I I I 
I 

.K k 
Fig. 1. The Feynman diagram for KM + m, where M 

denotes either a pion or a rho meson. 

The Feynman diagram for KM + m is shown in Fig. 
1. Using the in-medium antilambda mass, the energy 
dependence of the cross section is shown'in Fig. 2 for 
different densities. It is seen that in dense matkr not only 
the threshold of the reaction is reduced but also the 
magnitude of the cross sections is indeed increased. We 
note that uKPxN is larger than 

For the collision between two sulfur nuclei at 200 
GeVhucleon, we assume that a fitecylinder is formed in 
the expansion stage. Its cross section is given 
approximately by d L. 40 fm', where R = 3.5 fm is 
the radius of the sulfur nucleus. The number of baryons 
in the frrecylinder is inferred from the measured nucleon 
dBtribution in the central rapidity,' dN/dy = 6, to be 
about 36. The initial density and temperature are taken to 
be 24, and 190 MeV, respectively. To describe the 

. 

longitudinal expansion of the system, we use the 
simplified hydrochemical model' with linear scaling ansatz 
for the velocity profile. The hadronic matter is assumed 
to be in thermal equilibrium and the thermal energy is 
converted to flow energy as the ~ystem expands. 

I '  1 1 I 

1 2 3  1 5  
s112 (GeV) 

20 7 

D 

0 t , I I ;L= 01 
1 2 . 3  b 5 

s112 (GeV) 
Fig. 2. The energy dependence of (a) and (b) 

SKpxN at different densities. 

The masses of non-strange hadrons are assumed to 
decrease in hot dense matter,' and they are further 
assumed to be in chemical equilibrium. But the strange 
hadrons, including both kaons and lambdas as well as 
their antiparticles, are not in chemical equilibrium and 
their abundance is determined by rate  equation^.^ 

We see that at 
free= out the number of thermal pions is about 85 while 
the number of pions from the decays of both rho mesons 
and baryon resonances is about 165. Altogether we have 
about 250 pions, and thii number is slightly smaller than 
the = 300 pions measured in the CERN experiment. The 
final kaon number is about 14 and again is smaller than 
the measured number of = 20 kaons. The lambda 
number is about 4 and is less than the measured number of 

The results are shown in Fig. 3. 

62 



8. The smaller numbers of pions, kaons, and lambdas 
tiom our model than the mcasured ones may be attciiuted 
to particle production from the initial nonequiliirium stage 
and from the spectator matter which have been ignored in 
the study. But the antilambda number is about two and is 
comparable to the measured value of 1.5 f 0.4. The 
enhanced antilambda production measured in 
ultrarelativistic heavy ion collisions at the CERN energy 
thus offers the possibility to study the property of hadrons 
in dense matter formed in the compression stage of the 
collision. 

15 c 
kma, Budapest, Hungary 
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MOMENTUM DEPENDENCE IN PAIR PRODUCTION BY AN EXTERNAL FIELD 

M. Asakawa 

The problem of fermion pair production is very old. 

theory and the discovery of the positron. In QED, 
fermion pair production by an external field has been 
formulated in many ways since the 1930's.' 

Particle creation by an external fsld has also been 
used in understanding multi-particle production in nuclear 
reactions: In particular, it is an important ingredient in 
models for the production of quark-gluon plasma in 
ultrarehtivistic nuclear  collision^.^ TO incorporate pair 
production into such models, it is necessary to introduce 
the transverse and longitudinal momentum distributions of 
the created particles. The transverse momentum 0 1 2  3 4 5 6 

- L7! I 

Its origin can be traced back to the foundation of the Dirac 2 -  

1 
n 
a- 
7 9 

Y 

IJ- IJ- 
-1 - 

-2 

"L distribution has been studied using various methods4 such 
as the WKB method and the mode expansion. But the 

Fig. 1. The behavior of P(u,, u,) at uT = 1. longitudinal momentum dependence has not been 
included. 

63 



Including both the transverse and longitudinal 
momentum dependence, we have calculated the 
differential fermion pair production rate under a uniform 
static electric field, dw/dpidpL, by the Green's function 
method. The behavior of dw/dp'dp = F(u,, uL), where. 
yr = p?&,, and uL = (pL + e&) /eo with &,, the field 
strength, iB shown in Fig. 1 for a typical transverse 
momentum uT = 1. It is seen that P(u,, uL) is oscillatory 
and not positive definite. This oscillatory behavior is a 
result of the inkrkrence behueen the transmitted and the 
reflected waves from the external field in which particles 
are created. 

T &  
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DILEPTON PRODUCTION FROM THE DELTA-DELTA INTERACTION IN HEAVY ION 
COLLISIONS 

X. S.  Fang, C. M. KO, P. J. Siemens' and L. H. Xia' 

The experimental data*'* from the Bevalac have 
shown that ddeptons of invariant mass greater than twice 
the pion mass are mainly produced from the pion-pion 
annihition.3 since the pion electromagnetic form hctor 
is dominated by the tho meson, which is modified in 
dense matter," dilepton production from the pion-pion 
annihiition offers the possibility of studying the property 
of the rho meson in dense matter. But in the transport 
model description of high energy heavy ion collisions, 
most pions appear after the initial compression stage when 
the density is not very high. In the high density region, 
deltas are more likely to be created and they eventually 
decay into pions when the density becomes low. The 
collision between deltas can also lead to the production of 
ddeptons but in studies to date only the bremstrahlung 
contriiution has been taken into account and it is 
appreciable at relatively low invariant masses. 

We have studied the exchange current contribution to 
dilepton production from the delta-deh interaction as 
shown in Fig. 1. To remove the singularity when the 
exchanged pion becomes on shell, we include in the pion 
propagator an imaginary part to take into account its bite 
life time due to the absorption by nucleons. From [5l the 
mean free path of a pion being absorbed in nuclear matter 
at twice the normal density 2p0 is about 1 fm, so the pion 
mass acquires an imaginary part of about 200 MeV. 
W have calculated dilepton production in the M a l l  

model in which nucleons, deltas, and pions are assumed to 
be in equilibrium. Using a temperature of 100 MeV and a 
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Fig. 1. The Feynman diagram for dilepton production 
from the delta-delta interaction. 
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Figwe 2. Dilepton production rate in the ikeball from the 
pion-pion and the delta-delta interactio~. 



density of 2po, the results are shown in Fig. 2. We f d  
that the contribution from the deltadelta interaction to 
dileptons with invariant mass around the rho meson mass 
is important. It is thus possible to study the rho meson 
property in dense matter from the ddepton spectrum in 
heavy ion collisions. Wrk is in progress to include 
dilepton production from the deltadelta interaction using 
the relativistic transport model6 so more realistic 
predictions can be made. 
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THE h$.-SCALING IN THE DILEPTON SPECTRUM AS A SIGNATURE FOR THE 
QUARK-GLUON PLASMA 

M. Asakawa, C. M. KO and P. Levai' 

In general, the dilepton spectrum from nuclear reactions 
depends on both the transverse momentum s, and the 
transverse mass MT = -where M is the invariant 
mass of the pair. But for a quark-gluon plasma under the 
boost-invariant onedimensional flow' and with the 
Boltzmann thermal distribution, the dilepton spectrum has 
been shown to depend only on the transverse mass." But 
thii M,-scaling is broken at the later stage of the time 
evolution when the transverse expansion becomes 
appreciable and extra mass scales appear in dilepton 
production from the hadronic matter because of the vector 
meson dominance. 

In order to determine whether the MT-Scaling in the 
dilepton spectrum from the quark-gluon plasma can be 
observed in ultrarelativistic heavy-ion collisions, we have 
carried out a study to include not only the effect of 
ddepton production from the hadronic matter but also the 
transverse flow of the system. This is done using the 
hydrodynamical code of [4]. We take the initial proper 
time to be 1 fm, the critical temperature to be 180 MeV, 
and the freeze out temperature 120 MeV. The initial 
temperature is varied to obtain different charge particle 
rapidity density. The initial radial velocity at the surface 
of the cylinder is chosen to be vo = 0. In Fig. 1, we 
show by the solid curve the ratio R of dN/dM:dyd$ for 
fsedMT=2.6GeVate,=2CeVtothatate,=Oasa 

dN1dM'dydq; at e, = 2 GeV to that at s, = 0. 
The sokd curve is the results with the initial 
state in the quark-gluon phase if the temperature 
is above the critical temperature while the dotted 
curve is obtained by assuming that the initial 
state is always in the hadronic phase. 

function of the charge particle multiplicity per utlit 
rapidity dN, I dy. We note that for e, = 2 GeV the 
invariant mass approximately corresponds to thr: ~(1700) 
peak. For low rapidity densities corresponding to initial 
temperatures below the critical temperature, the system 
starts in the hadronic phase and remains so dlurhg tlhe 
expansion. The ratio R is about 30 and there b thus no 
MT-scaling. For high rapidity densities, the initial 
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temperature is above the critical temperature and the 
system is initially in the quark-gluon phase. In this case, 
the ratio R is about 3 and the MT scaling is almost 
realized. If we assume that the initial state is in the 
hadronic phase even if the temperature is above the 
critical temperature, the ratio R is large as shown by the 
dotted curve and the MT-scaling is badly violated. The 
MT-scaling is thus a plausible signature for the formation 
of the quark-gluon plasma in ultrarelativistic heavy-ion 
collisions. It would be useful to design detectors at RHIC 
with the capability of detecting dileptons with different 
transverse momenta for transverse masses between 6 and 
J/#. 
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TRANSPORT MODEL WITH KAONS 

X. S. Fang, C. M. KO, G.  E. Brown* and V. Koch* 

In all transport models to date, kaons are treated as 
free particles. But in the linear chml perturbation theory, 
both kaon and antikaon masses decrease in dense matter'" 
because nucleons act on the kaon as an effective scalar 
field. There is also a repulsive vector potential for the 
kaon and an attractive one for the antikaon.' These 
effects can be included in the relativistic transport model' 
in which nucleons propagate in a self-consistent mean- 
field potential generated by the scalar and vector mesons. 
The scalar and vector mesons couple both to the kaon but 
with different strengths. The effective coupling constant 
of the kaon to the scalar field is equal to half the KN 
sigma term"2 while its coupling to the vector meson is 1/3 
of that to the nucleon. wi: have already shown that the 
opposite signs of the vector potential for kaons and 
antikaons can account for the difference in the measured 
slope parameters of K+ and K.5 

The generalized transport model is used to study the 
expansion stage of relativistic heavy ion collisions. We 
assume that initially a highly excited and compressed 
fireball is formed in the collisions. The fireball is 
assumed to have a temperature of 180 MeV and a density 
of 4p0, where po is the n o d  nuclear matter density. 
This initial condition corresponds approximately to that 
one expects for heavy-ion collisions at the AGS energies. 
In the initial fireball, we include only nucleons, deltas, 
pions and assume that they are in thermal and chemical 
equilibrium. Furthermore, all particles are assumed to be 
uniformly distniuted inside the fveball of radius - 3.5 
h. Then the fireball expands and both kaons and 
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antikaons are produced from MM -. a,6 where M 
denotes either a pion or a rho meson. The cross section 
for this reaction is about 3 mb in the free space but is 
enhanced in the medium. The average in-medium cross 
section has a value of about 40 mb. 

Both kaons and antikaons undergo collisions with 
other particles. The interaction of the kaon with the 
nucleon is relatively weak and the cross section' is urn - 
10 mb. Due to the resonance nature of the interaction, the 
antikaon-nucleon cross section is much larger and can be 
approximately taken to be' uh -40 mb. Both the kaon 
and antikaon can interact with the pion via the K' 
resonances. The isospin averaged cross section has a 
value 60 mb.* Antikaons can also be conveded to 
lambdas via the reaction FN -+ Ax with an average in- 
medium cross section of about 40 mb.6 

Unlike the hydrodynamical model: there is no need 
to introduce a freeze out density in the transport model. 
wi: simply let the system expand to a very low 
density, -0.3~~ in the present calculation, when it is 
practically free of both mean-field potential and particle 
collisions. The fireball reaches such a low density after 
about 10 fmlc. The final particle rapidity and transverse 
kinetic energy distributions are shown in Fig. 1. W e  see 
that our results are comparable to the measured data. 
Work is in progress to extend the calculation to include in 
the initial stage two approaching nuclei in order to take 
into account the nonequilibrium stage of the collision. 
* Department of Physics, State University of New 

York, Stony Brook, New York 11974 
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COULOMB EFFECTS IN THE ASYMPmrIC BEHAVIOR OF THE OPTICAL POrfENTWL 
I. SCAmRING BELOW BREAKUP THRESHOLD 

E. 0. Alt*, D. M. Latypov, and A. M. Mukhamedzhanov~ 

The optical potentials (OP) are of wide use in nuclear 
physics. These potentials are introduced to describe the 
interaction of compound clusters regarded as structureless 
objects. The formal expression for an OP may be 
obtained, for instance, using the Feshbach projection 
method.’ This expression shows that the short-range part 
of OP is very complicated, it is non-local, complex, and 
energy-dependent. Other possible definitions of an OP,27 
deapite giving the same asymptotics of OP, lead to the 
different representations at finite distances. 

For many problems, however, the structure of the 
OP at finite distances is not essential and only its 

asymptotic behavior is important. For instance, long- 
range terms in OP may generate angular and threshold 
singularities of scattering amplitudes: renormalization of 
the low-energy parameters (scattering lengths, effective 
ranges),9 and result in a slow convergence of partial 
expansions of wave functions. 

The simplest case of such a problem is the rmtterhg 
of a charged particle by the ground state of two bounded 
charged particles at energies below breakup threshold. 
This problem has been considered for a long time both 
experimentally and theoretically. The long-range 
behavior of the OP for the energies below the fust 
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excitation threshold was found by means of perturbation 
theory4 and the method of strong channel ~ u p l i n g . ~  

The rigorous approach to the problem is based on 
dynamic equations of a threebody scattering theory. The 
integral Faddeev equations for this problem have been 
used in Ref. [S-71. In these works, several simplified 
mtrictions were made. First, it was assumed that the 
target, formed by one charged and one neutral particle, 
has no excited states. Second, it was assumed that the 
projectile particle and a neutral particle of the target do 
not interact. 

The purpose of the present work is to consider the 
problem on the basis of the AGS quasiparticle method.Lo 
In this method, the original thresbody problem i s  
replaced by fully equivalent Lippmann-%hwhger-type 
matrix equations for effective two-body operators. This 
makes the AGS-method particularly suited for the 
following investigations. In the next paper," we will 
show that the AGS-method allows the straight-forward 
generalization of the present results for energies above the 
breakup threshold. 

We consider a scattering of a charged particle 1 on a 
bound pair (23) formed by a neutral particle 3 and a 
charged particle 2. For simplicity of notation, we assume 
that the short-range forces acting between the particles are 
described by separable potentials of rank one and in each 
channel a precisely one stable bound s-state exists with 
binding energy E,. "his requires the particles 1 and 2 to 
be equally charged. Later we will show how tb get rid of 
these assumptions. 

To describe the system, we make use of the AGS- 
equationlo 

= %-% and that its singular part, UL originaten only 
from the last term in parenthesis (2). Eq. (l), except for 
the terms which are not singular at small transfer 
momenta 3, has a form of Lippmann-Schwinger equation 
with effective potential S ,JZ-G~) v & ( ~ , % ;  2). 
Consequently, the singular part of the optical potential 
coincides with that of the effective potential H, U$ . 

+ E, < 0, 
the efbt ive potential %, (Z - ~ 2 )  u& <e, 8; Z) 
canbeshowntobeafunctionofG - $, 902 - s2 and 
131. This function can be expanded in powers of its 
variables. The corresponding expansion is the kernel of 
some integral operator. This operator has the same 
singular structure as V, when considered on the solution 
fso(i\a) of the two-body Schriidmgerequation 

Atthenegativeenergies2 = E, E = 

(3) 

has the same singular structure as V*. Thii fact allows 
us to find the next asymptotic formula for V, 

Taking the Fourier transform of both sides of (4), 
one can find asymptotic behavior of the OP in the 
coordinate space 

In numerical calculations, the T,-matrix in Eq. (1) - 
(2) is replaced by its first Born term vc. It is therefore of 
interest to examine the asymptotic behavior of the OP for 
such a model. One can repeat all our calculations and 
find that in this model both dipole and quadropole terms 
are present in the asymptotics of OR 

Let us now briefly describe how to get rid of some of 
the assumptions we made in our derivation. 

We consider a system of three particles interacting 
via local potentials which give rise to N7 bound states in 
two-body 7-subsystems. The AGS-equations for the 
elastic and rearrangement processes then are as follows12 

The structure of the effective potential (2) has been 
investigated to some extent in Ref. [12]. There it was 
shown that it is singular at small transfer momenta 
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To examine the singular structure of these equations, 
we recall two mutts of Ref. [12]. The fmt is that the 
matrix elements v ~ , ~  of the effective potential with 
a + B are nonsingular and that the strongest singularity of 
those with a = 8, m # n is proportional to lQ,,-&,l-*. 
The second one is that the matrix elements &,rs with 
r # s are nonpolar. Using these results it is easy to find 
that the singular part of the kernel of (6) is due to only its 
diagonal part ( e p ,  m=n). Thus, this problem is reduced 
to the present one. The case of attractive Coulomb force 
was also shown (below breakup threshold) to be reduced 
to the present problem. 

CONCLUSION 
In the present work, we considered the long-range 

behavior of the optical potential in the problem of the low- 
energy scattering of a charged particle on a bound state 
formed by one neutral and one charged particle. To treat 
this t h d o d y  problem, we used the AGS quasiparticle 
method. The singular part of the effective potential in 
these equations below breakup threshold allows the 
expansion in powers of transfer momenta, which is 
uniform with respect to the energy. The singular part of 
this expansion, considered in the two-body scattering state 
with the same scattering amplitude as that of the initial 
threebody problem, coincide with the singular part of 
OP. 

The long-range behavior of the OP can then be found 
by means of a Fourier transform. For the case of a 
spherically symmetric bound state, we amve at the well- 
known asymptotics value, VW(r)= vc(r)+O(r - 4). 

The advantage of the AGS-method for this problem is 
that instead of usingacomplicated QP, onecanusean 

effective potential. The effective potential of the AGS- 
equations is a hvo-particle quantity and its singular 
structure can be analyzed in detail. In the next paper,"' 
we will use this fact to generalize present analyshi for the 
energies above breakup threshold. 

*Institut Er Physik, Universitiit Mainz, Mainz, Ge:rmany 
*Institute for Nuclear Physics, Tashkent 702132, 
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ON THE COULOMB SINGULAR KERNEL OF THE LIPPMANN-SCHWINGER TYPE EQUATION 

D. M. Latypov and A. M. Mukhamedzhanov* 

Lippmann-Schwinger type equation with Coulomb 
singular kernel is considered. It is shown that all the 
solutions are singular on the energy shell, k2/2c(=E. In 
order for this equation to have a solution with a singularity 
of the type ( E 4 ~ ~ / 2 ~ + i c ) ' ~ ,  u is shown to be equal to the 
Coulomb parameter r). The Coulomb singular kernel in 
the given class of functions is found to split into a 6- 
function and a kernel which smoothes the singularity. 

It is well known that the conventional scattering 
theory' should be modified if the particles interact via a 
long-range Coulomb force. In a t'hedependent theory, 
for instance, the usual wave operator' has to be replaced 

by one introduced by D ~ l l a r d . ~  In coarrdinate 
representation of the stationary theory, the C d o m b  
interaction changes the asymptotic behavior of the wave 
function.' In the stationary theory based on integral 
equations (Lippmann-Schwinger', Faddeev, Fatddeev- 
Yakubovsl$ and Alt-Grassberger-Sandhas') the Coulomb 
interaction results in strong singularities in the kernels of 
these equations. In the following we shall refer lo such 
kernels as Coulomb singular kernels. 

The treating of equations with Coulomb singular 
kernels is one of the most serious problems of the few 
body scattering theory. For the two cluster collision at 
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energiea below the break-up threshold into three or more 
particles, this problem has been solved.s*6 In thiis case, 
the above mentioned singularities have a two-body origin 
and their inversion results in a system of Fredholm type 
equations. The inversion can be done by means of solving 
a number of effwtive two-body Coulomb problems. 
Since they have an explicit analytic solution, the kernels 
of the modified quation8 can also be found analytically. 

At energies above the break-up threshold, new 
singularitiea appear in the kernels of the equations. These 
singularities have truly few body origin and cannot be 
inverted explicitly. It might therefore be wolthwhde to 
develop a method of treating such equations without 
depending on inversion procedure. 

The aim of this paper is to suggest such a method and 
examine it for a Lippmann-Schwinger type equation. We 
consider some general properties of the corresponding 
Coulomb singular kernel and find a functional class in 
which one can look for solutions of the equation. 

Our method may also be applied to the Coulomb 
singular kernels which appear in Paddeev or Alt- 
Grassberger-Sandhas equations. In this way one can find, 
for example, the structure of singularities of the resolvent 
for the three-body energy 0perator.7 

LippmaM-Schwioger-type Equation with 
Coubmb Singular Kernel 

The Lippmann-Schwinger equation 

with potential u(k)satisfying the HBlder condition 

has been well investigated.* In this case, Eq. (1) is of the 
Fredholm type and the properties of its solutions can be 
described in detail. However, for the Coulomb potential 

(3) 

with e, and % being particle charges, condition (2) is not 
fulfilled because of the singularity of (3) in the origin. In 
this case, the kernel of Eq. (1) 

7 0  

(41 

has a singularity which coincides on the energy shell kz12fi 
= E with that of the resolvent (Eq2/a+ie)-l. The 
resulting singularity is of the type (k-q)-3 and therefore 
non-integrable. For thii reason all the solutions of the 
Lipptnann-Schwinger type quation 

are singular in the neighborhood of the energy shell. 
Besides this singularity, they may have a singularity 
related to that of f,(k). In the following we assume that 
these singularities do not coincide. For Eq. (1) with 
potential (3), this implies that E + 0. 

Let us now defme the class zu of functions in which 
we shall lookc for a solution of Eq. (5). W e  also find the 
action of the operator with the kernel (4) on a member of 
the class. 

A function h(k, E+ic) is said to be of class C if it is 
continuous in the vicinity of the energy shell k2/2p = E. 
A function f(k, E+ic) is said to be of class if it may be 
represented as 

where j(k, E+ie) EC and a is an arbitrary real number. 

Lemma. The integral operator 17 with the kernel (4) acts 
on f E as follows 

(Kf)(k,E+ie) = - f (  k, E+i  c ) + h( k, E+i e 1, 
ku 

(7) 

where h(k, E+ic) EC. 

Proof. Let us split the integral 



h e r e  

(10) 

The integrand in the fvst integral in (9) is 
smoothed by subtracting the value of in the singularity 
point and the whole integral may be shown to belong to C. 
The integral I, by introducing a new variable p=q-k and 
performing the integration over the angular variables, can 
be reduced to the d i a l  one 

a 

I = - L i r n  - CE-(p-k)2/zp+ieliQ-6. 
;6*OI - .  

-0 (11) 
This integral can be evaluated by choosing the contour 
shown in Fig. 1. One finds that 

I = - 21244 (E-k2/2p+ic)ia + g(k, E), 
ku (12) 

where g(k, E) E C. For details of the calculation and the 
explicit expression of g(k, E) see the Appendix. Inserting 
(12) into (9) wearriveatthew. (7). 
Q.E.D. Wc are now in the position to prove the next 
Lemma. For the integral equation (5) with the kernel (4) 
to have a solution in , it is necessary that o be equal to 
the Coulomb parameter r) = e l e z a  

Proof. Let us compare the terms in both sides of Eq. (5) 
which are singular on the energy shell. 'Igking into 
account (3, we immediately get (13). 
Q.E.D. 

K(k, q, E+ic) in sr) may be written as follows: 
One can see now ftom (7) and (13) that the kernel 

.v 

where ko = &E and K(L, q, E+ie) is it kernel which 
transforms a function from zg to a function from C. 

In conclusion, we have shown that all solutions of the 
Lippmann-Schwinger type equation with the Coulomb 
singular kernel are singular on the energy shell. We have 
derived the necessary condition for this equation to have a 
solution in a class of functions with a singularity of the 
type (E-k2/zp+ie )*. The Coulomb singular kernel in this 
class is shown to split into a delta function and a smooth 
kernel. 

The integrand in (11) has a pole at the point p = at 
and bnuschmg points at p = p,, pz 

= k + =  + i W e  

p 2 = k - =  - i W e  

P1 

where J is the i n t e p l  over the upper rim of the 
cutfromp,tom+iJir7ZE C :  

wi- e 

J = lim 
6*0 

P l  (A.4) 

P- Plane 

Fig. 1. Contour for evaluating integral (1 1). 

Making use of the substitution 

P ' P 1 + W  6 
the integral J may be transformed to 

0 



-1 

[1- YY] I 
(A.6) 
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KINETIC ENERGY RELEASED IN THE DISSOCIATION OF MULTICHARGED DIATOMIC 
MOLECULES PRODUCED IN COLLISIONS WITH 97 MeV Ar14+ 

G. Sampoll, R. L. Watson, 0. Heber, V. Horvat, K. Wohrer, and M. Chabot 

A study of the dissociation of transient COQ+, N!+, 
and Oy+ (where Q ranged from 2 to 7) molecular ions 
produced in collisions with 97 MeV A r I 4 +  ions was 
completed recently. The resulting dissociation products 
were identified by coincidence timeof-flight (TOP) 
spectroscopy and the differences in the times of flight of 
the two ions formed in these binary dissociation events 
were used to deduce the total kinetic energy distributions 
for various charge division pathways. The data obtained 
for CO are shown in the form of a two-dimensional plot of 
ion TOF versus ion-pair time difference in Fig. l(a). 
Projection of this data onto the TOF axis [Fig. l(b)] yields 
the total TOF spectrum, while projection onto the time 
difference axis pig. l(c)] yields the total timedifference 
spectrum. 

By placing windows around the various TOF peaks in 
the total TOF spectrum and projecting only events within 
these windows onto the timedifference axis, separated 
timedifference spectra were obtained for each of the 
observed dissociation-production charge states. 

S O O O ( .  . . . , . . . . , . . . . I  

Fig. 1. A two-dimensional display of the data for the 
dissociation of multicharged CO molecular ions. 

Separated timdifference spectra for C3+ and C4+ ions 
are shown in Fig. 2. In these spectra, well defined time 
difference distributions are visible for the dissociation 

products produced in the dissociation reactions 

COQ+ -> cy+ + 09' , 

whereQ = 4to7. 
Methods were devised to transform the ion-pair time 

difference distributions into tota€ kinetic energy 
distributions. The fmt step of this process involved 
calculating the ion-pair timedifference distributions 
expected for specific values of the total kinetic energy 
release. A computer program was developed for this 
purpose and it incorporated a Monte Carlo procedure to 
simulate statistical distributions of the starting coordinates 
and velocity components of the dissociation product ions. 

Iku Qnmc. (nn) 

Fig. 2. S O W  ion-pair time difference sptctra obtained 
by projecting only those events within the TOF 
peaks for the (a) C3+ ions and the (b) C4+ ions. 

Response matrices were constructed for all the 
dissociation reactions having sufficient statistics for a 
meaningful analysis. Each response matrix consisted of 
an array of timedifference distributions in energy 
intervals which varied from 0.45 eV to 4.39 eV, 
depending on the range of kinetic energies required. A 
schematic representation of the response matrix for the 
case of 

C02+ -> Cl+ + o'+ 
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is shown in Fig. 3. The relative yield of each time 
difference distribution in the response matrix was 
proportional to the average transmission efficiency for its 
mi kinetic .IKf8y. 

Fig. 3. Response matrix for COz+ -> C1+ + O'+ 
showing the dependence of the time difference 
distribution on total kinetic energy. 

The resulting kinetic energy distributions may be 
characterized by their widths and averages, both of which 
are listed in Table 1. Potential energy curves for CO 
molwuhr ions having charges greater than 2 have not yet 
been calculated. Even so, it is clear from the curves 
calculated for C02+ by Labhquie, &.' that the density 
of states increases rapidly with charge state. Hence, it is 
not surprising that the total kinetic energy distributions 
obtained in the present work for the dissociation of CO 
molecular ions having charges of 3 + or greater are rather 
featureless, The rapid increase in the widths of the kinetic 
energy distributions indicates that the potential energy 
curves become more repulsive in the region of the Franck- 
Condon zone (i.e. they rise more steeply) as electrons are 
removed from the CO molecule. 

A "theoretical" estimate of the amount of kinetic 
energy released in a dissociation event may be obtained 
from the point charge Coulomb potential between the two 
product ions at the average internuclear separation for the 
neutral (ground state) molecule. This estimation 
procedure assumes that the dissociative state is formed in 
a vertical transition during the ionizing collision and it 
neglects effects associated with the overlap of the electron 
clouds of the two ions. The collision time is fast 
( m1O-l' s) relative to the dissociation time (it takes at least 

=W14 s for the distance between the C and 0 ions b 
expand to M c e  the equilibrium bond length). Therefore, 
the assumption of a vertical transition is valid. It should 
be noted, of course, that electronelectron interaction ancl 
exchange can cause the real potei~tial to deviate 
considerably from a point charge Coulomb potential, 
especially for low charge states. 

Table 1. 

Average values and widths of the tdal kinetic 
energy distributions. 

Parent Molecular Product Ion E., (eV) FWHM(eV) 
- 

Ion Pair 

co2+ 

C@+ 

c04+ 

COS+ 

CO6+ 

co'+ 

C'+/Ol+ 
CZ+/O'+ 
C'+/02+ 

C2+/OZ+ 

@+/e+ 

c3+101+ 

c3+/02+ 

c4+102+ 

c3+103+ 

c4+103+ 

20 f 1 20 
37 f 3 43 
43 f 5 50 
65 f 5 70 
68 f 6 5 '7  

105 f 10 7!P 
132 f 12 9 7  
127 f 12 125 
162 f 17 80 
162 f 21 161 

0;+ 02+/01+ 36 f 2 38 
02" 03+/01+ 63 f 3 41 

0p 04+/@+ 141 f 7 54 
02" 04+/03+ 199 f 10 141 

0,5+ 0 3 + 1 0 2 +  io0 f 3 76 

N;+ N2+/N1+ 41 f 4 41 
N,4+ N3+/N1+ 76 f 7 44 
N;+ N3+/N2+ 112 f 7 80 
N p  N4+/N2+ 151 f 10 1012 
N2" N4+/N3+ 197 f 11 115 

A comparison of the average total kinetic energies 
obtained in this work for various dissociation reactions of 
CO, 0,, and N, with those predicted by the above 
mentioned point-charge model is shown in Fig. 4. It is 
evident from this figure that all of the measured average 
total kinetic energies exceed the point-charge energies. 
The few theoretical results that are currently available 
concerning potential energy curves for multicharged 
molecular ions tend to indicate that, in the Franck-Conclon 
zone, the point-charge Coulomb potential lies above most 
of the states which connect to low energy nsymptotic 
configurations. Therefore, this observation may indicate 



that most of the dissociation channels populated in heavy- 
ion collisions lead to highly excited product ions. 

2ao 
(0) - 0 240 

I 

q l  *92 

Comparison of the experimental average total 
kinetic energies (data points) with the point- 
charge Coulomb energies (solid lines) for (a) 
N,, (b) CO, and (0) 0,. 

Fig. 4. 

It is noteworthy that the experimental average energy 
for CO appears to be converging with the point-charge 
Coulomb energy at the highest values of q,q2 This 
behavior is reasonable because in the limit where all of the 
electrons are removed from the molecule, the total kinetic 
energy must cormpond to the Coulomb potential between 
the two bare nuclei. The data for N, also suggest the 
beginning of a "turnsver" at q,q, = 12. Apparently in 
the case of 0,, the molecule with the most electrons, 
somewhat higher values of qlq2 are required for the onset 
of convergence with the point-charge Coulomb energy. 

The average excitation energy of the parent 
molecular ion can be estimated using the average total 
kinetic energies (lhble 1) and the separated atom 
ionization energies. This procedure, of course, assumes 
the dissociation product ions are left in their ground states. 
Estimates of the average excitation energies, along with 
the energies of the corresponding (ground state) 
asymptotic limits, are presented graphically in Fig. 5. A 

noteworthy feature of the average excitation energies is 
that they increase approximately linearly with the number 
of electrons removed for Q 2 3+. The s l o p  of the 
linear relationships for CO, N,, and 0, are 78,90, and 96 
eV/electron, respectively. 
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DISSOCIATION OF HIGHLY CHARGED GO MOLECULAR IONS PRODUCED IN 
ELECTRON CAPTURE COLLISIONS OF 97 MeV ArI4+ 

G. Sampoll, R. L. Watson, V. Horvat, M. Barrett, and B. Griffith 

Electron capture collisions occur at much smaller 
impact parameters, on average, than collisions in which 
the charge of the projectile remains unchanged. The so- 
called transfer ionization (TI) p'ocess, in which electron 
capture to the pmjectiie is accompanied by additional 
Coulomb ionization of the target, leads to an enhancement 
of the higher charge states of the target relative to the 
charge state distribution typically produced by pure 
ionization (PI) collisions. This property has been utilized 
recently in an experiment designed to investigate the 
dissociation of highly charged CO molecular ions. 

The experiment was performed using the same 
differentiaUy pumped gas oell system described in Ref. 
[l]. A timeof-flight spectrometer was employed 
to measure the TOF of the first dissociation product ion to 
reach the microchannel plate (MCP) detector and the 
flight time difference between the first ion and its 
dissociation partner in coincidence with 97 MeV Ar14+ 
projectiles. The TOF spectrometer consisted of two 
acceleration stages identical to those described in [l], and 
a modified 2.S-om diameter flight tube 1S-cm in length 
attached to a 2cm diameter chevron MCP detector. 
Behind the gar cell wlts plpced a projactile charge state 
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Pooitioa apc~tr~ &owing the charge atate dirtribtition 
of the k'*+ projectiles attet passing through the gas 
cell taken (a) without a d  @) with the detector mask. 

Fig. 1. 
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analyzer which consisted of a bending magnet and a on+ 
dmensional position sensitive MCP (1 x km). lihe three 
parameter data were acquired on a MICRWAX U 
computer using the Los Alamos @system sof&wam arrd 
recarded on magnetic tape event-bycvent. The position 
spectrum showing the charge state distriiutioin of the 
&I4+ projectiles after passing through the gas cell is 
presented in Fig. 1 (a). In order to increase the counting 
rate for electron capture collisions, projectilea with cKit 
charge states 2 14+ were prevented from hitting the 
position sensitive MCP by a mask during part of the ruin. 
The resulting position spectrum is shown in Fig. 1 (b). 

Calibration of the TOF spectrometer (M/q)ln scrrle 
(where M and q are respectively the ion's mass and 
charge) was accomplished by measuring TOF spectra for 
an Ar target gas. The spectra obtained for charge 
unchanged (PI) collisions and electron capture collisions 
Q are shown in Fig. 2 (a) and (b). From thtxe spectra, 
it is apparent that charge states up to 13+ are produced 
for this collision system. In the TI spectrum [IPig. 2(l))], 
the charge states in the vicinity of 8+ lure grcrltly 
enhanced relative to the low charge states. In fact, the 
yields of Art+, A3+, and A?+ in this spectrum are 
almost entirely attributable to PI collisions of projectila 
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that had captured an electron prior to entering the gas cell. 
The ratio of &I3+ to &I4+ in the incident beam was 
found to be 2.0x10-2. 

A two-dimensional display of the TOF versus time 
difference data obtained for ions produced in electron 
capture Collisions of 97 MeV Ar14+ with CO molecules is 
shown in Fig. 3(a). Projection of this data onto the TOF 
axis give6 the fint-ion TOF spectrum shown in Pig. 3@), 
while p ro jdon  onto the timc-difference axis gives the 
total ion-pair timwWemm spectrum shown in Fig. 3(c). 

CO (Capture data) 

1000 1500 2000 0 0  y 2 8 500 

Fii.3. Wodimsnriocul dirplry of ths data for CO 

Counls/Cbann.l nmo-of-flight (N) 

diuocirtiorr prodvct iolv producce in electron Crpture 
collisions. 

Comparison of Fig. 3 with Fig. 1 in report N-A confirms 
the prediction that in TI collisions with molecules the 
higher charge states are greatly enhanced relative to the 
distribution of ions resulting from PI collisions. 
Nevertheless, it is apparent that the highest charge 
observed for C-ions is 4+ and the highest charge 
observed for 0-ions is 6+,  implying that K-vacancy 
production is very improbable. 

By placing windows around each of the two- 
dimensional data "islands" appearing in Fig. 3(a) and 
projecting only events within these islands onto the time 
difference axis, separate ion-pair timedifference 
distributions were obtained for each of the statistically 
significant dissociation channels within the observation 
range of the experiment. The various ion-pair time 
difference dBtriiutions associated with electron capture 
collisions are shown in Figs. 4 and 5. The time 
consuming process of transforming these timediifemce 
distribution into total kinetic energy distributions is 
currently in progress. The goal of this effort is to 
compare the average total kinetic energies for specific 
dissociation channels excited in PI, oneelectron TI, and 
twoelectron TI to see if the excitation energies of the 

parent molecular ions are significantly different. 

REFERENCES 
1. G. Sampoll, R. L. Watson, 0. Heber, H. Horvat, K. 

Mbhrer, and M. Chabot, Phys. Rev. A 45, 2903 
(1992). 

Fig.4. Sorted ion-pair timedifference distributions for the 
statistically significant d i i i a t i o n  channels of 
multicharged C@+ molsculu ions pducod in 
electron capture collisionr by 97 MeV ArI4+ ,  where Q 
= 2 t 0 5 .  

a , .  
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M - M 
Fig. 5 .  sorted ion-pair timedifference distributions for the 

statistically significant dissociation channels of 
multicharged c@+ mohular ions pduced in 
electmn capture collisions by 97 MeV h"+, when? Q 
- 6 t o 9 .  
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DISSOCIATION FRACTIONS AND BRANCHING RATIOS FOR MULTICHARGED CO 
MOLECULAR IONS PRODUCED IN COLLISIONS WITH 97 MeV Ar14+ 

K. Wohrer, G. Sampoll, R. L. Watson, M. Chabot, 0. Heber, and V. Horvat 

The dissociation product yields obtained for CO 
in the experiments described in this section, p. 73 were 
used to determine dissociation fractions for CO1+ and 
C02+, and branching ratios 'for the different charge 
division pathways observed in the dissociation of C03+ to 
CO'+. Total d-tion yields [No] of single ions were 
determined by integrating the corresponding peaks in the 
singles: 'IOF spectrum after subtraction of a h e a r  
background. In cases where two or more peaks 
overlapped, a Gaussian peak fitting program was used to 
calculate the individual yields. The singleion production 
yields Iyo] were then obtained using the relationship 

YD(C01+) = Y(C'++O) + Y(C+O'+) 
(3) 

YD(C02+) = Y(C2++0) + Y(Cl++O'+) + Y(C+02+), 

and the pertinent time intervals are 0.30 and 0.21 M, 
respectively. Then the fractions a of molecular ions tlwt 
dissociate within these time intervals are given by 

YD(C0l+) 

YD(C0'+) + Y(CO'+) 
a(C0 1+) = (4 

where TIS is the singleion transmission probability 
through the 'IOF spectrometer, Ts is the product of the 
transmission probabilities through the set of grids at the 
entrance and at the exit of the flight tube (0.77), and cd is 
the detection efficiency of the MCP ion detector at the end 
of the flight tube. 

Total detection yields of ion-pairs l'N(I1+LJ] 
were determined by integrating the corresponding ion-pair 
time-difference distributions. These yields were corrected 
for background and for wntniutions due to double 
collisions by the projectile while passing through the gas 
cell. The ion-pair production yields were then obtained 
using the relationship 

where Ti, is the ion-pair transmission probability through 
the spectrometer and the other quantities are as defined 
above. 

In the following analysis, the total dissociation 
yield for a specific parent molecular ion YD(M) is defined 
as the sum of the production yields of all possible 
dissociation product pairs formed within a time interval 
determined by the flight time of the molecular ion to the 
entrance of the flight tube. The time restriction is 
imposed by the fact that molecular ions which dissociated 
after entering the flight tube were still detected as 
molecular ions since, at that point, they had been fully 
accelerated. In particular, the dissociation yields for 
CO1+ and C02+ are 

YD(C02+) 

YD(C02+) + Y(COZ+) 
a(C0 2+) = . (!5) 

Since CO1+ has a stable ground state and the ground ataie 
of C02+ is known to have a l i f e h e  greater than 15-@, 
the dissociation fractions determined by the short 
acceleration time scale of this experiment provide 
measures of the total excitation probabilities to short-livcd 
autodissociative states. 

Since only ions were detected in the present 
experiments, the production yields of dissociation product 
pairs in cases where one of the products was neutral hztd 
to be determined using the single-ion production yield of 
the charged partner and the ion-pair production yields fiw 
all ion-pairs involving that partner. For example, the 
production yields of (C1++O) and (C+Ol+) ptii from 
the dissociation of CO1+ were obtained using the 
following expressions: 

Y(C'++O ) = Y(C1+ ) -& Y(C'++W+) 

Y(C+OI+ ) = Y(O'+ ) Y(C"++O'+). 

The dissociation fractions and ion-piiir 
production yields for CO'+ and C02+ are listed1 in Tatrle 
1. Since d w t  Coulomb ionization of valence electrone is 
expected to be the dominant ion-production mechanism Ibr 
collisions of 2.4 MeV/arnu-Ar1'+ ions? thest mults tire 

compared with those obtained by Hitchcock g& 4.) for 
valence-electron photoionization by 280 eV synchrotron 
radiation, and by Shah and Gdbodf for direct valence 
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'lhble 1. 
Dissociation fractions and production yield ratios for CO1+ and C02+. 

~ 

Ratio Present work Shah and Gilbodf Hitchcock et al.' 
96-MeV Ati4+ 1 6 h V  HI+ 261-keV H$+ 28OeV photons 

u(C0 I + )  0.33 f 0.08 0.44 f 0.04 0.22 f 0.04 0.8 
Y(C'++O)/Y(CO'+) 0.31 f 0.08 0.58 f 0.08 0.23 f 0.03 1.6 
Y(C +o'+)/Y(co'+) 0.21 f 0.11 0.19 f 0.03 0.06 f 0.01 1.6 

a(C0 2+) 0.95 f 0.02 0.9 
Y(C'+ .O~+)/Y(CO~+) 14.5 f 4.3 6.5 
Y ( b +  +O)/Y(C02+) 3.2 f 2.2 3 .O 

Y(C'++O)/Y(C+O'+) 1.8 f 0.7 3.1 f 0.8 3.8 f 1.0 1 .0 

Y(C +02+)/Y(Co*+) 0.7 f 0.7 1 .o 

*12.1 f 1.8 *14.6 f 2.9 

* These values are for transfer ionization. 

electron ionization by 16 keV/amu-H'+ and 65 
keV/amu-He2+ ions. The ion-molecule systems all have 
nearly the same values of the parameter 

where Z,, Z,, ve, and vp are respectively the projectile and 
target atomic numbers, and the valence electron and 
projectile velocities. The quantity K is a measure of the 
strength of the perturbation presented to the valence 
electrons during a It is apparent that all three 
ion-molecule systems display fairly simiir characteristics 
with the (C1++O) dissociation channel being considerably 
preferred over the (C+O1+) dissociation channel. In the 
case of C@+, the symmetric charge division pathway 
leadiig to (C'++O'+) is greatly preferred over the 
asymmetric charge division channels and it is evident also 
that the branching ratio for producing doubly ionized C 
ions is considerably enhanced relative to the branching 
ratio for producing doubly ionized 0 ions. This is 
understandable on the basis of the atomic ionization 
energies since 48.8 eV is requi red  to remove 2electrons 
from oxygen while only 35.6 eV is required to remove 2- 
electrons from carbon. The minimum excitation energy 
required by the (C1++O1+) dissociation branch is nearly 
the same as that for the (C2++O) branch because in 
addition to the ionization energies of C and 0 (24.9 eV), 
the Coulomb repulsion energy (= 12.8 eV) must also be 

aJ3 for 
single ionization of CO are quite different than those 
obtained by ion-impact ionization. In particular, the 
dissociation fraction for CO1+ is much larger, implying 

supplied. 
The photoionization results of Hitchcock, 

that valenceelectron photoionization at 280 eV is 
considerably more effective in populating short-lived 
autodissociative states than ion-impact ionization. On the 
other hand, the dissociation fractions for C02+ are 
essentially the same for both ionization mechanisms. 

The relative production yields of ion-pairs 
produced in the dissociation of COQ+ with Q = 2 to 7 are 
listed in Table 2. In general, the same preference for 
charge symmetric or nearly charge symmetric dissociation 
channels as was observed for C02+ is evident in this data. 
It is to be expected that, in most collisions, the ionization 
will be localized along the projectile trajectory. This 
means that most of the electron vacancies produced in a 
collision initially will be localized about either the C 

Table 2. 
Relative production yields of ion-pain from the 

dissociation of COQ+. 

Q Y(Il+12)/Y(C'+ +O'+) 

2 
3 

4 

(C'++O'+)l 
(C2++0'+) 
(C1++02+) 
(c3+ +oi+) 
(C2+ + 0 2 + )  

(c3++02+) 
(C2+ +d+) 
(c3+ +03+) 

( c * + + 0 2 + )  
(c4+ +03+) 

0.45 f 0.04 
0.20 f 0.02 
0.059 f 0.006 
0.26 f 0.03 
0.13 f 0.01 
0.13 f 0.03 
0.29 f 0.04 
0.024 f 0.006 
0.04 f 0.04 
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or the 0 atom and hencc considerable rearrangement must 
occur during the initial stages of the dissociation process. 

Tb aid in the following discussion, the estimated 
minimum excitation energies required for all of the 
possible charge division channels are displayed in Fig. 1. 
These excitation energies were calculated with the formula 

1-1 J-1 

where q1 and q2 are respectively the charges of the carbon 
and oxygen ion dissociation products, Do is the 
dissociation energy of the neutral molecule (11.1 ev), 
BJC) is the ith ionization energy of the carbon atom, 
BJ(0) is the jth ionization cnergy of the oxygen atom, and 
CE is the point-chargc Coulomb potential energy, qlq& 

--*- Q = 1 
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200 - -.-._._._._.-.-.-.- - 

.------------- -..-..-..-..-.. .......... 07 
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Oxygen-Ion Charge 
Fig. 1. The estimated minimum excitation energy 

required to produce ion-pairs ( 0 1  +O%) versus 
the charge (qz) of the oxygen ion, where Q = q1 
+ 92. 

where R is the neutral molecule bond length (1.128 A). 
Figure 1 shows that, for a given total charge Q, the 
lowering of the total ionization energy that results from 
equalizing the carbon and oxygen ion charges is, for the 
most part, canceled by the attendant increase in the 
Coulomb energy. The net result is that there is not much 
of a change in the minimum excitation energy required for 
any charge division pair (having the same Q) unless 
formation of the pair involves the reinoval of  a K-shell 
electron. Nevertheless, for Q = 3 the minimum 
excitation energy required for the (Cz++O1+) channel is 
approximately 11 eV lower than that for the (C1++02+) 
channel and the data in Table 2 clearly indicate that the 
former channel is favored. On the other hand, for Q = 4, 
the data in Table 2 indicate there is a very strong 
preference for the symmetric (Cz+ +02+) channel over the 

asymmetric (C3++01+) channel while the estimated 
minimum excitation energies for these two dissooiation~ 
channels arc both the same. Moreover, for Q = 5, the! 
estimated minimum excitation energies required for the! 
three channels (C4+ +01+), (C3++d+),  and (Cz++03+)l 
are all withii 7 eV of each other. Experimentally, the. 
(C3++@+) and (C2++03+) channels are equally 
probable while the (C4++01+) channel is barely 
observable. 

Using the data given in Tabla 1 and 2,  along; 
with the ratio of tbe COz+ and Coif production yields, 
which was 0.019 f 0.002, the relative Probability for 
removing Q electrons in collisions of 97 MeV &I4+ ionis 
with CO molecules may be obtained. These probabilities, 
expressed as the ratios Y(Q)/Y(l) where Y(Q) is the total 
yield of all products resulting from the removal of Q- 
electrons from CO, are compared with the yield ratios 
obtained for the ionization of Ne atoms by 97 Me'V Ar"+ 
collisions in Fig. 2. It is apparent from this coniparisoii 
that the ionization probabilities for CO molecule& agree 
quite well up to Q = 4, but become increasingly larger 
than those for N e  atoms beyond thb point. 

-- 1 o.oO0 
0 co 

0.001 
0 1 2 3 4 5 6 7  

0 

Fig. 2. The ratio of the total ionization yield for charge 
Q, Y(Q), to the total ionization yield for Q = 11. 
The solid and dashed lines show the results of 
independent electron approximation calculations 
for Ne and CO, respectively. 

The solid line in Fig. 2 shows the relative iconizaticin 
cross eections for N e  given by an independent eleotrtm 
approximation calculation, similar to that described in 
Ref. 6, in which the impact-parameterdependent single- 
electron ionization probability was represented by the 
simple exponential function poexp (-b/r& The. value of 
the parameter p, that gave the best fit to the data waa 0.7. 
The relative ionization cross sections were found to I* 
quite insensitive to the value used for the radius parameter 
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rL. The present calculations for Ne were performed using 
the most probable Lelectron radius, 0.335 A, for thii 
parameter. Corresponding cross sections for CO were 
calculated using the same po value as for Ne, a radius 
parameter value of 1.13 A, and 10 as the number of 
valence electrons (iiskad of 8 as for Ne). These results 
a n  rhown by the daphed line in Fig. 2 and they indicate 
that the cross section enhancements cannot be entirely 
attributed to the fact that CO has more valence electrons 
than Ne and is a somewhat larger target. 

Paxt of the enhancement of the ionization 
probability for CO might be due to K-shell vacancy 
production followed by Auger decay. Similar charge 
multiplication effects caused by Auger decay of L- 
vacancies have been observed in collisions of 1-MeVlamu 
0 and F ions with Ar.6 The dominant mechanism for K- 
vacancy production in the Ari4+ + CO collision system is 
electron capture to the Ar L-shell? However, this same 
mechanism must also contribute to the N e  results. In fact, 
the electron capture cross sections are expected to be 
larger for Ne than for CO since the K-binding energy of 
Ne more closely matches the Lainding energy of Ar. 

From the above discussion, it must be concluded 
that much of the ionization probability enhancement is 
caused by a mechanism that is unique to CO. One such 
possibility is linked to the electron exchange that must 
occur between the ion with the lowest charge and its more 
highly charged partner during the early stages of the 
dissociation process in order to symmetrize the charge 
division. According to the classical overbarrier model of 
charge exchange,8 the exchange of electrons is expected to 
proceed from the L-shell of the lower charged ion to the 
M-shell of the h@er charged ion. 

Thus, one of the dissociation products might be left in 
an excited state that would subsequently decay by an 
LMM Auger transition, thereby increasing its charge. 
One problem with this hypothesis is that the excited state 
would have to contain at least two M-shell electrons in 
order to undergo LMM Auger decay. However, such 
configurations could arise as a consequence of the transfer 

of two or more electrons in the rearrangement process, or 
as a result of electron excitation during the collision 
followed by one-elwtron transfer. The yield data for Q = 
4 and Q = 5 in Table 2 provide some support for this 
scenario. The arguments based on minimum excitation 
energies presented above lead one to expect equal yields 
of (C2++02+) and (C3++01+) ion pairs while 
experimentally the yield of the former is a factor of 3.4 
larger than the yield of the latter. However, only the 
asymmetric charge division pairs will have a tendency to 
undergo charge exchange, which means that most of the 
(C3++01+) and (C1++03+) pairs produced in the 
collision will end up as (C3++Oz+) and (C2++03+) pairs 
as a result of electron transfer followed by LMM Auger 
decay. The net effect of this will be to reduce the yields 
of the asymmetric Q = 4 ion pairs and increase the yields 
of the Q = 5 ion pairs. 
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ORIENTATION DEPENDENCE OF FAST-COLLISION-INDUCED 
MOLECULAR DISSOCIATION 

M. Chabot, K. Wohrer, G. Sampoll, V. Horvat, and R. L. Watson 

An experiment designed to investigate the orientation 
depenhce  of the cross section for ionkition of N2 by 97 
MeV Arl*+ has been performed. Orientation dependent 
cross sections can occur as a result of interference 
betweenthescattetln ' g amplitudes associated with the 
different atomic centers,' and as a result of geometrical 
effects.2 

ions was directed 
through a gas jet which was enclosed within a uniform 
el.ctric field. The ions produced in single coUisions of 
the beam particlea with moIecuIes in the gas jet were 
accelerated by the electric field into the second stage of 
the ioncoUection/timeof-flight (TO- spectrometer 
system, where they were further accelerated by a second 
uniform electric field. After entering the thii stage, the 
ions drifted in a field free region into a 3 c m  diameter 
chevron microchannel plate detector (MCP) system 
equipped with a resistive anode. This detector system 
provided a start signal for the TOF measurement and four 
amplitude signals (one from each comer of the resistive 
anode) for the position determination of each detected ion. 
Several low transmission grids were mounted in front of 
the MCP to reduce the probability of detecting both ions 
from the same binary dissociation event. The stop signal 
for the TOF measurement was provided by another MCP 
used to directly detect the beam particle after it passed 

A well collimated beam of 

through the gas jet. 

Fig. 1. Position distribution of NF showing the profile of 
the gas jet where it overlapped the Ar beam. 

A protile of the gas jet in the region where it. 
overlapped with the ion beam ia shown by the position1 
distribution obtained for N:f molecular ions in Fig. 1 
These ions are produced with near-thermal energies s h ,  
the recoil energy associated with single ionization ti 
negligibl~.~ The sharp structure in the main yak wa 
caused by the grids in front of the MCR This figure also 
shows the contribution fiom residual gas backpund 
along the beam path. The small peaks at both ends of the 
beam track are caused by fwusing effacts associated with 
nonuniformities in the electric fields near the perilphery alf 
the collection region. 

The grid structure is shown more clearly in Fig. 2(ai) 
where the NP position distribution has been projected onto 
the X axis. The character of the background due to the 
residual gas is shown by the X projection of the position 
distribution of H,O'+ in Fig. 2(b). 

15OOO 

0 

T 75000. - 

T- 
O 

X 

Fig. 2. Projections onto the X axis of (a) the N:+ position 
distribution and (b) the H201+ psiition 
distribution. 
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The focusing effect encountered in the present 
experiments limited the analysis to N*+ and N2+ ions, for 
which the kinetic energy release was low enough that the 
peripheral region did not play a significant role. In order 
to assess the magnitude of any orientation effects, the 
position distributions were analyzed using a polar 
oo~rdinote (R, e) representation. The angles 8 = 45 and 
135 de- were defmd by the beam axis and R = 0 
WBB dehed by the intersections of the beam and gas jet 
aes. The method of analysis consisted of comparing the 
R and 8 projections of the data with detailed simulations 
computed with different values of the asymmetry 
parameter a for an assumed angular dependence daldn = 
k(1 + usin@), where 8 is the angle between the molecular 
axis and the ion beam axis. These simulations required 
the ability to calculate accurate trajectories of ions through 
the ion-collectiodTOF spectrometer system, which in turn 
required a detailed knowledge of the electrostatic field 
profile, the jet density distribution over the interaction 
region, the kinetic energy of the ions of interest, and the 
background. The eleotrostatic field profile was generated 
using the electrostatic lens program SIMION.' The 
density distribution of the gas jet and the background were 
obtained from information provided by the position 
distributions for Np , H20* + , and PI' +. The kinetic energy 
distributions were estimated from the results of previous 
measurements? To test the method, detailed simulations 
of the position distribution for isotaopiCally emitted N:+ 
were performed. The experimental and simulated position 
distributions in R and 8 coordinates are shown for N F  in 
Fig. 3. 

( a )  

Fig. 3. 

Although the R and 0 units shown in this figure me 
arbitrary, the two angular positions at which the R 
distributions are the broadest correspond to the beam axis 
(Le. 8 = 45 and 135 degrees). 

It w s  finally concluded that the sensitivity of the 
method is insufficient to detect asymmetries of a < 0.5. 
In the present case of N2+, coming primarily from the 
dissociation of Ni+ molecular ions produced in direa 
ionization collisions, it was determined that a < 0.5, and 
hence no evidence was found for an orientation 
dependence of the ionization cross section. This result is 
evidently at variance with the results obtained by 
Varghese, j&6 via one-electron capture collisions with 
19 MeV F'+ projectiles. 
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K-SHELL IONIZATION OF INTERMEDIATE 2 ELEMENTS BY 30 MeV/amu 
H, N, He, AND Ar IONS 

V. Horvat, G. Sampoll, K. Wohrer, M. Chabot, and R. L. Watson 

The mechanisms that contriiute to the production of 
K-shell vacancies in heavy ion-atom collisions are 
numerous, and their relative importance depends on the 
values of the many parameters that characterize the 
process. A universal theory covering all the possible 
parameter regimes still does not exist, but most of the 
available experimental data for low 2 projectiles, 
spanning a large m g e  of relative velocities and target 
atomic numbers, are success~lly described in a consistent 
way by the ECPSSR theory. This formulation utilizes the 
planewave Born approximation in treating direct K-shell 
ionization' and the OBK approach in calculating the 
contribution of K-vacancies produced by non-radiative K- 
electron capture to the projectile.* In addition, it takes 
into account the Coulomb deflection of the projectile, the 
recoil of the target atom, the increased binding of the 
target K-shell electrons due to the projectile nuclear 
charge, and the polarization of the electrons in the target 
atom. The ECPSSR formulation is non-relativistic, but it 
incorporates corrections for relativistic effects. 

While the ECFSSR theory has been rather thoroughly 
tested with low 2 projectiles below lO-MeV/amu, it is not 
known how well it works for intermediate and high energy 
heavy ions. One important benchmark has been 
established by Liatard, J.: who recently performed 
measurements on solid targets ranging in 2 from 27 to 90 
using 30-MeV/amu Ne and Ar projectiles. Their results, 
whilc yielding good overall agreement with the predictions 
of the CPSSR theory (an earlier version of the ECPSSR 
theory that did not take into account the recoil of the 
target atom), displayed small, but systematic deviations 
from the theoretical projectile and target 2 dependences. 
They also revealed that K-electron capture to the projectile 
contributed SignScantly to the total K-shell ionization 
cross sections for Ar. 

The measurements described in this report were 
undertaken to further examine the projectile and target 2 
dependences of K-shell ionization at 30-MeV/amu. 
Beams of 30-MeV/amu HD+, N5+, Ne7+, and A r I 4 +  were 
extracted from the Texas A&M K500 superconducting 
cyclotron and focused to a spot size less than 1-mm-diam 
by viewing a ZnS phosphor mounted in the target holder 
with a television camera. A 2.5-cm-long carbon 
collimator with a 3-mmdiam opening was positioned 4.5- 
cm in front of the target to prevent scattered beam 

particles from hitting the target and to limit changes in the 
detection solid angk due to movement of the beam. The 
beam intensity was regulated using three pairs of i.emotely 
adjustable slits, all located upstream fiom a bending 
magnet. The vacuum in the target chamher was 
maintained below 5 x - Torr. 

The targets were mounted on a target wheel that wad 
coupled to a remotely controlled stepping motor All of 
the targets were self supporting, commercially availabk:, 
S-jtm-thick metal foils except the Ge target, which wis 
prepared by vacuum evaporation onto a Gprn (1.62- 
mg/cm3 thick AI foil. The nominal error in target 
thickness was 10% for the metal targets and 2096 for ttie 
germanium target. 

A Si(Li) detector was positioned at 90° with respect 
to the beam axis and viewed the front surface of the target 
at an angle of 45" relative to the surface normal through a 
1.3x10%m thick beryllium window. The detector 
cryostat was coupled directly to the target vacuum 
chamber with a distance of 2.5-cm between the detectlor 
(Si) crystal and the target. The x-ray detector system 
gave an energy resolution of 260eV full width at half 
maximum (FWHM) at 6.4-keV. 

A microchannel plate detector (MCPD) in Chevron 
configuration was placed 5 c m  behind the target d w l y  
in the beam path to count the beam particles in 
coincidence with the K x-rays. The MCPD signals were 
fed directly into a fast ampwier, without going lhrough a 
preamplifier. The main limitation on the beam intensity 
was imposed by the desire to maintain the counting rate in 
the x-ray spectrometer at or less than 1000cnunts-pt:r- 
second. As a consequence of the coincidence 
requirement, the background w a s  reduced and the need to 
measure the efficiency of the MCPD was eliminated. 

A FORTRAN program was written to calculate K- 
shell ionization cross sections using the ECPSSR 
theore&al formulation. The program runs on a PC(316) 
and it gives the values of all the defined variables and 
allows for the exclusion of any number of effects from the 
calculations, so that it is possible to compare the resuilts 
with all previously published calculations, inclutiiing those 
based on the predecessom of the ECPSSR foimulation, 
which took into account some, but not all of the effects 
included in the ECPSSR theory. The resullts of the 
program were checked by comparing them with the 
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ECPSSR calculations of Lapicki4 in his compilation of 
measured and calculated values of the K-shell ionization 
cross sections for systems involving hydrogen and helium 
ion projectiles. 

The scaled experimental ionization cross sections 
uJZ: for N, Ne, and Ar Projectiles divided by the cross 
sections for H projectiles are shown in Fig. 1. It is 
evident that the data display significant deviations from 
the simple Born approximation 2: scaling law for all the 
pmjeotilea. The experimental data obtained in the present 
work are all larger than unity except those for Al, 
indicating that a crossover to values less than unity occurs 
in the vicinity of Z, = 13. The cross sections of Liatard, 
-- et al.3 for Ar and Ne projectiles have been divided by the 
ECPSSR cross sections for protons and these ratios 
(included in Fig. 1) indicate that another crossover occurs 
in the vicinity of 5 = 60. The cross section ratios 
predicted by the ECPSSR calculations are shown by the 
dashed curves in Fig. 1. The agreement with the 
experimental ratios is withiin experimental error for all 
projectildtarget combinations except Ar on Al and Ar on 
Z, from 26 to 40. 
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Fig. 1. Scaled experimental K-shell ionization cross 
section uK/Z: divided by the cross section for 
protons as a function of the target atomic 
number for Ar, Ne, and N projectiles. The 
present results are shown by the squares. The 
cross sections of Liatard, gJ.3 have been 
divided by proton cross sections calculated using 
the ECPSSR formulation and are shown by the 
triangles. The calculated (ECPSSR) ratios are 
shown by the dashed curves. 

The reason for the Al deviation is not known at this 
time. It should be noted that increasing the fluorescence 
yield to correct for multiple L-shell ionization causes the 
deduced cross sections to drop even further below the 
ECPSSR curve. The deviations around Z, = 30, 
however, can be explained by considering the relative 
contribution to the total target K-shell ionization cross 
section of electron capture from the target K-shell to the 
projectile K-shell [eC(K)]. As shown in Fig. 2, the 
(theoretical) relative EC(K) contribution is quite large in 
the vicinity of Z = 30 and reaches its maximum value 
around 2 = 40. In the ECPSSR calculations, it was 

E U 3 0 }  i 

Target Atomic Number 

Fig. 2. Calculated relative contribution to the total K- 
shell ionization cross section of electron transfer 
from the target K-shell to the projectile K-shell. 

assumed that the projectile was fully stripped and, 
therefore, that all of the projectile K-shell states were 
available to capture K-electrons from the target. In 
reality, the average projectile charge changes from its 
initial value (e.g. 14+ in the case of Ar) to its equilibrium 
value at some depth within the target. The charge 
distributions for 26 MeVIamu Axt3+ and As1*+ recently 
have been measured as a function of carbon target 
thickness by Awaya, et These measurements show 
that although the average charge of the equilibrated beam 
is very close to 18+, the carbon thickness required to 
reach equilibrium is = 1 to 5 mg/cm2. Moreover, in the 
case of &I3+, the average charge changes from 
approximately 16.9 at 0.1 mg/cm2 to 17.9 at 0.5 mg/cm2. 
Therefore, unless the charge distributions are quite 
different for targets with Z > 6, it must be concluded that 
the average charge of the Ar beam used in the present 
measurements was less than 18 over a significant fmction 
of the x-ray production path length. Under these 
conditions, the resulting K-shell ionization cross sections 
would reflect the reduced contribution from EC(K) due to 
the partial occupancy of the projectile K-levels, and hence 
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the cross d o n s  deduced from these measurements 
would be lower than those predicted by the ECPSSR 
calculations. The effect should be especially prominent 
for the Ge target, which was much thinner than the 
equilibration thick~~ess. The cross section obtained for Ge 
doca indeed &play the largest deviation in Fig. 1, thereby 
providiig strong support for the above hypothesis. 

Reliable energy analysis of the hypersatellite peah 
was limited by the x-ray detedor resolution to the four 
highe&-Z targets investigated. The energy difference 
between the peak containing the Ka hypersatellite lines 
and the peak containiig the Ka diagram plus satellite lines 
is shown for each of these four targets in Fig. 3. Under 
the assumptions that (a) the L-vacancy distribution is 
independent of the number of K-vacancies and (b) the shift 
per Lvacancy is approximately the same for Ka x-rays 
from the decay of single K-vacancy states as from the 
decay of double K-vacancy states, these energy 
differences may be compared with the hypersatellite Shih 
calculated by Chen, & &,6 which are shown by the solid 
line. The fact that the measured energy differences were 
independent of projectile 2 supports the validity of the 
above assumptions. Hypersatellite shifts determined in 

55 40 45 50 

Target Atomic Number 

Measured energy differences LIE between the 
peaks containing the Ka hypersatellite lines and 
the peaks containing the Kar diagram plus 
satellite lines for the four highest 2 targets 
examined in the present work (squares). Ka 
hypersatellite energy shifts determined in 
measurements of K x-ray emission induced by 
electron bombardment7 and in radioactive decaf 
are shown by the triangles and circles, 
respectively. Theoretical Ka hypersatellite 
shifts6 are shown by the solid line. 

Fig. 3. 

measurements of K x-ray emission induced by electron 
bombardment' and by radioactive decap also are shown 
in Fig. 3. Withii experimental error, the present 
hypersatellite shifts, which are the only ones in this region 
of Z that have been measured for x-ray emission induced 

by heavy ion collisions, are in reasonably good agreement 
with the other experimental hypersatellite shifts and the 
theoretical predictions. 

The ratios of the hypersatclliteto-satellite x-ray 
yields obtained for the Zr, Mo, pd, and Sn targets using 
At, Ne, and N projectiles are shown in Fig. 4. The &a13 
for a particular target approximately increase quadiratically 
with projectile Z. Thii behavior is consistent with a twci- 
step mechaniim for double K-vacancy production, rathcr 
than a onegfcp (shakeoff) mechanism, for which !the yield 
ratios would be expected to increase linearly with 2,. 
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Fig. 4. Measured ratio of the Ka hypersatellite yield to 
K a  diagram plus satellite yield as a function of 
atomic number for Ar, Ne, and N projectiles. 
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AUGER ELECTRON SPECTRUM OF 8 MeV/amu Ar7+ 

V. Horvat, R. Paramaswaran, G .  Sampoll, R. L. Watson, M. Barrett, B. Griffith, 
R. D. DuBois,(') L. H. Toburen,(') and D. Schneidero) 

A parallel-plate, tandem-type, z e d e g r e e  electron 
spectrometer, together with a collision chamber (including 
two se& of four-jaw adjustable slits and a 1500 W s  
turbomolecular pumping system), on loan from Lawrence 
Livemore National Laboratory, is beiig used to study the 
spectra of electrone resulting from the interaction of high- 
energy multiply-charged ion beams from the K-500 
cyclotron with gas and solid targets. A schematic diagram 
of the system is shown in Fig. 1. A channeltron has been 
adapted to the spectrometer to serve as the electron 
detector. A Faraday cup with a biased electron-suppresser 
ring provides normalization of the counting intervals 
during the spectrometer voltage scans. The gas cell is 
attached to a gas supply and control system that includes 
an automatic valve and a capacitance manometer. Precise 
alignment of the spectrometer, the gas cell, and the slits is 
achieved visually by means of a transit. 

Operation of the spectrometer is controlled by a PC- 
based control and data acquisition system, described in 
Section V, p. 113 of this reporz. A simple electron gun 
was constructed to test the electron spectrometer system 
and to accurately calibrate the energy scale. In the 
calibration procedure, the voltages on the Spectrometer 
and the electron gun were measured using a fourdigit 
precision digital voltmeter. The spectrometer was 

Gas Vocwm 

Pig. 1. Schematic diagram of the electron 
spectrometer system (taken from 
Ref. 1). 

tested both in the low resolution (high transmission) 
mode and in the high resolution (low transmission) mode. 

A typical spectrum of electrons from the electron gun 
measured in the high resolution mode is shown in Fig. 2. 
With 2 mm slits at the entrance and exit of the second 
stage of the electron spectrometer, the energy resolution 
was found to be 2.4% in the low resolution mode, and 
2.4% of the pass energy in the high resolution mode. 

The performance of the electron spectrometer system 
was tested in preliminary measumments of electrons from 
8.05 MeV/amu At7+ projectiles interacting with an Ar gas 
target at a pressure of 40 mTorr. The spectrum of Auger 
electrons emitted from projectiles in the backward (180') 
direction was recorded. The beam energy was accurately 
determined from the cusp electron spectrum and used to 
transform the Auger spectrum to the projectile rest frame. 
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Fig. 2. Spectrum of electrons from the electron gun 
measured in high resolution mode with a pass 
energy of 100 eV. 

The resulting spectrum is shown in Fig. 3. Four groups 
of peaks, labeled A, B, C, and D, are observable in this 
spectrum. To identify the transitions responsible for these 
peaks, the multiconfiguration Dirac-Fock program of 
DesclauxZ was employed to calculate the transition 
energies between the possible initial and f d  state 
configurations. Since the projectile electron configuration 
prior to the interaction with the target is predominantly 
ls%?2p%, L-Auger electrons ftom the projectile can be 
emitted only via the excitation of one (or more) of the L 
shell electrons into one of the higher shells. On the basis 
of a comparison of the calculated transition energies with 
the measured peak energies, it was concluded that all of 
the observed groups correspond to transitions from initial 
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states formed by 2p - 3s (group A), 2p - 3p (group B), 
2p - 3d (group C), and 2p - 4d (group D) excitation, to 
the final state (1s%?Zp?'S,,. 

kinematic stretching This effectively enhances the 
resolution of the spectrometer. On the other hand, tire 
lines are broadened due to the finite acceptance solid angle 
of the spectrometer and the variation of the la~boratoiy 
energy with observation angle. The latter effect 
dominated in the present case and hence transitioiis 
between individual multiplet states could not be fully 
resolved. The production cross section for the most 
prominent peak in group C was estimated to La of the 
order of 1 kb. 

(l) Collaborators from Battek Pacific Northwest 

(2) 

Laboratories, Richland, WA 
Collaborator from Lawrence Livennore Laboratory, 
Livennore, CA 
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Fig. 3. Spectrum of L-Auger electrons from 8 
Meviamu Ar'+ measured at 180". 

The peak widths in the laboratory frame are larger 
than those in the projectile rest frame due to the 

LIGHT EMISSION STUDIES WITH SLOW, HIGHLY-CHARGED HEAVY IONS 

C. Assad and R. E. Tribble 

During this past year, we have continued our work 
on light emission h m  the interaction between multiply- 
charged heavy ions and surfaces with a study of the 
surface emission from NaCl targets. The groundwork and 
results of our previous work on a silver target are 
discussed in Ref. [l]. Most of the experimental setup and 
concepts are similar to that reported in Ref. [l]. 
However, there are some subtle differences, which makes 
the alkali-halide target a more interesting and difficult one 
to work with. 

The main focus of these investigations has been to 
look for possible electronic contributions to the sputtering 
process and further to determine the mechanism by which 
ions neutralize as they approach and interact with the 
surface. Electron emission has been used to study the 
charge neutralization process on metallic targets as a 
function of ion charge for kinetic energies ranging from a 
few hundred eV to several keV.2) The yield of emitted 
electrons is observed to depend on both the kinetic energy 
and the potential energy of the incoming ion. The 

neutralization of the incoming ion as suggested firom there 
experiments occurs through a transfer of charge from the 
surface atoms to the incoming ion via a series of resonant 
transfer or Auger transfers of electrons accompanied by 
Auger deexcitation in the surface and incident atoms. 

Bombardment light emission, the process where light 
is emitted by surfaces bombarded with charged particles, 
wxs actively studied in the 1970's but pmblems in 
interpreting the data frustrated attempts to fully understand 
the p roce~s .~  Within the past few years, Postawa, g g l . 5  
studied light emission by atoms sputtered fmm alkali 
halide targets for both electron and (singly charged) ion 
bombardment. They concluded that light emission 
resulting from heavy ion bombardment is due to h e  
excitation of a sputtered atom as it leaves the surface. 
Tribble, Prior and Stokstad6 looked at light emission fmm 
Na atoms sputtered from a NaCl target with highly 
charged Ar ions. They observed no dependence of the 
light yield with the charge state of the incoming heavy ion 
from the sputtered atoms that decayed at least 0.5 rnm 



from the target. They did observe an increase in the light 
yield with increasing charge state for atoms that decayed 
very near the surface of the target. However, the 
geometry used to view the light was optimized for 
studying light emission from sputtered atoms that drifted 
at least 0.5 mm from the surface before they decayed and 
not the light emitted by atoms that decayed closer than thii 
to the surfaoe. 

The work reported in Refs. [5] and [q focused on the 
light produced by sputtered atoms which depends on the 
tiputtering yield and on the probability that a sputtered 
atom will be excited as it leaves the surface. For light 
emission from atoms sputtered off of an insulating 
surface, both the sputtering rate and the electronic 
excitation of the sputtered atom could depend, in 
principle, on the charge state of the incident ion. The 
sputtering yield could be increased by a direct electronic 
ejection of a surface atom - the postulated Coulomb 
explosion accompanying the passage and neutralization of 
an incident ion.' The probability that a sputtered ion will 
undergo an electronic excitation as it leaves the target 
could be affected by the status of the surface and in 
particular it could depend on whether the local charge 
depletion due to the neutralization of the incoming ion has 
itself been neutralized. Sputtering yields for metallic,S 
~emianduct ing~ and insulatings target materials have 
been measured with Ar beams of fixed energy but varying 
incident charge state within the past few years. The 
results for both metals and semianductors show no 
enhancement in the total sputtering yield with increasing 
ion charge. The results for insulators do indicate a slight 
enhancement in the total sputtering yield as the charge 
state of the incident ion is increased. However, the effect 
is small and it provides no direct evidence to support the 
Coulomb explosion mechanism as being impoltant in the 
sputtering rate of neutral atoms. As we noted above, the 
results from Ref. [6] do not show any indication of an 
enhanced light yield with ion beam charge state from the 
alkali halide target. Thus it appears that neither of the two 
mechanisms that could enhance this yield are important. 

Bombardment light emission from surface atoms that 
are displaced from the condensed phase lattice could be 
sensitive to the way that the potential energy of the highly 
charged incoming ion is dissipated by the target. In fact, 
the results from Ref. [q suggest that there may be other 
mechanisms that could lead to enhanced light emission at 
or near the surface of the NaCl target. The nature of the 
light emitted from displaced surface atoms is likely to be 
correlated to the condition of the surface. We report 
below our results for the potential and kinetic energy 

dependence of the light yield to a discrete transition in 
neutral Na atoms induced by Ar ions on a NaCl target. 

One of the advantages of the silver was its high 
electric conductivity. As the Ar ions from our Electron 
Cyclotron Resonance (ECR) ion source would approach 
and then embed themselves in the Ag target, their positive 
charge would very quickly dissipate to ground.'O This is 
of course not possible with an insulating target such as 
NaCl. Ion impact on poorly conducting materials will 
generally result in charge buildup on the bombarded 
sample. The magnitude of the effeot depends on such 
parameters as the resistivity of the sample, and the charge 
state, energy, and impact angle of the incident particle. 
Hence, the surface of the crystal charged up, which was 
destructive in two ways. First, the charging of the surface 
makes controlled bombardment of the sample no longer 
possible. Second, once the voltage reached high enough 
levels, sparks were produced between the surface and the 
grounded target holder. The latter flooded our 
spectrometer with a high photon flux over most of the 
visible electromagnetic spectrum, which in turn increased 
our background noise to an unacceptable level. Mk had to 
make several changes to our setup to counteract this 
problem. 

In the developmental stages of the experiment, an 
electron flood gun aimed at the surface was initially 
chosen as the means by which the target would be 
neutralized." Low energy electrons (lev - 1OeV) would 
flood the target surface, canceling the positive charges. 
The gun's current intensity was to be controlled by a 
feedback system which would monitor the incoming Ar 
beam (via a grid system upstream, which is discussed 
later) and adjust the electron flux accordingly. 

For this purpose, a model FRA-2x1-2 electron gun 
was purchased from Kimbal physics. We built a power 
supply which provided several options for controlling the 
gun current thus allowing for the most flexible use of the 
gun. The low energy electron gun is a triode design. An 
acceleration grid enhances the beam current at low 
energies. The FRA-2x1-2 can produce modest beam 
currents at energies as low as 5 eV, and currents as high 
as 2 2 0 ~  lod A was tested in our vacuum system. Some of 
the data h m  the tests are presented in Fig. 1. Mk 
carried out a preliminary experiment with the NaCl target 
and the electron gun in place. Unfortunately, for the gun 
to be effective we needed a high gun filament current, 
which in turn produced enough light on the target so that 
the target assembly could easily be seen with the naked 
eye. We are primarily interested in the Sodium D lines, 
3pcPI,-J -. 3s&,-J and 3pCpjn) + 3sel,-J (589.6 
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and 589.0 =),I2 which matched closely the yellowish 
light emanating from the electron gun. Hence, no data 
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Fig. 1: Electron Gun yield as a hc t ion  of various gun 
Settings. The ordinates are expressed in pA. 
The E-Gun uses triode design principles. 

could have been taken under such conditions. However, 
an important observation emerged from that set of 
experiments. W noticed that no sparking was taking 
place even when the electron gun was turned off. Since 
the targel assembly w a ~  heated to 350°C, we found that 
heating the crystal not only stabilized the sputtering rate 
(the original reason why the target was but also 
increased the electric cond~ctance'~ as b shown in Fig. 2. 
Hence, we did not use the electron gun for the set of 
measurements dmussed below. We do have some future 
uses for it, however, whiih we discuss below. 

Our apparatus was setup in a general purpose UHV 
mttering chamber that is located on the beam line from 
ECR source for atomic and surface science experiments. 
A denription of the beam line can be found in Ref. [ lq .  
The light emission from the surface of the target was 
observed with a JARELLASH (Model 82400) series 
Ebert Scanning Spbctrometer which was coupled with a 
(31034 GaAs photomultiplier tube by Burle. The 

C31034 is a low noise tube especially suited for single 
photon counting with a quanhun e f i k i i y  that is 
optimized for wavelengths around 600 nm. For even 
lower background noise, the tube was cooled b 3OoC 
with a solid state cooling device, which also needed 
external water cooling for heat exchange. 'Hc: used 
a -5OC alcohol+H20 based solution circulating in the heat 
exchanger to provide the additional cooling. The 
phototube was operated with negative high voltage (-175lD 
VDC). Output signals from the anode were amplitled by 
an Ortec Model 579 Fast Pita AmpMer and them sent to 
a PS Model 715 Titniig Discrimihator. The discr imii l r  
level was adjusted to be above the noise of the runplifu:r 
but below the voltage output level h m  the runpMe:r 
comapondig to a single photo-ekctron w r i n g  the 
photocathode. The dwrimiinator output signals were sent 
through a logic converter and then counted by a 'kmelerc 
Model TC-532 Counter. The spectrometer was used in a 
mode where a single transition was observed at a fixed 
grating angle. The grating angle was adjusted manually to 
look at 589.3 nm wavelength (the middle of Na ID lines). 
The calibration on the JARREL-ASH spectromettr 
coupled with the phototube was done with a sodium vapor 
lamp. During the experiments the light sensitivity of the 
system was checked against a 100 W semi-opaque light 
bulb kept at 22.00 VDC. The light output of the bulb was 
constant but very sensitive to changes as small as f0.01 
VDC. 
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\ 0 la+010 - 
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/ 
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\ 

\ 

1 e+004 
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Fig. 2 The resistivity of NaCl crystal as a fuirction of 
temperature. The ordinate L expressdl in ohm 
per cm, the abscissa in degrees C. 

A schematic view of the appratus is shown in Fig. 
3. The beam spot on the target WM detennirnad by a 
series of collimators. A 10 mm wide by 25 mm high 
aperture in the scattering chamber limited the acceptance 
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into the photon spectrometer from the target location. The 
actual slit defining the entrance to the photon spectrometer 
was 1 nun wide by 14.5 nun high. The spectrometer was 
coupled to the vacuum chamber through a UHV flange 
with a quartz Window. The photon spectrometer was 
aligned with the target by using a Neon laser in place of 

or tne aqgtmrs were counrea oy ienneiec muers. try 
comparing the beam current on the grid and the Faraday 

'lr' M n l  m x m m  

EPLOYm . 
amwl a r c  Y1C-m 

*m+o+ 
- --I-L' 

mCC1IDC1c 
ail I 
\ I CF; \ 

4 
Fig. 3: Schematic of the experimental setup inside of the UHV scattering chamber. 

the photomultiplier tube to illuminate the target. A small 
aperture was used at the quartz window to center the 
spectrometer optical axis on the vacuum flange. During 
data acquisiion, the entrance and exit slits in the 
spectrometer were %et to give a resolution of 
approximately 0.4 nm. 

A 1 om x 1 cm x 0.2 cm NaCl target was mounted on 
a oxygen free high conductivity (OFHC) Cu target ladder. 
The target ladder was attached with a ceramic insulator to 
a linear motion feedthrough whose movement was 
perpendicular to the beam direction. A Faraday cup, 
made from a 1.5 cm diameter OFHC Cu nipple, was also 
attached to the target ladder to allow us to check the beam 
current integration. The entrance collimator and the 
tar@ ladder were bmed with +90 volts to keep 
secondary electrons produced by the beam from escaping. 
A ground plate with a 9.5 mm diameter hole electrically 
isolated a grid plate at +90 volts and the target ladder. An 
additional ground plate with 8 9.5 mm diameter hole 
electrically separated the grid plate and the entrance 
collimator. 

The beam current was monitored on the grid plate, 
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cup, we were able to estimate the current on target by 
reading the grid current. 

The UHV chamber vacuum was typically about 2 x 
lo4 Torr which is not sufficient to keep the surface clean 
from contaminants. In order to insure a clean surface, the 
target was sputter cleaned prior to any data acquisition for 
about 5 min. The back surfaces of the beam collimator, 
ground plate and defining aperture for the spectrometer 
were coated with carbon based Aquadag to reduce 
reflections into the optical spectrometer. 

By changing the charge state of the Ar ions and the 
extraction voltage from the ECR source, we were able to 
study both the kinetic energy and potential energy 
dependence of the light yield from the NaCl target. From 
the schematic view of the apparatus in Fig. 3, it is clear 
that the geometry of our system does not allow us to 
separate the light yield from the sputtered atoms that are. 
excited and decay very near the surface and atoms that are 
sputtered from the surface but decay within approximately 
1 cm of the surface. Thus our results i n t ep te  over both 
of these possible components to the total light yield. 

An incident kinetic energy of 48 keV was chosen to 



study the potential energy dependence. In Pi. 4, we 
show the light yield as a function of charge state for 
incident beams of charges 4+ to 11+. The relative yield 
for each data point has been normalized to the number of 
incident Ar atoms on the target. The overall scale used in 
the figure is ditrary.  The uncertainties for the data 
points were estimated to be at 8%. This estimate includes 
effats of background, statistics, beam integration and 
geometry as well as other (surface) effects which we have 
found give rise to additional fluctuations in the light yield 
of around 5%. It is clear from Fig. 4 that, contrary to the 
silver the light yield does change with increasing 
ionic charge state of the beam. We observe an increase in 
light yield of about 1.45 from M+ to Ar"'. These 
results show reasonably good agreement with the results 
of Tribble, 4f &,6 where they found an increase of a 
factor 1.30 from A P  to A r I 2 +  with a geometry that was 
not optimii to v i w  tbe surface of the crystal. 

l 2  

.F" 10 

E .- 
U 

T 

2 4 6 8 10 12 

Q (Charge State) 

Fig. 4: NaCl light yield as a function of the incident ion 
potential energy. The normalization and 
uncertainties contributing to the error bars are 
described in the text. All of the incident beams 
had a fixed kinetic energy of 48 keV. 

The kinetic energy dependence of the light yield was 
studied over a range of incident energies from 8 keV to 99 
keV. The results of the measurements as a function of 
incident energy are shown in Fig. 5. The data were taken 
with several differtnt charge states as noted in the figure. 
Mk normalized the data such that only the kinetic energy 
dependence remained; to remove the potential energy 
dependence, all points were normalized with respect to the 
AP+ at 48 keV. The datum point for A#+ at 88 keV had 

an anomalous set of readigs on the current integrators 
and hence we do not believe that it is correct. Again 
contrary to the results for the Ag target where w e  
observed nearly a factor of 10 increase in light yield over 
the same kinetic energy range,' the light yield from the 
NaCl target is relatively flat. 

Given thii set of results, we would like to rc- the 
Alkali-halide experiment with a new approach. ' b ts   le 

underway to make 8 NaCl target which woukl heat up 

4 
20 40 60 aa loo i:zo 0 

KeV (Ion K.E.) 

Fig. 5: NaCl light yield u a function of the incident ion 
kinetic energy. The nornabt ion aid 
uncertainties contributing to the error bare are 
described in the text. [ ]* The A#+ datum point 
at 88keV had an anomalous set of rerulings as 
was noted in the text. 

evenly and have a higher electrical conductivity. With 
these characteristics we hope to stabilize the target and 
minimize the unknown surface effects mentioned earlier. 
Initial attempts to grow a crystal around a colpper grid 
have not been successful; the salt has a tendency to 
precipitate out of solution rather than forming a crysltal 
around a seed. Recently we have melted PiaCI and 
successfully solidified it around the copper grid. This 
technique needs some rehetnents, however the 
prelimiiry results look promisiig. 

Next, we hope to repeat the silver and NaCl 
experiments, this time measuring the electron emission 
yield and energy spectrum. Ion-surface interaction rtudka 
by means of electron emission measurements have been of 
interest for many years.16 W e  already have an electron 
spectrometer, Model AC-902 from Cornstock Ihc. The 
double focusing electrostatic analyzer has an acceptarm 
angle of 0.002 steradms, a resolution of 0.2% and a 
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kinetic energy acanovera minimum rangeof 0 to 5 eV to 
a maximum range of 0 to 140 eV. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

Ion 
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METASTABLE STATES OF HIGHLY-CHARGED ATOMIC IONS 

D. A. Church and LiSheng Ymg 
Physics Department, Texas A&M University 

The capab~es of the Electron Cyclotron Resonance 
Source at the TAMU Cyclotron Institute for 

production of intense beams of highlycharged ions are 
beiig used to study the mean lives of highly metastable 
electronic states of these ions. The ground stam of many 
ions are usually cornpod of several terms with the same 
parity; electric dipole transitions between these terms are 
forbidden, although the term separations correspond to 
photon emission in or near the visible spectral region. 
These terms are generally populated in the ion source. 
Magnetic dipole (Ml) or electric quadrupole (E2) 
transitions can occur, but with mean lives ranging from 
mill;seconds to seconds. These transitions are observed in 
astrophysical and magnetic fusion plasmas; they can play 
a role in estimates of plasma densities and temperatures, 
as well as in identification of plasma components. The E2 
transitions also remain a challenge to the best many- 
electron theories. 

To study t h w  long-lived decays, beam ions are 
captured in an electrostatic (Kingdon) ion trap, in which 
they orbit stably for times exceeding the mean lives of the 

r-- 

I 
WPM.  I 

I---- - 
Fig. 1 
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metastable states. Pigum 1 shows a 
composed of a cylinder with a coaxial 
ddfcrent potentials. Electrically biased end electrodes 
prevent axial escape by the ions. Beam ions are 
decelerated by the guard plate and focused through an 
aperture in the cylinder. Ions are captured when the 
potential difference between wire and cylinder is rapidly 
changed. Photons emitted by stored metastable ions are 
collected through ~ 0 t h ~  apclture in the cylinder (not 
shown) using a lens, wavelength analyzed with an 
iaterferencc mter, and counted by a photomultiplier. 
After several titne constants the ions am dumped and the 
cycle repeated to acquire good statisti=. An example of 
data for the APf ground state transition near 553 nm is 
shown in Pi. 2; the lifeZime is near 10 ms. Collisional 
quenching of the metastable state during ion confinement 
is studied by measuring the mean life vs. residual gas 
pressure. A plot of the decay rate VS. pressure 
extrapolated to zero pressure yields the natural decay rate. 

Initial measurements have been focused on several 
argon ion charge states. Measurements on M+ are in 

Cxceuent agreement with results by other tmhniqilea. Our 
technique pennits measureaxrents on charge statcw which 
cannot be reached by other methods. 

Q4 WOOX02.DAT &*03.6kV 2 . W  ON TARGET 

O.SmS/CH CYL-S.48XV WIRE=Z.SKV CAP-3.OKY 
STORAGE TIME l O O m S  (200 CH) 

ORIGNAL DATA OF Q4 

0 ’  
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CHANNEL 

Fig. 2 
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K500 OPERATIONS AND DEVELOPMENT 

D. P. May 

There have been several significant developments in 
E00 operations in the last year. 'Avo of these, the 
installation of a single cryopanel inside the "C" dee shell 
and thc instalktion of a low-energy beam buncher in the 
axial injection line, have increased the intensity of beams 
dramatically. There has also been further K500 maincoil 
lowering, beam development in the lowest range of the rf 
frequency and ECR ion source development especially 
with solid beams. 

Buncher and Crvovanel 
The instahtion of these two devices was driven by 

the need to supply higher intensity 6 MeV/amu xenon 
beams. The buncher, described elsewhere in this report, 
was installed in August 199 1. The cryopanel was installed 
in October 1991. The buncher multiplies the extracted 
beam by as much as factor of 5 with a factor of between 3 
and 4 being typical. For the 6 MeV/amu xenon beam and 
other low energy beams, the factor is only about 2. With 
the xenon beam, it is possible to see a significant rise in 
the K500 vacuum pressure with more intense accelerated 
beam, but spacacharge effects on the low-velocity beam 
coming from the ECR may be the main reason for the 
degradation. With a high inteasity, high voltage lWs+ 
beam, the factor becomes around 2, and as the intensity is 
reduced, the factor increases with no discernible affect on 
the K500 vacuum. 

The cryopanel is one of an array of three slated to be 
installed in the three dee shells. It is designed with two 
circuits, one for liquid nitrogen and one for liquid helium, 
but initially it was tested by placing the two in series and 
running LN, through both. As measured by an ion gauge 
near the #1 turbomolecular pump, the pressure decreased 
from approximately 2xW' to 4 ~ 1 0 ~  torr. Dewars for the 
LN, and LHe must be lowered into the K500 pit and 
attached to the lines which run up the "C" dee stem. 
Running with LN, exclusively has become a common 
mode and a 160 liter LN, dewar is generally sufficient for 
about 24 hours. Intensity for the 6 MeVln '-e beam has 
incteased by a factor of 5 due to the better vacuum with 
LN,; this despite the fact that the pressure increases from 
4x1@ to @lo4 torr when approximately 200 na of the 
beam is accelerated. 

Main Coil Lowering 
As described in the last progress report, a small 

lowering of the superconducting main coil of the K500 has 
enabled the development of all the higher energy and 
higher field beams. This lowering, which is most 
probably a centering of the coil, was last tried in the 
successful development of a 65 MeV/amu deuteron beam 
in July of 1991. To date, this beam would be the most 
sensitive to the centering of the main coil. It has now 
been lowered by a total of 0.135 inch since October of 
1990. Further centering, if necessary, will occur with 
development of higher MeVlamu beams. 

Low Freuuencv Beam DeveloDment 
The 65 MeV/amu deuteron beam is the highest 

MeV/amu beam and the highest rf frequency (25.3 MHz) 
beam developed to date. In an effort to run the lowest 
energies possible on the second harmonic of the rf, the r f  
was tuned to the lowest frequency allowed by the 
positioning of the dee-stem sliding shorts. This proved to 
be 9.37 MHz with which a 2.00 MeV/amu '''A?+ beam 
was developed. 

Solid Beams from the ECR Ion Source 
The first solid beam from the ECR was developed as 

a result of a request for a beam for atomic physics. A thin 
cylindrical rod of nickel supported on a stahless steel rod 
was introduced to the plasma through a port on the side. 
The support rod was fed through an O-ring, which did not 
cause a vacuum problem. Running with a low-pressure, 
oxygen-supported plasma, the rod needed repositioning 
after approximately 8 hours. When the source was run 
with a high pressure, helium-supported plasma in order to 
produce the lower chargestates, the rod needed to be 
repositioned every 1/2 hour. When withdrawn, the rod 
proved to be melted into a rounded blob, with thin flakes 
of nickel deposited on the vacuum chamber wall near the 
rod feed. 

The next solid beam developed used a thin rod of 
tantalum with an oxygen plasma. A stainless steel support 
proved inadequate in that it cooled the tantalum by 
evaporating into the source. With a tantalum support, 
however, a good chargestatedhibution of tantalum was 
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produced. Three of the charge states were injected into 
the cyclotron and one was extracted at 6 MeV/amu. 

Finally, lead beams were developed in the ECR using 
the same rod feeds. This time a lead wire was mounted in 
a tantalum crucible. The lead evaporated into the source 
at a position which was much more withdrawn than the 
position with which tantalum was produced. Table I lists 
the ECR beams available at a source voltage of 10 kV. 

Table 1. 
ECR Beams at 10 kV 

& Intensity(epa) - Feeds 
'4N 5 46 N,+He 

6 19 

'60 

SSNi 

6 84 
7 11 

O,+He 

8 
9 

11 
12 
13 
14 
16 

31 
25 
12 
6.5 
2.0 
0.5 
0.006 

Ar+02 

13 
14 
15 
16 
17 

7.5 
6.0 
4.0 
2.5 
1.5 

24 
25 
26 
27 
28 

5.7 
3.9 
2.6 
1.1 
0.5 

Ni+O, 

Ta+O, 

W+O, 27 3.0 (all isotopes) 
28 2.2 
31 0.7 
32 0.4 " 
33 0.26 " 

" 

Table 2 is a representative list of beams as of March 31, 
1992. Those that are post-buncher are indicated. 

Table 2. 
Representative Beams Developed as of March 31, 1992 

-- 
I I 

E/A extracted EIA extracted 
Ion (MeV/n) (ena) Ion (MeVln) (em) 

H-H + 

D+ 
D+ 
D+ 
D+ 

HD+ 
HD+ 

4He+ 
4He+ 
4He2+ 
4He2+ 
4He2+ 
4He2+ 

H-4Het 

11B-t 
1 9 3 +  

12c2+ 
l2c3+ 
1%3+ 
1 2 ~ 4 "  
l2@+ 

l4N2+ 
1 4 ~ 3 +  
1 4 ~ 4 +  

1 4 ~ 5 +  
1%5+ 
14N6+ 
1 4 ~ 6 +  

1%3+ 
lQ4+ 
lQ4+ 
1Q6+ 
lQ6+ 
lQ7+ 

53 

52 
55 
60 
65 

30.5 
35 

15 
30 
53 
55 
56 
65 

9 

2.5 
30 

5.4 
15 
20 
30.6 
50 

5.4 
10 
20 
30 
35 
40 
43.4 

7.5 
15 
20 
30 
35 
45 

5.5 We4+ 
We4+ 
We6+ 

5 We7+ 
11 
25 nAl9+ 
15 

%JII+ 

72 
15 *M+ 

aAT+ 
600 a ~ r 1 2 +  

3 0&'2+ 

28 aAr12+ 
40 '@ArI4+ 

15 63cu13+ 
63CUI5+ 

3 B 63Cu17+ 

6 @Cu19+ 
0.4 

84Gll+ 

1.0 M K r l l +  
2.5 %19+ 
4 
2 %el7+ 
3 

14 

30 
200 
90 
7 
5.7 

2 

63culS+ 

Iq[,lS+ 

1.9 181Ta24+ 

105 

50 
40 

180 
5 

2.5 

14.5 
15 
20 
30 

30 

30 

2.0 
2.4 

20 
30 
35 
40 

10 
16.7 
25 
30 
35 

5 
6 

15 

6 
5 
6 

6 

40 
20 
3 

10 

140 

6 

14 B 
1.2 

20 
65 
25 
3.5 

4.5 
3.5 
5 
1.5 
4 

4.5 
83 B 
0.5 

59 B 
2 
6 

21 B 

B = biincher 

Ouerations 
For the period of April 1, 1991 to March 31, 1992, 

the operational time is summarized in Table :3, while 
schedule time is listed in Table 4. 



Table 3 
Operational Tim 

~~~ ~ 

Beam on Target 
Tming, Optics 
Beam Developnent 
Scheduled Maintanence 
Unscheduled Maintenance 
Idle Time 
Cool Down, Trnsfrr 

2309 
942 
832 
736 
726 
201 
17 

X T i n  
39.4 
16.1 
14.2 
12.6 
12.4 
5.0 
0.3 

Table 4. 
Scheduled Beam Time 

Hours - X Tim 
Nuclear Physics 1879 36.8 
Nuclear Chemistry 1136 22.3 
Atomic Physics 622 12.2 
Outside Cot laborat ions 456 8.9 
Outside Users 1 76 3.5 
Beam Development 832 16.3 

K500 Beam Energy Resolution 

Y.-W. Lui, D. H. Youngblood, W. Liu, H. M. Xu, and D.P. May 

The energy resolution of the beam from the MOO 
cyclotron has been measured using the Enge split-pole 
spectrograph. A 490 MeV 14N beam was delivered to the 
split pole spectmgraph for studies of elastic and inelastic 
scattering on several targets. For these experiments the 
beam was focused to an approximately 1.5 mm wide by 3 
mm high a p t  in the target chamber, and slits were used 
before and after a 30 degree bend to restrict the beam 
phase space and improve energy resolution. The solid 
angle dehiig slits wen set at 1 / 2 O  horizontally and the 
scattered I4N ions were detected in a hybrid detector 
consisting of a vertical drift chamber for position and 
angle measurement, an ionization chamber for energy loss 
and a scintillator for total energy and timing information. 
The dekctor position resolution was .41 mm (150 keV) 
and anglular resolution was 0 . 2 2 O .  Excellent rejection for 
all ions other than “N was obtained. 

A apcctrum taka under these conditions is shown in 
1000 w - 1  

14 92 I 
N+ Mo 

EN=490 MeV -fl- 375keV 1 

Pig. 1 and the width (FWHM) of the elastic peak is 376 
f 20 keV. In addition to beam energy resolution, other 
contributions are detector (150 Lev), spot width (180 
kev) and target thickness (50 KeV). This mults in a 
beam energy spread contribution of 290 keV (.MA). 
Approximately 15% of the beam was transported from the 
cyclotron to the target. 

The slits were then opened and the beam refocused to 
provide approximately 95% transmission of beam from 
the K500 cyclotron to the target. The beam spot increased 
horizontally to approximately 3 mm across. A spectrum 
taken under these conditions is shown in Fig. 2 and shows 
an overall energy resolution of 785 f 36 keV. After 
corrections for detector resolution, beam spot size, and 
straggling in the target, the beam energy spread 
contribution was 675 keV. This corresponds to 0.14% 
energy resolution for the 490 MeV I4N ions from the 
cyclotron. 

1000 I ’n I I 1 1  
14 92 N+ Mo 
EN=490 MeV 

Sp. Freq.=72.86 MHz 

200 220 240 260 280 
CHANNEL # 

Position spectrum of run 691026 Fig. 1. 

* 100 
E-. z 
3 
0 

10 

Sp. Freq.=71.87 MHz 

1 I I I 

280 300 320 340 360 
CHANNEL # 

Fig. 2. Position spectrum of run 691065 
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INJECTION LINE BUNCHER 

E P. Abegglen and R. C. Rogers 

A buncher structure was added to the low energy 
injection line that couples the ECIUS to the K500 
cyclotron (Fig. 1). The basic mechanical design of the 
buncher, shown in Fig. 2, follows that of the buncher at 
the National Superconducting Cyclotron Laboratory. The 
most notable change is the use of equal size field- 
correcting cones at the entrance and exit to the buncher 
grids. This reflecta the intent to use only a single driving 
waveform rather than fmt and second harmonic sinusoidal 
waveforms. 

Figure 3 is a block diagram of the buncher electronic 
circuitry. At the prestnt time, a sinusoidal waveform is 
beiig used to drive both grids of the buncher in a biphase 

I 

Top view of horizontal elements 

I 
I n - 8 4  I I I Side view of vertical elements guw(30ep 

Fig. 1. Schematic view of injection line showing major 
elements and location of buncher. 

mode. This driving technique reduces the required drive 
power by a factor of two as well as reducing the effects of 
the input and output fields. The two 50 ohm water ooohd 
loads, shown in Figs. 2 and 3, provide a suitablie load at 
all frequencies SO that no tuning of the bunchel; grids is 

The driving amplifier is a modified EN1 model A-300 
which provides the necessary drive power to each grid. 
The maximum power required is approximately 400 watts 
per grid. This power demand is determined by the 
distance of the buncher from the median plane of the 
cyclotron and the required injection vel0cit:y. The 
b u n c h  gives the usual gain of 3-5 in beam intenisity. 

required. 

Fig. 2. Cut 

RF CONSOLE HIGH BAY I INJECTION 
I LINE 

Fig. 3. B W  diagram of buncher electronics. 
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TEST OF A BIASED PLATE IN THE E.C.R. ION SOURCE 

G. Mouchaty, R. C. Rogers, and D. P. May 

As discussed earlier,' the Texas A&M E.C.R.I.S. 
will be upgraded in the near future. Our laboratory is a 
production one and minimal time is available for system 
research and development. Therefore only well 
established ideas have been incorporated in the actual 
80urce.~ This orthodoxy resulted in a stable source with 
an excellent production and reliability r e ~ o r d . ~  However, 
keeping cost effectiveness in mind and following the 
rapidly evolving body of E.C.R.I.S. science, makes 
minimal experimentation unavoidable. 

Among the multitude of questions that have to be 
addressed when designing the upgrade of the source is the 
necessity of a first stage. And, if at all, what should 
replace it. Experiments with biased plates4l5 and with an 
electron gun6 have shown substantial increase of the 
output of the source when these devices were used with a 
main stage only. We have tested a 3.5 cm diameter 
copper plate in our source and found a substantial shiR 
towards higher charge states and higher currents. Figure 
1 shows the currents of the different charge states for an 
oxygen-helium plasma as a function of the plate bias. The 
currents were measured on a plate intercepting the beam 
after a 90° analysis magnet. Due to budget and time 
limitations, these results were obtained using a battery to 
provide the bias. The battery degraded with time and 
allowed measurements at increasingly lower voltages. 
The data dictates further experimentation with a voltage 
regulated power supply. An effort is undemay to 
understand these data and infer the appropriate 
conclusions for the source upgrade.6 
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COMPUTING FACILITIES AT THE CYCLGRON INSTITUTE 

K. Hagel and H. Dejbakhsh 

The h t  installment of a three year grant to upgrade 
the computer system in the Cyclotron Institute coupled 
with the failun of the VAX 111780 which had been the 
backbone of our computing system enabled (forced) US to 
change our computer environment from essentially a 
single central computer to a VAXCluster environment. 
The increases in technology since the debut of the VAX 
111780 in late 1979 mean that the slowest computer in our 
4 computer cluster is a mere 3 times faster than the 780. 
!&b have also in the past year continued our journey into 
the unix world with the purchase of two DECstation 
SoO0/2OO's. 

Figure 1 depicts the computers system currently in 
the Cyclotron Institute. Systems not discussed in this 
report have been purchased in previous years. 

Our VAXCluster now contains one VAXstation 3100 
model 76, one VAXstation 3100 model 38, one 
VAXstation 3100 model 30 and one VAXstation 3520. 
Three of these machines were basically inherited by the 
cyclotron from a group which has departed, and the 
VAXstation 3100/76 was purchased with the computer 
upgrade fund. The VAXstation 3520 is the boot node for 
the cluster and acts as the file server for the system. lbo 
Kennedy 9400 nine track tape drives in addition to the 
system and user disks are connected to the bootnode. The 
other VAXstation 3100's which had already existed were 
each upgraded to have 1 GB of disk scratch space 
connected locally and one 8mm tape drive. The 
VAXstation 3100/76 contains 32 MB of main memory, 
and the other two VAXstation 3100's contain 16 MB of 
main memory. The VAXstation 3520 has only 8 MB of 
memory which limits its performance severely but due to 
the price structure of DEC memory, a memory upgrade is 
not cost effective. The "COMP" cluster, which is now 
the main backbone of our computer system, is equivalent 
to 18 VAX 111780's. 

One other VAXstation 3100/76 was purchased with 
the computer upgrade fund. This system contains 16 MB 
of main memory, 1 GB of disk space and an 8mm tape 
drive and was added to another cluster which had been 
removed from the main computer system in order to 
isolate the intensive work of that cluster from the rest of 
the computer system. 

The VAXCluster environment enables all computers 
to be easily managed from a single node. In addition, 
almost all peripherals except tape drives are shared across 

the cluster. This means that users can log onto ariy 
machine in the cluster and everything except the speed d 
the machine will be transparent to this user. In order to 
avoid a large amount of network activity, it is., in fact, 
necessary to educate the general user to use disks 
c o ~ e ~ t e d  to the computer which he is logged onto if a 
large amount of data is to be transferred from that disk. 
This has proven to date not to be a problem. 

All of the computers in the building are co~iected via 
Ethernet. Two terminal servers which are coninected to 
the Ethernet have also been purchased to add to the one 
that we already had. All terminals lines in the buildig 
which had previously been connected directly into tlhe 
VAX 111780 are now connected to the terminal servcr. 
This enables the efficient connection of a given teminal to 
any computer at the Cyclotron or on the Texas A&M 
campus. 

In addition to terminals C O M ~  to the termirlal 
server, we also added two Hewlett Packard Laser printers 
(HP LaserJet IIISi's) connected to the t e r m b l  servcr. 
Although the cluster environment allows for the p M b ~  to 
be accessed across the cluster even though they a re  
connected directly to one of the computers, being 
connected to the terminal server allows these printers to 
be accessed by any computer on the network. Etch of the 
HP LaserJet IIISi's have the PostScript option which GPI~ 

be turned on in software mode. 
The unix systems we have purchased consist of two 

DECstation 5000/200's, one configured with 32 MB of 
main memory, and the other configured with 16 MB of 
main memory. The one with 32 MB of memory acts as a 
server for the other and will be the main server for any 
other unix machines that we may purchase in ttie future. 
Each of these systems has an 8mm tape drive C t ~ e c t d  
locally. One GB of disk space is currently available on 
these systems. 

At present we are in the second year of our three 
year computer upgrade. This year we will purchase 
several more workstations as well as a color ]postscript 
printer. Network capabilities will also be upgraded. 

Besides the major upgrade of the computing system 
at the Cyclotron, we have implemented the first phase of 
the data acquisition and network upgrades. The 
MicroVAX CPU, one of the two main data acquisitions 
systems at the Cyclotron, has been upgraded to a 
VAXStation 3200 CPU. The memory also has been 
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replaced and increased to 16 Mbytes for this system. The 
Network adapter for this computer was one of the early 
Ethernet adapters and must be replaced to allow the 
system to function with future DECnet versions. The 
disk space on this system has been increased from 300 
MB to over 2 GB. 

To utilize the MicroVAX CPU with its associated 
memory, and to increase the capability of the off line 
detector testing and experimental set up at the Cyclotron, 
we set up a thii data acquisition system. We purchased a 
used Q-bus chassis along with a used network adapter and 
a terminal controller which constitute a complete Q-bus 
system along with a Q-bus to SCSI bus DISWAPE 
controller. At present a 1 GB disk has been logically 
divided to a 332 MB systeduser disk and 776 MB scratch 
disk. One Exabyte 8 mm tape drive is attached to the 
system. The following data acquisition hardware has been 
purchased to complete a third data acquisition set: Q-U 
converter adapter, W A C  crate, crate controller, branch 
highway, Micro Branch Driver (MBD) and event trigger 
module. AU the above equipment has been purchased 
from the first year upgrade funds. A Desta unit, which 
converte the thickwire to thinwire Ethernet, has been 
purchased to allow this system to maintain its connectivity 
regardless of its location. The t h i i  data acquisition will 
be portable to different experimental locations. The disk 
for the other VAXStation 3200 data acquisition system has 
been upgraded from a 760 MB system and user disk to a 
total of 2 GB. All three of the data acquisition systems 
run as stand alone systems and use the same peripherals, 
such as the printer and terminals, as the "COMP" cluster. 

Early last year the Cyclotron became part of a subnet 
which includes a few large departments: Physics, 
Mechanical Engineering, and Geosciences. This posed 
some problems, especially for devices such as the terminal 
server where performance is sensitive to network traffc. 
To isolate the network traffic at the Cyclotron and in 
accord with our computer upgrade plan we purchased a 
CISCO bridgelrouter (BR). This BR placed the Cyclotron 
in a subnet by itself. The bridge router is the best solution Fig. 1. Block Diagram of the computer systems 
for the Cyclotron because it allows us to communicate currently in the Cyclotron Institute. (Page 102.) 

using our terminal server and itsassociatcdLAT 
software. At the prescnt time the CISCO unit only 
implements the Ethernet media, but it can be upgraded to 
allow a Fiber Optic (FO) connection to the campus FO 
backbone for a higher speed communication link. At 
present we are routing only a couple of the protoools and 
rely on the bridge for the other typea of communication. 
The system is capable of a greater number of protocol 
routings if the need arises in the future. At present only 
one member of the cluster is running JNET software for 
BITnet connectivity, but all the computers, including the 
data acquisition systems, are running TCP/IP software 
which provides connectivity to all educational sites as well 
as national laboratories in the state and other parts of the 
world. This allows both fast file transfer and remote login 
to be independent of the operating system. This specXc 
software allows personal computer (pc) systems which 
are beiig used by some of the Cyclotron faculty and staff 
to communicate with the "COMP" cluster and data 
acquisition systems. During the last year the University 
has replaced the campus HEPnet link using a leased 9600 
baud line with a T1 connection. This allows the 
Cyclotron experimental group to communicate more 
efficiently with their collaborators at national labs, such as 
Fermi Lab and Los Alamos. 

The Cyclotron PC system also was upgraded last 
year. One experimental group purchased two 50 MHZ 
486 PC systems for data analysis - each with 8 MB of 
memory, 760 MB SCSI disk drives, and Exabyte 8200 
tape drive with controllers and associated software. 

In conclusion, this past year has seen a tremendous 
improvement in the computing capabilities of the 
Cyclotron Institute. It is anticipated that conditions will 
improve dramatically in the coming year with the 
purchases planned for this second year of upgrade. 
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P R O N  SPECTROMETER FIELD MAPPING 

A. Zaruba, H. Xu, A. Betker, T. Cowden, G. Derrig, and C. Gagliardi 

The detailed field mapping of the Proton 
Spectrometer is complete. The system originally 
described' was designed using results from POISSON2 
and RAYTRACE.' The two-dimensional nature of 
POISSON required simplification of the three-dimensional 
problem of determining the true fringing fields present. 
Preliminary results from our data show good agreement 
with our calculated expectations, both in field magnitudes 
and shapes. Detailed analysis is currently underway to 
determine the higher-order multipole components of the 
central field for varying field levels, the effective field 
boundaries necessary for ray-tracing calculations, and the 
magnitude and shape of fringe fields at both the entranoe 
and exit of the magnet. When this analysis is complete, 
we will know the extent to which the Proton Spectrometer 
matches the optical propexties which were assumed when 
it was designed. 

The Proton Spectrometer was designed to run at 
magnetic fields of up to 17 kG. Four field levels - 9, 11, 
14.5, and 16.5 kG - were chosen for mapping. These 
covered the anticipated range of experimental use and 
provided good points for interpolation on the magnet's 
saturation curve, which is shown in Fig. 1. These field 
levels were also chosen to correspond with those 
originally used for theoretical calculations, 11 and 17 kG. 
nKo NMR probes have been permanently installed inside 
the magnet to provide baseline fmed-point field 
measurements. Tests of the magnet's standard high- 
cycling showed a B vs. I cuwe for the NMR probes that 
w8a rrproducible to f 2 gaurs. 

Magnetic Field For PSP 

m 
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Fig. 1. Saturation curve for the Proton 
Sptrometer. The four points marked 
show the four mapped field levels. 

The procedure for field mapping was controlled to a 
large extent by the inherent physical boundaries of the 
magnet itself. AAer a 17.8 cm (horizontal) entranoe 
flange, the central ray traverses a 112.0 om radius over 
70.7O, to a 66 cm exit flange. The angular acceptance 
(27') and the momentum acceptance (&14% Ap/p> of 
the Proton Spectrometer about this central ray determine 
the critical area to be mapped inside the magnet, plus the 
exterior areas to the target and detector chambers. This 
irregular arc was split into the 7 Cartesian mapping 
regions indicated in Fig. 2. These were designed to cover 
the critical area as efficiently as possible given the l imi i  
imposed by the vacuum chamber and return yoke on 
access to the interior of the magnet. Each map region 
sufficiently overlapped adjacent regions so that all the data 
may be combined into a global magnet map for each field 
level. All of the data for a given nominal field level was, 
in fact, taken at a constant energizing current. The data 
from the various mapping regions are normalized to the 
desired magnetic field with the simultaneous NMR 
readings. 

Fig. 2. The regions covered by the field 
mapping. The dashed lines bound the 
critical area of the beam. Position of 
the target is marked by the small cross. 
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The mapping apparatus itself consisted of a 0.01% 
accurate temperature-stabii Hall probe mounted in the 
magnet's median plane on a transverse and longitudinal 
brass feed-screw arrangement. The feed screws assured 
poaitional accuracy and reproducibility of <0.01" on a 
0.1" x 0.1" grid. The transverse screw, which allowed a 
maximum travel of 16", was mounted on the 60" long 
longitudinal screw. A position Wite fmed to the 
longitudinal screw base and free to move in length with 
the transverse screw provided a dMtal readout for 
marking the longitudinal Coordinate. The Hall probe was 
affixed to one of several carriages which traveled along 
the transverse screw. The transverse motion was motor- 
driven under computer control. The computer controlled 
the transverse travel via an optical reader (attached also to 
the probe carriage) which suinned a fmed ruled glass rod. 
At each increment indicated by the computer's 
programming - in this case, every 0.4 inches - the 
mapper paused for probe stabilization and input a field 
strength directly from the Hall probe. The mapper 
carriage continued across, taking the designated number 
of readings, and saved the complete transverse scan at that 
longitudinal position only if the entire scan was clean. At 
the end of one scan across, the computer returned the 
probe to the start position. The mapper carriage system 
was moved longitudinally to the next position by means of 
manual rotations of the feed screw. The longitudinal 
coordinate of the mapper was manually entered into the 
data set, then the computer was again allowed to move the 
probe across. In the interior regions, the longitudinal 
increment was 1". Of special interest while assembling 
the field map grid for each field level was the behavior of 
the field at the entrance and exit boundaries of the magnet. 
This determines the true shape of the Proton 
Spectrometer. For each map that traversed the apparent 
boundary, a her-grid of half-inch longitudinal increments 
was used. The true effective field boundary for each field 
level will be part of the calculations. 

Access to the interior of the magnet was limited. 
Accordingly, a 1/2" thick aluminum tooling plate provided 
a frame upon which to mount the mapping apparatus. The 
mapper track was pinned to the plate to ensure precise 
relocation whenever the apparatus was removed for 
system reconfiguration or repair. The aluminum plate 
provided a fixed frame of reference for the apparatus 
within the magnet, and also a way for translating the 
mapping apparatus frame to the actual magnet frame of 
reference. 

Initially, the plate was to have been uniquely located on 
the pole tip by means of three pins resting on the bevel of 
the pole tip. However, the plate was haUy pinned to a 
support bar outside the magnet because the interictr accms 
problems made unique location impossible to ascertain 
otherwise. 

The system was transformed in several ways to fit 
each of the 7 different mapping regions. Acoeris to the 
largest regions was available through the larger exit 
flange. For regions A and B, the assembly was fmed on 
the plate, and the mapping of the different regions was 
accomplished with a slight change to the probe carriage:. 
For region C, the mapper plate was removed, the entire 
assembly was transferred and pinned in a new lotation aln 
the plate, and a different probe Carriage was ctttached. 
For the remainiig four regions, access to the mapping 
regions w a s  through the six inch Oo hole in the return 

yoke. The mapper plate remained in place while the 
majority of the assembly was fixed separately outside the 
hole. The transverse feed screw remained oulside the 
magnet where it controlled a long extension arm into the 
magnet with the probe camer attached to the end insidc. 
This extended framework was guided in part by iL groove 
in the fixed plate meant to control any sideways travel of 
the arm. 

The frame of reference of the probe w a s  clontrokd 
by the mapping apparatus. The precision of the locatialn 
of the probe was determined both by the pinning of the 
mapper assembly to the aluminum plate, which was in 
turn pinned to an exterior support of the magnet, and bly 
transiting the probe and mapper assembly with nspect 10 

fiducial marks on the magnet. The translation of each of 
the 7 different coordinate systems into one greater frame 
of reference is a primary step in analysis of the tmmplde 
data for the four mapped field levels. 

Preliminary analysis, as said, shows promising 
results, sufficient to clear the way for pmnaneiit 
emplacement of the interior entrance slits, Faraday cup, 
and the rest of the vacuum chamber. More detailed 
analysis of the complete mapping data is c:urrently 
underway. 
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STATUS OF THE PROTON SPECTROMETER 

A. C. Betker, C. A. Gagliardi, H. Xu, A. E Zaruba, P. Smelser and G. Derrig 

During the past year we have made significant 
progress on the Proton Spectrometer project, culminating 
in a test run which examined the properties of the back 
drift chamber. A major accomplishment was the 
completion of the magnetic field mapping, which is 
described in detail elsewhere in this progress report. The 
vacuum chamber of the spectrometer magnet was leak 
tested when it was first assembled. But due to space 
constraints, the "focal plane" vacuum chamber, which 
houses the front drift chamber and extends the vacuum 
system to a final window located approximately 2 cm in 
front of the back drift chamber, could not be installed 
until the mapping was complete. Furthermore, the 
vacuum pump for the Proton Spectrometer, which is 
mounted on the Oo exit port, had to be removed to 
facilitate access for the mapper. The entire vacuum 
system has now been assembled, leak checked, and 
exercised thoroughly. 

During the past year, we have also checked out the 
beam line optics, completed construction of the drift 
chambers and much of their electronics, and assembled 
most of the trigger scintillator hodoscope. The data room 
that the Proton Spectrometer shares with HILI, and 
ultimately with additional experiments performed in the 
new K500 experimental area, is now complete, including 
installation of clean electrical power and cabling into the 
Proton Spectrometer cave. Although it was not there 
during the test run, as of this writing we have an Ethernet 
connection to the new data room to allow the data 
acquisition computer to communicate with the rest of the 
Cyclotron Institute computer network. It is not yet clear 
whether one of our data acquisition computers will be kept 
in the new data room or only be moved there on an "as 
needed" basis. The rest of this report describes our 
progress during the past year in greater detail. 

Last August we had a short run with a 110 MeV 
deuteron beam to check our beam line optics. The actual 
emittance of high velocity beams from our K500 had not 
been investigated previously. Rather, the beam line had 
been installed based on calculations that utilized K500 
emittance predictions from MSU' as the starting point. 
During deuteron elastic scattering measurements which 
are described elsewhere in this progress report, we had 
found that the deuteron beam emittance at the White 
Chamber is <8 mm-mr in both the x and y directions. 
This is consistent with the MSU predictions. The beam 

transmission from the WOO to the White Chamber was 
approximately 35 %. Essentially the entire transmission 
loss occurred at the (2-01 slits (near the exit of the K500 
cyclotron), which needed to be closed down to eliminate 
"wings" on the beam spot. 

During our test run, we found that the deuteron beam 
at the C-01 slits consisted of two distinct components of 
nearly equal intensity, together with a small amount of 
additional beam providing a continuum between them. It 
appears that the elastic scattering measurements used the 
C-01 slits to select one of the major components for 
transport. The beam line from the cyclotron to the Proton 
Spectrometer was intentionally made as short as 
reasonably practical in order to allow for the future 
installation of a neutron beam facility. As such, we only 
have a limited ability to remove slit scattered particles in 
the beam before they reach the target. 35% transmission 
will not be acceptable for 0" (d,*He) scattering 
experiments. We found that, by retuning the magnetic 
channel elements of the K500 beam extraction system, we 
could restrict the extracted beam to only one of the two 
intense components at the expense of reduced extraction 
efficiency. We had over 10 nA of beam available, 
nonetheless, without making use of the injection line beam 
buncher. This is far more beam than required for the 
Proton Spectrometer. We were then able to transport the 
remaining beam to the Proton Spectrometer target with 
minimal losses, while simultaneously achieving the 
desired beam spot. Although the total beam emittance is 
consistent with the MSU predictions, the x-8 and x-Ap 
correlations are quite different. Fortunately, we had built 
enough flexibility into the beam line configuration to 
compensate for this. 

During the past year, we completed the construction 
of both drift chambers for the Proton Spectrometer. 
Figure 1 shows the front drift chamber after all of the 
wires and internal electronics had been mounted, but 
before the front vacuum window had been installed. We 
have also tested both of the chambers with sources and 
further tested the back detector with protons produced in 
an (cu,p) reaction. Analysis of the proton tracking data is 
currently underway. Preliminary analysis indicates that 
its performance is similar to that of our prototype 
detector.2 The front detector, which sits within the 
vacuum system and is designed to operate at 1/2 atm, was 
not installed during this initial test run even though it was 
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Fig, 1. A photograph of the front drift chamber, without 
its front window, after it was assembled. 

ready, because we were not yet fully confident of the 
integrity of the exit window of the "focal plane" vacuum 
chamber. Originally, this window was to be made of 0.25 
mm thick lexan. Long-term durability tests of the lexan 
window via repeated cycling of the vacuum system 
showed that it would craze after a number of cycles, and 
eventually fail. Prior to the test run, the window support 
frame was modified slightly, and the lexan was replaced 
by a 0.25 mm thick mylar window. This configuration is 
now working very well, but it had not been tested 
sufficiently prior to the test run to risk placing the front 
drift chamber inside the vacuum. The front drift chamber 
was installed after the frst run, and the entire vacuum and 
chamber gas system has now been exercised fully. After 
it has stabilized, the gas system maintains the front drift 

chamber at its operating pressure of 370 torr to withhi 0.1 
torr. A run to test the entire drift chamber system is 
scheduled for May. 

We completed the design and construction of the 
trigger scintillator hodoscope during the past year. There 
are 16 x scintillators and 8 y scintillators. The 
scintillators are 3.2 mm thick and made of Bicron BC400. 
Each x scintillator, which is 26 cm long, is read out at one 
end by a Hamamatsu R1355 photomultiplier tube. Each y 
scintillator, which is 67 cm long, is read out by a pair of 
phototubes, one at each end. The x scintillator array has 
been assembled and tested. When the y scintillators 
arrived from Bicron, we found that they were missing one 
light guide each. They were returned to Bicron ;a be 
completed, and are now expected to arrive in mid May. 
The y scintillator array will be assembled and tested at 
that time. 

At present, the Proton Spectrometer system is 
essentially complete. Unfortunately, due to RF and 
deflector problems with the K500 cyclotron, we have not 
had deuteron beams available for more than a few hours at 
a time since last fall. These problems now seem f;o be 
resolved. If so, we will take the first physics data with 
the system shortly. 
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BARIUM FLUORIDE ARRAY 

R. K. Choudhury, J. Shoemaker, H. Jabs, and K. L. Wolf 

The BaF, crystals were procured and tested for their 
energy resolution and timing characteristics. The crystals 
were coupled to R2059 photomultiplier tubes purchased 
from Hamamatsu Corporation. Three support structures 
were fabricated to hold the 19-pack assemblies. With the 
available detectors, only two of these assemblies could be 
installed inside the support structures. Figure 1 shows a 
photograph of the integrated BaF, assemblies ready for 
use in an experiment. The electronics hardware for pulse 
processing and data recording from the BaF, detectors 
have also been procured. The energy signal from each 
detector is recorded with fast (100 nsec) and slow (2psec) 
gating requirements for 7,  n and charged particle 
discrimination. Figure 2 shows a typical 2-D plot of the Fig. 1 .  Integrated BaF, assemblies. 
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fast vs. slow ADC outputs, where the separation between 
the y rays and charged particles can be clearly seen. The 
slow gate energy signal is also recorded in two gain 
ranges to cover different regions of interest in y ray 
energies. The total energy deposited in the 19 detectors is 
obtained by either hardware linear sum of all signals or by 
software analysis using the calibration of each detector. 

Figure 3 shows the sum energy spectrum obtained 
with a Pu-Be source which gives 4.413 MeV y rays from 
the %e('He,n)'%* reaction. The full energy peak is 
prominently seen with very little of the escape component. 
The lower energy bumps are due to crystal radioactivity 
and room background. 

The two BaF, packs were used in an experiment to 
study the GDR 7 emission from compound nuclei 
produced by '60 + and we + *%n reactions at 
179 and 193 MeV bombarding energies, respectively. 
The detectors were placed at a distance of 50 cm from the 
target. The compound nuclear residues were detected 
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Fig. 2. 2-D plot of the fast va. slow ADC outputs. 
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Fig. 3. Sum energy spectrum obtained with a Pu-Be 
source. 

with two PPAC and one Si detector mounted in the 
forward (6' to 20') direction at a distance of 30 cm from 
the target. The RF signal of the cyclotron was used to 
derive the start time for all the detectors. Typical TOF 
spectra of the Si detector and one of the BaF2 detectors 
are shown in Figs. 4 and 5,  respectively. 

The timing energy resolution is mainly decided by 
the spread in the RF time from the cyclotron. Preliminary 
results of the GDR experiment using the BaFz arrays have 
been reported elsewhere in the report. A number of 
experiments to study the gamma ray emission in the GDR 
(ET < 20 MeV) and the continuum bremsstrahlung region 
(20 MeV < Ey < 150 MeV) are being planned using the 
BaF, arrays. 

t .+ 
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Fig. 4. Typical TOF spectra of the Si detector. 

Fig. 5 .  Typical TOF spectra of one of the BPF, 
detectors. 
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THE MARS PROJECT 

R. Tribble, J. D. Bronson, W. Liu, and X.-G. Zhou 

In the 1989 Annual Report, a detailed description 
was provided of the ion optics for the recoil spectrometer 
MARS. As we noted in last years Annual Report, two 
papers have since been published outlining the optics and 
the status of the device.'V2 Some minor modifications 
were made to the original design and these are discussed 
in Ref. [2]. Below, we update the progress on the 
construction of MARS since last year's Annual Repo~t.  
For convenience, we have once again divided the 
diicussion into three sections to highlight the various 
major components. 

ll) Magnetic Systems 
MARS uses three dipole magnets. Two of them form 

the momentum achromat and the third provides a vertical 
bend after the velocity fdter to cancel the momentum 
dispersion of the recoil ions, thus producing a mass focus. 
The contract for the construction of the three dipoles was 
awarded to Inland Steel early in '91. At that time, the 
schedule called for an August '91 delivery of the three 
dipoles. The dipoles actually arrived just after the 
beginning of '92, about four months behind the original 
schedule. The coils for all three dipoles had already been 
wound by our technical staff. Once the dipoles amved, 
the outside surfaces were painted and preparations began 
to put on the coils. During the fmt two months of '92, 
cables were run from the magnet power supplies, which 
are located in the basement of the building which housed 
the 224 cm cyclotron, to Cave 5 where MARS is located. 
Following thii, the technical staff began putting the coils 
onto the dipoles. The first assembly that has been 
completed is D2 - the second of the two magnets that form 
the momentum achromat. Work is now proceeding to 
complete the assembly of D1 - the fmt magnet in the 
achromat section. Magnetic field maps of both D1 and 
D2 will be underway before the end of April and 
completed early in May. The field mapping will focus on 
the fringe field region at the entrance and exit of the two 
dipoles. As was noted in last year's Annual Report, the 
field shape and effective field boundary at the entrance 
and exit of these two magnets is important in determining 
the ion optics of the system. A field clamp was added to 
the two magnets to stabilize the effective field boundary 
and to produce a fringe field region that looks like the 
"short tail" field in RAYTRACE. It is important to 
determine how closely the actual field profile follows the 

prediction that was made with the computer wle 
POISSON. By mapping the field along the beam directian 
for the entrance and exits, we will be able to determine 
the exact location of the effective field boundary and the 
fringe field shape parameters that are ilsed is1 

RAYTRACE. The contract to construct the vacuum 
chambers for the three dipoles was awarded in Dlecembtr 
'91. At that time, the expected date for delivery of the 
chambers was the end of February '92. The: vendor 
encountered some problems during the construction of the 
chambers and has revised the delivery date to the 
beginning of May '92. The field mapping should be 
completed by the time the vacuum chambers arrive so that 
we can immediately begin assembling the full systems. 
The magnet stands for the three dipoles were completed 
during this past year and both D1 and D2 are behg 
assembled on their stands. 

A fourth dipole magnet is needed as pant of a beaim 
swinger for MARS. Initially thii dipole was configured lis 
a large aperture magnet that would accept beams over the 
full angular range provided by an upstream bendwig 
magnet. 'Avo beam line quadrupole magnets wcre to be 
mounted on a movable stand so that the beams from the 
upstream bending magnet would always pass through the 
quadrupoles on their optical axis. This syskm WZIS 

redesigned so that now a small bending magnet, which 
moves with the two beam line quadrupoles, repllaces the 
large bore stationary magnet. AU of the particle buuris 
enter the small magnet at the same location with this 
configuration. By adjusting the magnetic field fkom -15 
kG to +15 kG, we are able to provide the full range of 
scattering angles (0' to 30') for which the previouis 
system was configured. POISSON calculations for the 
small magnet have been completed and the magnct 
geometry has been fmed. The final mechanical tirawings 
for this magnet were completed in the fall of '91 and the 
construction of the magnet began early in the '92 after the 
iron amved from Inland Steel. The new design IS 

sufficiently simple and compact that it is being buillt in one 
of the local TAMU shops. 

The five large quadrupoles that are part of MARS 
were shipped to us from Brookhaven National Laboratory 
in the spring of '89 (we actually received seven of these 
quadrupoles but two were returned). As we noted in last 
year's Report, the quadrupoles were refurbished by 
replacing water hoses, cleaning out the coils anti adding 

108 



new temperature sensors and flow meters. Also the water 
lines and fittings were pressure checked. The first doublet 
and the singlet are now in place in Cave 5 on their stands 
and aligned. They have utilities connected (power and 
water) and field mapping of one of the quadrupoles is 
presently underway. As for the dipoles, we are carrying 
out a field map in the fringe field region of the quadrupole 
to determine the effective field boundary and the 
coeffu5ents that describe the fringe field fall off for use in 
RAYTRACE. The remaining two quadrupoles are to be 
mounted on the movable detector arm that follows the 
third dipole. The construction of this movable ann has 
been completed and the drive mechanism to move it has 
been delivered. The mount pivots about the center of 
dipole D3 and it will be put in place once this dipole is 
installed. 

Machining of the pole pieces and return yokes for the 
two correction sextupole magnets was completed by 
March '91. The coils were wound on the pole pieces after 
the last of the dipole coils was completed and they were 
assembled during this past year. The stand for the first of 
the two sextupoles has been constructed and put in its 
proper location along the beam line. The second 
sextupob sits on the movable detector assembly with the 
quadrupole doublet. 

The power supplies for the dipoles and the first two 
large quadrupoles arrived on schedule this past fall. All 
of the supplies have been checked out and the power 
cables to connect them to the magnet elements have been 
run. In addition, the cables that are needed to operate the 
other magnets from existing power supplies are in place. 

f2l Velocity Filter 
During the fall, we completed the modifications to 

the velocity fdter that were required for making the 
transition from the conducting glass plates to anodized AI. 
The motivation for this change was discussed in last year's 
Annual Report. The anode and cathode plates were 
mechanically aligned to a tolerance of approximately 
0.001" over their len@. After the plate assembly was 
inserted into the housing, the system was put in place in 
Cave 5 and aligned. A small vacuum leak was found in 
one of the spool pieces that connects the high voltage 
decks to the vacuum system. After the leak was repaired, 
we have achieved a steady-state vacuum of about 5 x 1 0 7  
Torr in the device using a single cryopump. We 
discovered this past summer that the high voltage decks 
had both suffered some slight damage from internal 
sparking. Several modifications were made to the 
negative high voltage deck to eliminate possible internal 

spark points and both decks were refurbished. The decks 
were mounted on the velocity filter after the plate 
assembly was inserted this past fall. W have conditioned 
the system, at high vacuum, up to a voltage of 300 kV. A 
problem amse with the negative supply while the system 
was running at this voltage and it is now being repaired. 
From all of the indications that we have, the plates appear 
to be conditioning just as we would expect. Thus 
operation up to design goal of 500 kV appears to be 
achievable. 

As we noted last year, the magnetic field for the 
velocity filter is provided by energizing a main coil and 
four smaller dipole coils, two at each end. AU of the coils 
were designed to run in series so that a single power 
supply could be used. The main magnet power supply 
from the 224 cm cyclotron will be used to produce the 
magnetic field in the velocity fdter. In checking the 
current and voltage requirements, we found that we would 
be voltage limited to magnetic fields of about 700 G with 
the present coils. Since we plan to run the fields up to a 
10oO G, we replaced two of the small dipole coils with 
larger conductor. The number of ampere-turns remained 
constant but the resistance of the coils was substantially 
reduced. This modification makes operation up to lo00 G 
feasible with our existing power supply. The cable run to 
connect up the velocity filter to the old cyclotron power 
supply was completed this past fall. 

{3, Vacuum and S U D D O ~ ~  Systems 

components in the vacuum system has now been 
completed. This includes the beam swinger and target 
chamber system, the detector chamber movable arm and a 
modular detector chamber and the beam line section in the 
momentum achromat where most of the beams will be 
stopped for 0" operation of MARS. W have decided to 
begin studies with MARS using a simple 0" scattering 
chamber instead of the more complex general purpose 
chamber. The 0" chamber has been built and is now in 
place on the scattering chamber post. The system was 
specXcally designed to make it modular so that we can 
easily remove one chamber and replace it with another. 
The design for the beam line section where we will stop 
beams in 0" operation has evolved during the engineering 
design phase to consist of a 24" diameter stainless steel 
tube that will be fitted with movable Faraday cups along 
each side. A pair of fixed cups will intercept beams that 
hit at the back of the tube and a system of slits and a 
movable Faraday "fmger" will be inserted on a tlange 
from the top of the tube. The tube and connecting flanges 

The final engineering design for all of the 
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have already been built. Several penetration flanges need 
to be welded onto the tube and then it will be ready for 
installation. Construction of the remaining parts for the 
vacuum system is being carried out by our mechanical 
shop and other local TAMU shops. Pumps, valves and 
other hardware for the vacuum system arrived during the 
summer and fall of '91. 
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MDM Magnetic Spectrometer 

D. H. Youngblood, J. D. Bronson, and Y.-W. Lui 

Funding was approved in January 1992 for 
installation of a K=315 large solid angle magnetic 
spe&rometer1*2 in place of the K=150 Enge split pole 
spectrometer in Cave 3. The MDM spectrometer 
including the scattering chamber and heavy ion detector 
system3 was obtained from Oxford University in 1991. 
Vacuum pumps and power supplies were not obtained. 
The detector, with addition of a scintillator to stop ions up 
to 80 MeVlnucleon, will be appropriate for many planned 
experiments and has been refurbished and tested at Oak 
Ridge.4 

The project is in two stages. The first, funded for 
calender 1992 and to be completed in November, 1992 
will have the spectrometer and beam line in place and 
operational for experiments, with several limitations. The 
second stage, to be funded for calender 1993 will provide 
new pumps to replace the 23 year old pumps in the beam 
line, a large vacuum chamber to house a variety of 
detectors, connection of the power supplies to the K500 
cyclotron computer control system, and dedicated 
electronics for the detector system. 

The beam line layout for the spectrometer is shown 
in Fig. 1. Figure 2 shows TRANSPORT calculations of 
the beam profiles for this line. A system to provide high 
resolution analyzed beams to the spectrometer is planned 
for construction in 1993 and 1994 and the spectrometer 
beam line has been configured to provide dispersion 
matched beams from this analysis system to the MDM 
spectrometer. The optics for the spectrometer line were 
calculated assuming a focus just before the wall where the 
beam enters the spectrometer cave. For the two year 
period from end of 1992 until the analysis system is 
completed, beams will be transported to this focus through 
an existing line. A beam resolution of .06% has been 
measured through this line into the Enge spectrometei' 
with 490 MeV I4N beam from the K500 cyclotron, though 
with considerably reduced intensity. Several minor 

improvements in this line are planned to enhance the 
transmission. 

The median plane of the MDM is 50 cm above the 
median plane of the K500 cyclotron and our present beam 
lines. As is apparent in Fig. 1, two bending magnets are 
configured with each bending 10 degrees to raise the beam 
50 cm. These magnets are presently under construction in 
house. All components for the magnets are in house: the 
iron is finished, and the coil winding forms are nearly 
complete. These magnets will be completed by niid June. 

On June 8, removal of the Enge spectrometer will 
begin and it will be loaded directly on trucks that week to 
go to CEBAF where it will be used as a beam tag magnet. 

The MDM dipole will be powered by the main 
magnet power supply from the 88 inch cyclotrori and the 
quadrupole will be powered by the Enge spectrometer 
power supply. New power supplies have been purchasd 
for the exit multipole and are in house. 'hrbo pumps for 
the spectrometer and target vacuum chambers hrwe beem 
purchased and are in house. An NMR system to monitor 
the dipole field is on order. 
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Fig. 1. Beam line layout for the spectrometer. 
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HYBRID ION CHAMBER FOR THE MDM SPECTROMETER 

J. L. Blankenship,' R. L. Auble, J. R. Beene, E E. Bertrand, and D. Shapka 
Physics Division, Oak Ridge National Luboratory,2 Oak Ridge, Tennessee 37831 

Texas A&M University (TAMU) is replacing its 
Enge Spectrograph with an MDM magnetic spectrometer 
originally designed and built for use at Oxford University. 
The focal plane detector for the MDM spectrometer is a 
hybrid ion chamber with a sensitive volume of 10.5-cm 
high, 49.5-cm deep, and 37cm wide. The existing 
entrance window has a clear opening of 6 cm x 30 cm. 
The total energy signal is obtained from the charge 
induced on the cathode, frisch grid, and field shaping 
electrodes by the remaining positive ions after the 
electrons have drifted to the anode. Measurements of 
particle energy loss (AE) are made by two anode 
segments, each of which are 6.7-cm deep. The electrons 
collected from the remaining anode depth are not sensed 
electronically. The horizontal location of the track is 
measured at two depths by position-sensitive proportional 
counters (PSPC's). The two PSPC's are spaced 15 cm 
apart, with the two AE anodes between them. 

At ORNL, the hybrid ion chamber has been tested, 
and changes in design have been made to improve detector 
performance and adapt the chamber to the energy range of 
the TAMU Superconducting Cyclotron. New front and 
back cover plates have been designed. A plastic 
scintillator will be located at the rear window to stop 
particles which pass through the ion chamber, and thus 
will provide part of the total energy information. The 
new front cover plate will provide coupling to the 
transition chamber which will continue the vacuum flight 
path from the last spectrometer element to the entrance 
window of the ion chamber. Drawings of these parts are 
complete, and construction is underway at TAMU. 

The design of the field shaping electrode structure 
has been changed to provide a more robust construction 
and to allow quick replacement of field shaping wires at 
the front and rear windows. Stainless steel rods of 1.6- 
mm diameter are used as field shaping electrodes on each 
side of the drift region. The voltage divider resistors 
which fa the potential of the field shaping electrodes are 
now located on a terminal strip, along with bypass 
capacitors, and the charge signal from the field shaping 
electrodes is now available for addition to the charge 
signals from the cathodes and the frisch grid. Using a 

movable, collimated alpha source, we found that the 
charge signal induced by the positive ions was1 strongly 
dependent on horizontal position if the charge signal was 
obtained only from the anode and frisch grid. At 15 sm 
from the chamber center, measured horizontally, the 
charge signal was found to drop to 70 percent of tllat 
signal measured at the chamber center. Thiii distance 
corresponds to the edges of the entrance window. Tliis 
measurement demonstrates the importance of including the 
charge signal induced on the field shaping electnxlee. 

The large quantity of Delrin plastic used in the 
original construction of the ion chamber presents a 
challenge to keeping the gas free of impurities which trap 
electrons and reduce electron mobility. After a month of 
conditioning, the reduced electric field at which new- 
complete electron collection could be obtained in 
isobutane was found to be 2.5 V/Torr-cm. This value was 
found to hold between 50 and 150 Torr of isobukme. This 
condition is achieved at 100 Torr for 3500 'V on the 
cathode, 700 V on the frisch grid, and anode ,at ground 
potential. 

An improved system of grounding was installed in 
the ion chamber to reduce crosstalk between the 
proportional counters, the anodes, and the friscfr grid. A 
2.5-cm-wide strip of printed circuit board, clad on both 
sides with copper, extends from the front plate along both 
outer sides of the Delrin support structure to the rear, 3 
mm below the anode plane, and is electrically bonded to 
the front cover. Filter capacitors are bonded to this 
ground bus with minimum lead length, thus mlinimizing 
lead inductance. 

Modification of the ion chamber at ORNL has been 
completed, and the chamber has been returned to TAMU. 
Following completion of the new front and rear chambler 
windowslcovers, beam tests will be made. 

* Partial support from the Joint Institute for Heavy Ion 
Research, OWL. 
Managed by Martin M a r i e  Systems, Inc. undler 
contract DE-AC05-840R214100 with the U.S. 
Department of Energy. 
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PC-BASED ELECTRON SPECTROMETER CONTROL SYSTEM AND PROGRAM ESCAM 

V. Horvat 

An electron spectrometer control and data acquisition 
system was designed to automate the operation of the 
tandem-type, parallel-plate, zerodegree electron 
spectrometer, to process the signals from detectors, and to 
perform rudimentary data analysis operations. The 
system utilizao a W A C  interface and a personal 
computer. The basic hardware consists of a Kinetic 
System Corporation (KSC) CAh4AC crate, a KSC 3933 
Parallel Bus Camac Crate Controller that controls the 
operation of CAh4AC-type electronic modules, and a KSC 
292621A IBM PC Interface WIDMA card that enables 
communication between the personal computer and the 
crate controller. 

As shown in the schematic diagram in Fig. 1, the 
electron spectrometer consists of two parallel-plate 
capacitors. The role of the first set of plates is to deflect 
the electrons from the beam path without affecting the 
beam. Due to its large apertures, the energy range of the 
deflected electrons is quite broad and the transmission is 
very high. The second set of parallel plates analyzes the 
energy of the incoming electrons in high resolution at the 
cost of significantly reduced transmission. The design and 
operation of the electron spectrometer has been described 
in detail in Refa. [l] and [2]. 

BEAM - \ \  . . 

CHANNELTRON 

Fig. 1. Schematic diagram of the tandem-type, parallel 
plate, zerodegree electron spectrometer. 

The entrance plate of the first stage of the 
spectrometer is normally operated at ground potential and 
voltages are applied to the other three plates of the 
system. These voltages are denoted H V O ,  HV(B), and 
HV(D) in Fig. 1, where T, B, and D stand for the top, 
bottom, and decelerating plate, respectively. If a 
channeltron electmn multiplier is used to detect the 
electrons emerging from the spectrometer (as in the 

present application), it is advantageous from the 
standpoint of background reduction to maintain the front 
at voltage HV(D) and supply an additional voltage 
HV(CH) to the back. All the voltages mentioned above 
depend on the energy of the electrons being transmitted 
through the spectrometer and the desired resolution. 
When the spectrometer is scanned to accumulate an 
electron spectrum, these voltages must be stepped up and 
down over the appropriate voltage intervals. 

One of the hnctions of the spectrometer control 
system is to automate the voltage stepping cycles. This is 
accomplished by using a KSC 3195 (ichannel, Idbit, 
CAMAC digital-to-analog converter (DAC) to provide 
control voltages to a set of programmable high voltage 
power supplies (TENNELEC TC 952), as shown 
schematically in Fig. 2. The voltage provided by each 
power supply is the sum of the manual dial se#ing (offset) 
and the input (DAC) control voltage multiplied by a preset 
gain factor of 100 or 300. Also, the voltage may be 
removed remotely by grounding the disable input. 

F===? C A M A C  

Fig. 2. Schematic diagram of the spectrometer voltage 
control system. 

A schematic diagram of the signal-processing part of 
the system is shown in Fig. 3. Signals from a 60 Hz 
pulser are sent to channel 1 of a LeCroy Research 
Systems (LRS) 2551 la-channel scaler and used to 
measure the live time of the system. The signals from the 
channeltron electron multiplier (CHAN) are sent through a 
Canberra 2003B preamplifier (PA) to an Ortec 571 
Spectroscopy Amplifier (A), converted into logic signals 
using a timing singlechannel analyzer ("SA) and counted 
by channel 2 of the scaler. 
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A Faraday cup (FC) is normally placed behind the 
dekctor in measurements with particle beams to provide 
normalization for the voltage scan counting intervals. The 
FC current is integrated using a Brookhaven Instruments 
Corporation @IC) Current Integrator (CI). The signals 
from the CI are sent through a logic signal shape 
converter (LSSC) to channel 3 of the scaler. 

~~ 
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Fig. 3. Schematic diagram of the signal processing 
system. 

The software for the acquisition and control system 
consists of the program ESCAM and a package of 
programs for displaying, plotting, and analyzing the 
acquired data, and for file conversions. ESCAM was 
written in Microsoft FOl?TRAN (Ver. 3.3) using also the 
KSC Camac Driver model 611&1BAP, the KSC library 
of driver routines, and a special utility routine library. 
The positions of CAh4AC modules in the M A C  crate, 
and their characteristics are defined in a configuration file 
so that these can be changed without having to change the 
program itself. The program provides for the automated 
fine adjustment of the voltages that are applied to the 
spectrometer during the scan cycles after coarse 
adjustment of the starting voltages has been performed 
manually. The required voltages on the spectrometer are 
calculated automatically, depending on the desired 
resolution (high or low), the spectrometer constant, the 
electron energy range, the pass energy, and the selected 
power supply gain factor. A warning sound is made if the 
gain factor needs to be changed. 

The program ESCAM is designed to minimize the 
amount of input required from the operator, to be simple 
to use, and to document all the operator initiated actions. 
After the first session, in which predefined default values 

of the parameters are assumed, the default vallues are 
automatically updated to the ones used in the p d i g  
session. Selection of each menu item is logged anid 
date/time stamped. The current sweep, current live time, 
and real time (in seconds clocked from the beginning of 
the session) are logged as well. The same logging 
procedure is enacted when preset count or preret time 
conditions are met, or when the acquisition is terminated 
by the operator. The values of all relevant parameteax 
(including the accumulated spectra) are kept on the hard 
disk to reduce the risk of losing data due to power failun:, 
program bugs, or inappropriate usage. In morit of the 
cases of abnormal termination of the program (such lis 
those resulting from power failure, calculational or 
inputloutput error, or invoking *C), it is poiisible 10 

restart ESCAM with a minimal loss of data andor other 
information. 

The program ESCAM traps most of the input errors 
and handles them without abnormal termination. Usually, 
reentering the input or typing -2 will correct the 
problem. The message DISK WRlTE ERROR will be 
repotted and program execution stopped if the disk an 
which a write was attempted did not have enough space 
available. However, no data will be lost, so that aftrx 
some cleaning of the disk space it will be possible 10 

resume program execution. 
Except when the input parameters need to be entered, 

the up-to-date spectrum graph, and the values olf all thle 
control parameters that define it are shown on the screen 
with a resolution of 320 x 200 pixels. The flow of the 
program is menu-driven and the selection is made by 
pressing the appropriate (predefined) easy-to-te:membe:r 
"active" keys on the alphanumeric keyboard. LOTH 
graphics resolution and keyboard input wete chosen to 
avoid unnecessary hardware dependability of the program 
and to increase the speed of operation and execution. 

The data acquisition c8n be either stopped 
immediately or at the end of the current sweep. It will 
stop automatically if the preset count or preset time 
condition is met. In that case, the preset values: will b e  
automatically incremented by the initial values to enable 
continuation of the data acquisition. During data 
acquisition, one of the program options enables the time 
period between successive events in the FC scaler to be 
continuously monitored and a warning to the operator 
generated whenever the period exceeds the selected time 
duration. Exit from the program is possible at imy time 
without any loss of data or information, since before 
exiting all the data are automatically stored onto the disk 
and read later when the program is restarted. 
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SAMPLING CALORIMETER RESEARCH AND DEVELOPMENT 

K. L. Wolf, A. D. Chacon, R. K. Choudhury, J. E. Simon-Gillo, R. Erkert, M. LaFrance, 
B. Sadhwani, S. Johnson, S. Watson, S. Potter, E. Whitesell, and N. Jevtic 

Among the various methods used for calorimeter 
readout, the scheme of wavelength shifting optical fiber 
coupled to plastic scintillator plates is one of the most 
efficient of the known techniques in terms of hermeticity 
and response. An optical fiber readout scheme for 
sampling calorimetry has been developed in an extension 
of earlier work performed at Texas A&M for the 
Participant Calorimeter project.' The original scheme 
outlined by Albrow, gt 4.: was extended to provide 
much better, more reliable response from plastic 
scintillator plates, into each of which a single 1.5 mm 
diameter plastic optical fiber was bonded along the plane 
of the plate. The green fiber absorbs UV and blue light, 
Shih the light and transmits through the length of the clad 
fiber. With the proper scintillator and bonding methods, 
rather high response levels were obtained, up to 10-15 
photoelectrons for a minimum ionizing electron through a 
3mm thick scintillator plate, read out with a 7% efficient 
phototube (in the green), or over 200 photons collected. 
This type of light collection in terms of photons rivals 
conventional lightguides, but has the advantage of a high 
concentration of light into a small fiber. Many plates can 
be read out with a single phototube, and dead regions in 
the calorimeter can be minimized. 

For conventional hadronic calorimetry, the superior 
response obtained allows the use of much thinner 
scintillator plates and thus can allow an increase in the 
energy resolution through the parallel use of thinner lead 
plates. High resolution electromagnetic calorimeters can 
be more easily constructed in a compact manner and still 
maintain good photoelectron statistics. In the present 
project, instead of pursuing the scheme of one bonded 
fiber per plate, which is quite labor intensive and 
relatively expensive in requirements for the active readout 
device, a solution was developed whereby the light from 
an entire calorimeter tower is concentrated into one 
optical fiber. Wavelength shifting fibers run 
perpendicular to the scintillator plane in a tile-type 
structure and a single fiber can read out many plates, e.g. 

up to 75 here as shown in Fig. 1 for the test section under 
construction. (This is called a "shish kebab" design in 
later high energy physics developments.) In terms of an 
integrated solution, the current scheme essentially 
eliminates dead regions and allows the use of a small-area 
type readout devices, such as photodiodes, solid state 
phototubes, or as chosen here, segmented anode 
phototubes. The cost of the active readout device is 
reduced approximately one order of magnitude compared 
to conventional phototubes, which is most significant in a 
finely segmented device. In the development project it 
was found that sufficient photoelectron statistics are 
obtained despite limited fiber contact area, to allow a 
relatively high resolution device to be made, Le., 
somewhat better than lead-glass. Problems with 
uniformity of response with a similar scheme3 have been 
solved with appropriate scintillator, reflector, and optical 
fiber combinations, and reduced to the few percent level. 
In the test section a response of 5 pe/mip is obtained from 
a 3mm thick scintillator. Collection is made with a single 
1.5. mm diameter unbonded fiber in perpendicular 
geometry. 

The original goals in the construction of the test 
section included the proof of the technology in a cost 
effective device which is hermetic (for EM energy here). 
The use of inexpensive construction methods was 
emphasized with the future application for a large lo5 
tower device for RHIC.4 A goal of the original proposal 
for high energy resolution from a sampling calorimeter, at 
4.5%/~@ was later modified when simulations for RHlC 
were started, with particle identification (EM energy 
separation) being considered more important in the RHIC 
environment. Thus the energy resolution target was 
relaxed to 7.5 - 8 % m w i t h  provision for 3-4 fold variable 
longitudinal segmentation in a highly compact hermetic 
device. This reduced energy resolution was considered 
more practical for energy ca l ib ra t ion / s t ab in  reasons 
and for compactness, since 2 mm thick lead could be used 
instead of twice the number of planes of 1 mm lead and 3 
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mm thick scintillator. There is no reason found, however, 
that a 4-5% resolution device cannot be built with the 
present technology. It would require the use of bonded 
optical fibers for enhanced light collection. Bonding of 
the optical fiber results in an increased light collection 
amounting to a factor of 2-3 in all cases studied. 

The layout of the test section shown in Fig. 1 
features a tower area of 2.5 cm X2.5 cm and is well 
matched to the problem of EM shower reconstruction and 
neutral pion measurements. Monitoring is performed by 
feeding blue tight into a clear fiber that runs parallel to the 
WLS fibers. Table I gives some measurements of the 
response of the coupling scheme. More details of the 
development of the technology for the WLS fiber optic 
light collection are given elsewhere.’ 
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During the past year, we have continued our work on 
the photon detector for the MEGA experiment at Los 
Aiamos. The MEGA photon detector is designed to 
observe the 52.83 MeV photon produced in a p - q  decay 
with an energy resolution of 1.25 MeV, a position 
resolution of 2x5mm2, a directional resolution of loo, a 
time resolution of 500 ps, and an efficiency of about 
5.4%. (All quoted resolutions are FWHM.) It will 
consist of three independent concentric cylindrical pair 
spectrometers mounted within a 1.5 T magnetic field 
produced by a superconducting solenoid magnet. Each 
pair spectrometer includes two thii (0.045 radiation 
lengths each) F% foils to convert photons into e+e- pairs. 
The two smaller pair spectrometers will have three drift 
chamber layers to track the e+e' pairs and thereby 
determine both their locations and their vector momenta. 
The third pair spectrometer will have four layers of drift 
chamber, together with a larger turning region, to provide 
better tracking information for high energy photons such 
as those from the 7rO-27 decay. The inner drift chamber 
layer in each of the spectrometers includes a delay line 
cathode to determine the z coordinates needed for track 
reconstruction. An MWPC located between the two Pb 
layers identifies the conversion layer so that energy loss 
corrections may be applied, while plastic scintillators 
provide timing information. The scintillators and 
MWPC's also participate in the fmt-stage trigger, which 
requires a hit pattern that is characteristic of showers 
produced by photons with transverse momenta of > 35 
MeV/c. The two outer drift chamber layers also provide 
the information necessary for the second-stage trigger, 
which rejects a large fraction of the first-stage triggers 
that are due to accidental coincidences while passing 
nearly all of the true e+e- pairs associated with high 
energy photons. 

Our group, together with a group from the University 
of Houston, is responsible for the design and construction 
of the photon detector, as well as developing the computer 
d e s  necessary for Monte Carlo simulations and data 
analysis. The division of labor between the two groups 
has the Houston group responsible for the construction of 
the wire chambers and their associated electronics, while 
our group is responsible for software development and 
construction of the scintillators. W also were given the 
task of developing the delay line cathode read-out system 
for the drift chambers. 

During the past year, our efforts have focused 
primarily on software development, completion of the 
delay line tests, and development of electronics for the 
scintillators and delay line read-out. A run at LAMPF 
during the summer of 1990 contributed important data for 
these tasks, although delay line bench tests have also 
proven to be invaluable. Optical windows were glued 
onto the light guides required for the third pair 
spectrometer during the fall of '91, thus completing the 
construction of all of the light guides that are needed for 
the experiment. In addition, we have made major 
contributions to the development of a proposal to measure 
the Michel parameter, p,  using the MEGA positron 
detectors. The rest of this report describes our recent 
work on the tasks outlined above. 

Drift Chamber Delav Line Cathode Z Read-out 
In order to achieve our target photon resolution goals 

as described above, we must be able to determine the 
positions of the hits along the anode wires (the z dmtion) 
of the innermost drift chamber layers to within =5 mm 
FWHM. In last year's progress report, we described the 
tests which had been carried out to determine the 
properties of 174-cm long delay lines. Two different 
types of delay lines were used: (1) full length lines 
produced by BuckbeeMears (BM), and (2) half length 
lines provided by Tech-Etch (TE) which were spliced 
together to form full length lines. The beam studies of the 
delay line test chamber in the MEGA magnet provided our 
fmt realistic look at the performance of full-length lines. 
However, because of the tracking ambiguities through the 
chambers and the subsequent uncextainty in the z 
assignment, only a small region, the middle 20 cm of the 
delay l ies ,  was tested in detail. After the beam studies, 
the delay line testing was extended to the full length of the 
delay lines using a collimated %r source. From the 
source tests, we found that there existed substantial signal 
attenuation and risetime degradation through the long 
delay lines. Thii resulted in rapid deterioration of the z 
resolution away from the middle of the delay line. (In the 
middle, both the BM and TE delay lines achieved z 
resolution of 5 mm (FWHM) or better in the source tests). 
The deterioration was much worse for the BM delay lines 
than for the TE lines. The resolution (quoted as FWHM 
deviation from a faed z) of the TE lines varied from less 
than 5 mm in the middle of the delay lines to about 8 mm 
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toward the ends while the BM line also achieved 5 mm in 
the middle but was about 13 mm near the end. It was 
decided in the June '91 MEGA collaboration meeting that 
we would use the Tech-Etch delay lines on the layer two 
pair spectrometer and would continue investigating other 
options involving full length lines for the other pair 
spectrometers. 

As we noted in last year's report, two important 
parameters of the delay lines are the line impedance (2) 
and the propagation velocity (v). 2 and v are related to 
the distributed inductance (L) and capacitance (C) of the 
delay line by: Z m ,  and v = l m .  In the BNL 
internal report by R. Bosshard &.,l the delay line 
inductance is shown to be proportional to a(3 + m), 
while the capacitance is e,a(l +w/e), where a is the delay 
line width, s is the trace to trace spacing, w is the width of 
copper trace, e is the thickness of the dielectric material, 
and e, is the relative dielectric constant of the substrate. 
For the BM delay lines, a=10.05 mm, s=w=250 pm, 
e=100 pm, and E,-3.6, and for the TE delay lines, 
a=9.5 mm, s=w=250 pm, e=125 pm, and ~ ~ ~ 3 . 6 - 4 . 0 .  
In order to increase the impedance of the line which 
improves both its risetime and signal to noise ratio, it 
would be advantageous to increase the inductance because 
this will boost 2 and lower the transmission velocity at the 
same time. The inductance has already been increased 
several times due to the half-period shiff of the top and 
bottom traces,'.2 and as given by the equation above, is 
fixed by the delay line geometry. The next possibility is 
to lower the capacitance, which may be accomplished by 
either using a substrate with a smaller dielectric constant 
or by increasing the thickness of the substrate. The 
dielectric material used in the BM delay lines is 
polyimide, a KAPTON-like film, and for the TE delay 
lines it is KAPTON film from du Pont. The dielectric 
constant for the two films is given as 3.6 to 4.0 at 1 MHz. 
Teflon, polyethylene, and rexolite (polystyrene) are 
possibilities for the substrate, with dielectric constants 
ranging from 2.1 to 2.5. They also exhibit a factor of 10 
better dielectric loss than KAPTON, which would help in 
reducing signal loss. Unfortunately we were not able to 

fmd a vendor who could laminate a sheet of copper over 
these materials. The other difference between the BM and 
the TE lines which we found to be important was the 
adhesive that was used to bond the copper onto the 
dielectric film. The BM lines used an adhesive which had 
a substantially higher dielectric constant than that used by 
du Pont for the TE lines. Since the adhesive is > 30% of 
the substrate, this difference could account for the larger 
degradation observed in the BM lines. We were able to 

locate a supplier (Sheldahl) of copper laminated ICAPTON 
that used an adhesive with similar properties to that of the 
TE lines. BuckbeeMars made ten long delay lines Bw 
us with this material for testing. We found that the new 
lines had nearly identical performance to the spliced TE 
lines. However, the materials and manufacturing costs 
would be nearly four times that of the spliced :l'E lines. 
The labor involved in making the connections would nlDt 
make up the production cost diffmtial. Consequently, 
we have decided to use spliced Tech-Etch delay lines in 
all of the photon pair spectrometers. 

The Tech-Etch delay lines for the layer two pair 
spectrometer were delivered to Texas A&M in August arid 
September '91. They required substantial pnpratoiry 
work before they were ready to be mounted on the dnft 
chamber cylinder fabricated by our collaborators from the 
University of Houston. The major steps in dlelay hie 
preparation were: 

(1) Make electrical connections from the bottom of the 
delay line to the top. Because the bottom side of the 
delay line would be inaccessible to electrical 
connection after the delay lines were epoxied on the 
chamber cylinder, we used two side by side copper 
pads with top-to-bottom electrical connections 
provided using small, 25 pm thick, copper ]pieces lis 
shown in Fig. 1. 

(2) Splice two 87 cm long delay lines to form one 17'4 
cm length. Because the TE delay lines weid 
produced in 87 cm lengths, two sections neetied to he 
spliced together. Figure 1 illustrates the steps 
involved in the splicing process. ' h o  important 
cautionary points are (a) to keep the spliced delay 
lines straight (we had a special table with long 
straight parallel lines for this task), and (b) to make 
the solder joints facing the anode wires as smooth ais 
possible in order to minimize any potential sparking 
problems. 

(3) Repair small breaks in the delay line traces. 
Generally the quality of the TE delay lines was very 
good. The second photon spectrometer has 320 
anode wires, which means preparing 640 TE delay 
lines. Out of 640 lines only about 40 had at most one 
small break in a trace. Thcse were repaired a s  
illustrated in Fig. 2. 

After the delay lines were prepared, thle actucil 
installation on the chamber cylinder was done by our 
collaborators at University of Houston. The delay lines 
for the innermost pair spectrometer were put togefier this 
spring following the procedures outlined above. Again 
the quality of the lines that we received from Tmh-Etch 
was found to be quite good. 
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two sides soldered 

0.025 mm thick Cu foil 
0.034 mm thick Cu trace 

0 127 mm thick substrate, 
KAPTON-acrylic adhesive 

Fig. 1. A schematic view of the delay lines. Insem (a) 
and (c) show the geometry of the Line while 
insert (b) shows the steps involved in splicing 
two linea together. 

Fig. 2. Insert (a) shows the appearance of a typical 
broken dehy line and (b) demonstrates how it 
would be repaired. 

Data Analvsis 
As was noted in last year's report, a new computer 

workstation, a DECstation 5000/200, was delivered to the 
Cyclotron Institute for MEGA data analysis in December 
'90. This system was chosen to provide compatibility 
with the four-node DECstation 5000/200 microprocessor 
farm that was recently purchased at LAMPF both to serve 
as the first installment of the MEGA on-line software 
trigger and to provide off-line analysis capabilities. 
Following the installation of the Unix operating system, 
which was completed by early February, we began 
porting the MEGA REPLAY code to the DECstation. 
Not including the Single Event Display (SED), this code 

consists of well over 20,000 lines of FORTRAN, which 
originally was intended to run under the VAX VMS 
Version 5.0 operating system (and consequently included 
many VMS system calls), together with extensive use of 
CERNLIB and Q routines and the Template device 
independent graphics library. Fortunately, CERNLIB is 
available for the DECstation. Also the Template graphics 
library is available for the DECstation, and during this 
past year the MEGA collaboration decided to purchase the 
DECstation license in order to continue using the software 
developed assuming suppoit from Templatebased 
graphics. The Q routines which primarily supported tape 
operations were rewritten. 

The REPLAY code, without SED, was ported to the 
DECstation after about 2 months of work. With 
REPLAY operational for off-line use, analysis of the 
photon data obtained from inner Bremsstrahlung muon 
decay during the summer '90 run was able to get 
underway. The photon chamber that was used in the '90 
run had several deficiencies which impacted the track 
fmding algorithms. Three major problems were: (1) the 
MWPC part of the chamber was not operational; (2) the 
drift chamber efficiency was typically 95% or less; (3) we 
had no z-read-out. The lack of a working M W C  
removed a part of the tracking routines that Monte Carlo 
(MC) studies indicate will be particularly useful to locate 
the vertex of an event for the full chamber. The rather 
poor efficiency resulted in many more missing cells than 
we had planned on in the MC studies. Also missing 
(broken) wires presented problems when they occurred in 
an important part of the event, such as near the vertex or 
edge. The lack of z-read-out meant that only the 
perpendicular momentum could be found. This deficiency 
made the attempt to look at photon resolution with a' + y 
+ y useless. We began the analysis with installation and 
debugging of the pattern recognition code (PRC) which 
we had developed over the past few years based on MC 
simulations. Using a GKS version of the SED routine 
(see last year's report for details), we were able to do low 
statistics checks of the PRC to determine what types of 
problems were not being handled properly. From this 
visual examination, we found that nearly all of the events 
which were being mis-identified either had noise hits or 
multiple hits due to cross talk in both the chamber and the 
electronics. The MC based algorithms required only very 
minor modifications to eliminate these problems. 

The next level of problem occurred when we began 
to do circle fitting. Determining the drift chamber cells 
that are to be fit for the first pass of the electron and 
positron pair is also a part of the PRC. Again, a few 
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minor modifications were needed in the tagging routines 
to eliminate noise hits and to limit the acceptable width of 
an event where only one member of the pair made it into 
the third drift chamber layer. A least squares circle fitting 
routine, similar to the one used in the original MC 
analysis code, was used to determine the circle radii. In 
order to extract a perpendicular momentum, it was 
necessary to calibrate the drift chamber response. This 
was done using cosmic ray data that had been taken with 
the magnetic field on, thus including the x 8 effect in 
the time to distance profiles. (We plan to use this 
calibration data as a "starting point" for the drift chamber 
calibration in the summer of '92.) While looking at the 
calibration data in detail, it became apparent that we could 
significantly reduce cross talk in the chamber (charge 
leaking from one drift chamber cell to a neighboring cell) 
by imposing a cut on the drift time. The effect of such a 
cut was to "clean up" events by removing extra hits. Of 
course, such a cut also modified the efficiency of the 
chamber. Thus a systematic study was carried out to 
determine the best cutoff, maximizing the chamber 
efficiency and the fits done by the track finding 
algorithms. In order to compare the muon data to MC 
simulations, the MC generator was modified to include all 
of the defects, except the x 8 drift response, that we 
had in the test chamber. Also, positron annihilation in 
flight was included in the event generator and a set of 
events were produced. The MC data were analyzed with 
exactly the same routines that were used for the muon data 
analysis. Figure 3 shows a comparison of the inner 
Bremsstrahlung data from muon decay to the MC 
prediction. A x2 cut was imposed on both the MC and 
muon data to remove the poor fits from the data set. The 
results are quite encouraging; we find a good fit to the 
data over the entire energy range. There is a high energy 
tail present at the few percent level in both the real and 
the MC data sets. The MC reproduces the intensity of 
this tail to within about 10%. The high energy tail that is 
seen in both data sets is due in part to circle fits that tend 
to make a series of hits tangent to a large circle. This 
effect is an artifact of the circle fitting algorithm and is not 
something indicative of a problem in the detector system. 
The defects that we noted above reduced the efficiency of 
the system below what we have quoted. To see how this 
translates to a "final detector," we have run off 52.83 
MeV MC events without the detector defects and 
processed them with the modified algorithms. We find an 
expected eficiency of about 1.7% for the innermost pair 
spectrometer, which is close to the value that we were 
expecting based on previous MC data. 
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Fig. 3. Results from the analysis of the h e r  
Bremsstrahlung data (solid line) taken during the 
summer of 1990 compared to the Morite Carlo 
generated spectrum (dashed line). Bothi the data 
and the MC results were smoothed in (at). 

Most of the effort from the '90 data run hari fmuscd 
on understanding the detector performance compared 'to 
MC simulations and determining the modifications which 
will be needed for the on-line routines that will be ustd 
for this summer's run. Thus, not all of the modifications 
to the fitting routine have been implemented that would 
improve its performance. 'Avo constraints that we plan ib 

add would greatly reduce the problem of overestimating 
the perpendicular momentum for small circles. One of 
these is to add a constraint on the fitting routine which 
requires that the two "fmt pass" circles intersect nearly 
tangent to each other in the vicinity of the vertex locatioio. 
A second constraint would be to limit the size of the circle 
that we could fit for an event where one member of the 
pair made it only into the second layer of drift chambers. 
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This modification should help to eliminate the problem 
that we have observed where large circles get fit 
(incorrectly) to the low momentum side of these events. 

Another part of the software effort that our group has 
undertaken is to move SED to the DECstation. As we 
noted above, SED was written for a VAX workstation and 
the program has many VMS system calls embedded in it. 
In addition to moving the code to the UNlX platform, 
several enhancements are being made. These include: (1) 
interfacing the SED and MEGA databases; (2) showing 
the reconstructed tracks for both the photon and electron 
arm detectors from either cosmic ray or muon generated 
events; (3) adding photon layers 2 and 3 to the code. 
Much of the work in implementing SED and adding the 
enhancements has already been completed. The task 
remaining to be completed is fitting straight through tracks 
(from cosmic rays or muons with the magnet off) through 
the chambers. Also some sections of the code are being 
rewritten in order to make it more efficient. 

Electronics 
Our group is responsible for all of the electronics 

necessary for the photon arm scintillators, together with 
the front-end electronics required to implement the delay 
line read-outs. A block diagram of the electronics for the 
photon scintillators is given in Fig. 4. The basic scheme 
was worked out several years ago, but we finalized the 

designs of the various modules this past year based on our 
experiences at LAMPF. The 1990 run was the fmt time 
that we had access to the actual ADC's that will be used 
for MEGA - 32-channel Phillips differential input 
ADC's. This permitted us to perform realistic checks on 
our linear fan-ins for the first time. We did tests with 
three different modules, eventually concluding that we 
obtained the best pcrfonnance with a design that uaed a 
high-speed Burr-Brown OPA-621 opamp as a summer, 
followed by a Mini-Circuits T l d T  transformer to convert 
the single-ended output of the opamp into a differential 
signal. This design choice required us to change the 
configuration of the linear buffer portion of our dual 
threshold discriminators. 

The first-stage trigger for MEGA, which is under 
construction at the University of Chicago, takes photon 
scintillator and MWPC signals as its primary inputs. The 
MWPC signals have a large amval time jitter due to the 
finite drift time in the chamber gas. The timing constraint 
for the first-stage trigger is that the photon scintillator 
meantimer outputs must arrive in coincidence with the last 
of the MWPC signals. For this reason, great efforts were 
expended prior to the 1990 run to speed up the MWPC 
signals, both by using the fastest possible electronics and 
by minimizing cable runs. The photon scintillator signals 
used much longer cable runs, since they were expected to 
be eariy in any case. The actual timing tests during 1990 

PHOTON SCINTILLATOR ELECTRONICS 
BLOCK DIAGRAM 
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Fig. 4. Block diagram of the photon scintillator electronics. 
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demonstrated that the photon scintillator signals amved at 
the appropriate time, even with their circuitous routing, 
but only just barely. Other trigger timing studies 
indicated that there would be significant benefits to the 
experiment as a whole if the first-stage trigger could be 
sped up. Since then, the University of Houston group has 
studied various alternatives to Ar-C2H6 as a chamber gas, 
in order to minimize the drift time in the MWPC gas. 
They have since settled on an Ar-CH4-isobutane gas 
mixture which is substantially faster than the original gas, 
thus forcing us to reduce the time that it takes for the 
photon scintillator signals to reach the first-stage trigger. 

We have completely reconfigured the layout of the 
photon scintillator electronics since 1990 in order to 
minimize cable delays. The new layout includes 
redesigned meantimers. Whereas the original meantimers 
sat in CAMAC crates, the new ones sit in the same card 
cages with the dual threshold discriminators. This 
meantimer redesign also permitted us to remove circuitry 
which has proven to be unnecessary and change 
components in order to reduce the propagation time from 
24 nsec to 15 nsec. Unfortunately, the new meantimer 
design places more stringent constraints on its input 
signals than did the original design. Previously, inputs 
from our scintillators could be anywhere from 15-24 nsec 
wide, whereas the new design requires them to be 15-18 
nsec wide. We changed the width controls in the dual 
threshold discriminators to give us finer channel-by- 
channel adjustments than previously available and added 
pulse stretchers to our logic fan-ins to compensate for this. 

The prototype delay line z read-out studies were all 
performed with differential pre-amps that were fabricated 
using standard dual-in-line electronics and through-hole 
PC board technology. During the past year, we 
redesigned the pre-amp using surface mount components 
to reduce the space required. At the same time, 'we 
changed the power distribution. The original circuit used 
+5 V, -5 V, and ground all as "working voltages." The 
final delay line electronics is to be integrated with the drift 
chamber and MWPC electronics that has been developed 
at the University of Houston. This requirement forces us 
to eliminate ground as a working voltage in order to 
minimize ground loop problems, and implies modest 
changes in the other power voltages. Figure !i showit a 
schematic of the new delay line pre-amp. The entire 
circuit fits on a board which is only 1.14" x 0.94", with 
components and traces on only one side anti a solid 
ground plane on the other. The new design has the same 
gain as the preamps that were used in the protcitype tests 
and a rise-time that is approximately 1.5 nsec faster. 
Tests have also proved it to be very stable in a broad 
range of configurations. 

The output of the delay line pre-amps is fed to a 
circuit that combines the functions of a CFD, a delay, and 
a logic gate. Figure 6 shows a schematic of this module. 
The front-end CFD circuitry is identical to that which we 
used during our prototype tests. The delay and gate 
circuitry is required by the wire chamber multiplexiing 
scheme for MEGA. The delay allows the first-stage 
trigger enough time to identify candidate events and open 

2.7 pF 

+5.5 
T 

+5.5 
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Fig. 5. A schematic diagram of the delay line surface mount differential pre-amplifier. 
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gates that indicate their location in phi around the pair 
spectrometer. The gates then pass on only those wire 
chamber hits that are near the first-stage trigger to passive 
OR circuits that fan them together and send them on to 
Fastbus TDC's. The delay and gate circuitry was 
originally developed at the University of Houston for use 
with the drift chambers and MWPC's. We copied it here 
for the delay lines. 

At present, the scintillator and the delay line 
electronics for the inner two pair spectrometers are under 
construction. The scintillator electronics is being 
fabricated at Texas A&M. The front-end delay line 
electronics is being built according to our designs under 
LAMPF supervision. The back-end delay line electronics, 
including OR circuits and control modules which drive the 
gates from the first-stage trigger, are under construction at 
the University of Houston. 

Measurement of D 

During the past year, the MEGA collaboration 
proposed an auxiliary experiment to improve the 
measurement of the Michel parameter, p which was 
approved by the PAC in August '91. We hope to achieve 
a precision of Aplp = 0.001 during the summer of '92 
using the existing MEGA positron spectrometer. 
Compared with the present best value, p = 0.7518 f 
0.0026 from an experiment performed more than 25 years 
ago,3 the proposed precision will be three times better 
than the current level. Thii result will further test the 
Standard Model and allow us to search for evidence 
suggesting physics beyond it. A particularly interesting 
example of a theoretical extension of the Standard Model 
with reference to p is the Left-Right Symmetric Model4 
based on the gauge group SU(2),x SU(2&x U(1). In this 
model the weak charged current is camed by right as well 
as left handed bosons (WL, WR). A straightforward 
derivation, assuming a light vR, gives the following 
approximation for p:p = (3/4)(1 - 2{' ), where the 
parameter {is the mixing angle between the two bosons. 
In this model, the result for p is independent of the mass 
of WR. At present, the best limit on l, I {I< 0.043 (90% 
C.L.), comes from our current knowledge of p. It is 
obvious that the proposed accuracy of the p measurement 
will significantly restrict the allowed mixing angle t and 
thus complement other experiments that test the left-right 
symmetric model. The present experiment will also 
permit an informed study that may lead to a second-stage 
experiment dedicated to improving the precision of p to 
&Ip = 0.0003. Such an effort would be undertaken after 
the MEGA experiment has been completed. 

We plan to obtain p by measuring the positron energy 
spectrum in normal muon decay, /.I - evi with the muon 
decaying at rest in the MEGA detector system. A surface 
p beam is produced by T decay at rest at the Stoppd 
Muon Channel target. We plan to use a beam with a 
momentum tuned to 25 MeV/c and a relatively smtrll 
momentum spread using the so called Souder tune.' Other 
beam tunes are also being investigated. For example, a 
muon beam of reversed polarization can be obtained if the 
SMC is tuned for low momentum muons produoed by 70 
MeV/c pions decaying in fight. It is important to have 
different beam tunes because they can be used to check 
systematic errors. 

The positron spectrometer part of the MEGA, detector 
consists of 176 strips of plastic scintillatort; and 8 
MWPC's. The electron scintillators form two hollow 
barrels coaxial with the beam, located upstream arid 
downstream from the target. The scintillator strips are 
each 30 cm in length and are approximately rhomboidal in 
cross section with an acute angle of roughly 60'. The 
MWPCs are cylindrical in shape and 126 cm long. Seven 
chambers have diameters of 12 cm; the eighth chamber 
has a diameter of 22 cm. The chambers are arranged such 
that the seven smaller ones surround the larger central oric 
which is coaxial with the beam. Each chamber hais a layer 
of anode wires sandwiched by two cathode foils with a 
wire to cathode foil gap of 1.75 mm. The anode plane 
consists of 15 p diameter gold-plated tungsten wires wi1.h 
1.3 mm spacing. The cathode foils are 25 p thick 
KAPTON with vapor-deposited copper of '200 nm 
thickness on one side. The copper surfaces are scribed 
into 3 mm wide stripes for independent read-out. These 
stripes are made to spiral exactly 360° over the whole 
length of the chambers with an opposite sense of rotation 
on inner and outer foils. The central region of the large 
MWPC is a single cathode surface. The MWPCs are 
operated with a gas mixture of 80% CF4 and 20570 
isobutane. The whole electron spectrometer is contained 
within the innermost 60 cm diameter region of the: MEGA 
magnet. The beam enters along the axis of the solenoicl. 
stops in a thin vertical target and decays at rest. Under 
the influence of the magnetic field, a positron from the 
muon decay is confined to the central region. The trigger 
for a normal muon decay event is given by the OR of the 
finely segmented plastic scintillators. The track of the 
positron, which is a helix, can be reconstructed from the 
coordinates of chamber hits. The locations of MWPC 
wires provide the (x,y) pairs, while the z-positions are 
calculated from the intersection of spiral cathode strips 
and the wires. The momentum of the positron is then 
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derived from the parameters of the helix. 
Data from the electron chambers and scintillators are 

encoded and stored in FASTBUS latches, TDC's and 
ADC's. A block of typically 25 events from a LAMPF 
macropulse is read from FASTBUS memory and 
transferred through VME to one of the microprocessors in 
our work station farm. The events are sorted, filtered and 
compressed in the workstation farm and then transferred 
to magnetic tape for off-line analysis. 

Since the polarization of the muon beam is greater 
than 99%, it is desirable to exclude the polarization- 
dependent term in the general expression for the decay 
amplitude6 to avoid complications caused by other Michel 
parameters. The high degree of symmetry between the 
upstream and downstream parts of the detector enables us 
to eliminate this term by summing the measured spectra at 
f cos 8. Therefore only the 'unpolarized' portion of the 
spectrum remains. Once we obtain the energy spectrum, p 
can be extracted by fitting the experimental spectrum to a 
linear combination of two normalized Monte Carlo spectra 
ryc(x) and r,MC(x): rExp(x) = d F ( x )  + pI',Mc(x), where 
I'yC(x) is the nominal positron spectrum with p = 0.75, 
I'yc(x) gives the incremental change in the energy spectrum 
corresponding to a deviation in p from 0.75, and x = 
E,/E-. By a proper calibration, the Michel parameter p 
can be determined from the ratio pia. At a magnetic field 
of 1.5 T, which is the field used for the search of the rare 
decay of the muon, the electron spectrometer is sensitive 
to positrons with energies above x = 0.57 (Ec = 30 
MeV). However the detector acceptance for the energy 
range 0.57 < x < 0.74 varies rapidly at this field. Thus 
we plan to determine p from the shape of the spectrum 
between 0.75 < x < 1.0, over which range a subset of 
the data has a flat acceptance. This is sufficient for our 
purpose although not ideal. The expected statistical error 
is 2 .75h6 ,  where N is the number of events. For the 
precision we propose to achieve it only takes about 13 
hours to accumulate such a data sample. Thus the 
experiment is not limited by statistical errors but rather by 
systematic errors as discussed below. 

When summing the upstream and downstream spectra 
it is unavoidable that there may be mismatches between 
the upstream and downstream detector responses, which 
include different detector element efficiencies, angular 
acceptances at the upstream and downstream ends, and 
different energy offsets for upstream and downstream 
tracks. These mismatches will lead to an imperfect 
cancellation of the polarization dependence. Thus a broad 
class of systematic errors stem from these instrumental 
shortcomings. Being aware of this, we have looked for 

additional possible sources of systematic errors. They 
include the transverse beam spot not centered on the 
target, the displacement of the target from the center of 
the detector system, the beam stopping distribution inside 
the target, the nonuniformities of the magnetic field, the 
efficiencies of the different detector elements, and their 
misalignments in both azimuthal and z directions. Other 
sources that can cause systematic errors include the 
accuracy of the reconstruction program, contamination 
from background, and physical processes such as muon 
decay in flight, electron-positron annihilation, and second- 
order radiative corrections. 

An extensive Monte Carlo study has been cam& out 
to obtain the sensitivity of the p measurement to these 
sources of systematic errors. Some of the flaws 
considered above turn out to make negligible contributions 
to the systematic error at the level of precision considered 
here. Those that do make significant contributions can be 
controlled to our tolerance using various schemes. For 
energy offsets the sharply falling edge of the spectrum at 
52.83 MeV provides excellent sensitivity to a mismatch. 
We can then correct the shift by sliding the spectra to find 
the best matches either between the upstream and 
downstream spectra or between the experimental and 
Monte Carlo reference spectra. We will map the 
magnetic field to the needed accuracy. We will use the 
positron straight line and helix tracks, corresponding to 
magnet off and on respectively, to locate the positions of 
the chambers as a whole as well as individual wires and 
cathode stripes. The chamber efficiency can be also 
determined using this technique. We will use a trigger 
requiring a hit in the cathode of the large M W C  to obtain 
the absolute efficiencies of the scintillators. In our data 
analysis we will make a fiducial cut on the ends of the 
scintillators demanding that the upstream and downstream 
regions are symmetric about the target. The centroid of 
the beam stopping distribution may be centered in the 
target by fine tuning the beam momentum to match the 
upstream and downstream energy shifts. If we choose a 
reasonably thin target and fit the spectrum with the upper 
limit well away from the end point, we  can reduce the 
systematic error caused by the energy resolution smearing 
due to energy loss in the target to a negligible level. The 
physical processes mentioned above will be included in 
the revised Monte Carlo program for reference spectra 
I'rc(x) and I'rc(x). We will limit the background by 
utilizing an 2 x ii separator to reduce the positrons in 
the muon beam, installing a collimator upstream from the 
target to cut off the excess beam and setting a time 
window in the electronics to reject accidental events. 
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A 4% CsI DETECTOR OF HEAVY ION REACTION PRODUCTS 

B.Xiao, G.Derrig, K.Hage1, R. Wada, J.B.Natowitz, 
J.Li, Y.Lou, D.Miller, D.Utley 

We have finished the design of a nearly 47r CsI(Tl) 
crystal array which was originally proposed by Vanderbilt 
University.' It will be used in conjunction with the Heavy 
Ion Light Ion (HILI) detector built by ORNL which is 
now located here and with the Texas A&M University 47r 
Neutron Ball to provide a comprehensive particle detector 
system for the full event reconstruction of complete and 
incomplete fusion reactions induced by heavy ion 
reactions. 

Fig. 1. Schematic three-dimensional view of 96-piwe 
crystal array. 

A schematic three-dimensional view of the 96-piece 
CsI crystal array is shown in Fig. 1. Light guides and 
PMTs are not included in this picture. Figure 2 shows a 
half-plane view of the detector in the vertical plane which 
contains the beam line. The array consists of 7 separate 
rings coaxial about the beam. Every Csl crystal is backed 
by a light guide and a PMT. Individual rings are labeled 
by the numbers from 1 to 7. We have abandoned the 
traditional equal solid angle geometries since that 
approach leads to unacceptably high multi-hit probabilities 
in individual charged-particle detector elements for the 

inverse reaction events.' Since the angular distributions 
of the emitted particles will be strongly forward peaked,2 
the most forward ring (ring 1) which sees the highest 
counting rates subtends the smallest solid angle. We use 
much larger solid angles in the 2 backward rings which 
see much lower counting rates. The number of crystals in 
each individual ring, the distance from the center of each 
crystal to the target, the thickness of a crystal in each 
different ring, the polar angle coverage of each ring and 
the solid angle coverage of a crystal in each ring are 

BEAM 

Fig. 2 Half-plane view of the detector. 

shown in Table 1. The front face geometries of the 
individual crystals in different rings are shown in Fig. 3. 
The back face of each individual crystal is geomc-tricalljr 
similar to the front face and subtends the same solid angle 
with respect to the target location. The opening angle of 
20" for the most forward ring is matched to the HILI 
counter geometry. 

For phototubes, we have chosen the HAMAMATSLI 
R1925 PMT because of its fast time response (typ. r ise 

time=2ns) and short length (L=2in). Fig. 4 shows a sidi: 
view of a crystal backed by light guide and a PMT with 
base. 
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Table 1 

Ring ID. 1 2 3 4 5 6 7 

N 16 16 16 16 16 8 8 

D(iNll) 167.57 132.16 108.80 90.00 90.00 90.00 90.00 
T(iNll) 30 25 20 15 10 10 10 
AWDeg. ) 20"-27" 27"-38" 38"-52" 52"-75" 75 " - 105" 105"- 135" 
AQ(mRad) 18.675 38.145 64.322 136.516 202.939 370.664 

1 35 " - 1 70" 
230.089 

N: number of crystals in  each individual ring 
D: 
T: thickness of each crystal 
A 0 :  
AO: 

distance from the center of each crystal to the target 

polar angle coverage of each ring 
solid angle coverage of each crystal 

Fig. 3. The front face geometries of the individual 
crystals in the different rings. 

This CsI(T1) ball will cover approximately 92% of 
4 ~ .  The loss in solid angle reflects: (i) the back hole for 
beam entrance and the front exit hole (~3.7% of 44; (ii) 
the gaps for optical isolation of detectors and allowance 
for mechanical tolerances ( ~ 2 . 4 %  of 47r); (iii) the 
removal of one crystal at 90" to insert target holder 
(~1.6% of4ff). 

Prototype Lucite crystal models are now nearly 
completed at Vanderbilt University. Detailed design of 
the chamber is being completed at Texas A&M 
University. We will put a thin plastic scintillator foil in 
front each CsI crystal to produce a phoswich detector. In 
order to calibrate the phoswich detectors more easily and 
more accurately, we will put one AE Si detector in front 

of one crystal in each ring. Experiments with this detector 
should take place in the late fall of this year. 

REFERENCES 
1. C. F. Maguire, g d., Proposal of A Comprehensive 

Detector of Heavy Ion Reaction Products. 
2. R. T. de Souza, g d., The MSU Miniball 4~ 

Fragment Detector Array. (MSU preprint, April, 
1990). 

Fig. 4. Side view of a crystal backed by a light guide 
and a PMT with base. 
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SIMULATION OF A BEAM PROFILE MONITOR 

J.Li, R.Wada, K.Hage1, J.B.Natowitz, X.Bin, Y.Lou, D.Miller, D.Ut1ey 

A beam profile monitor, consisting of a thin plastic 
scintillator and four PMTs, is being designed to monitor 
the beam profile at low intensity (up loe5 pps). The 
structure is shown in Fig. 1. We reconstruct the beam 
profile from photon numbers detected by four PMTs. The 
observed photon numbers are proportional to the solid 
angles (fluctuation must be considered), so 

N(0b.s.) = 0 x M) d0 x M) 

where NO is the total photon number created by the 
scintillator, We assume 0.5pm thick NE102 plastic 
scintillator and We beam at 10 Mevlu which emit about 
600 photons (NO). 

A simple Monte Carlo simulation program has been 
made for the simulation. In Fig. 2(a) an input profile used 
to generate events is shown and the reconstructed profile 
of Fig. 2(a) is presented in Fig. 2(b). Position resolution 
(AX) is also given in Fig. 3. 

This simulation indicates that we can reconstruct the 
beam profile with an order of AX=Smm for "NE beam 
and with better resolution for the heavier beam. 

Fig. 1. Schematic view of a beam profile monitor. 
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PION CONTRIBUTION To K+-NUCLEUS 
SCATTERING 

S. V. Akulinichev 
Phys. Rev. Lett. 68,290 (January, 1992) 

The contribution of virtual pions to the total K+- 
nucleus cross section in the PL = 450-1000 MeVlc region 
is found to be about 10%. With this contribution, the data 
can be explained without the assumption of nucleons 
"swelling" in the nucleus. 

DISAPPEARANCE O F  FLOW IN INTERMEDIATE- 
ENERGY NUCLEUS-NUCLEUS COLLISIONS 

Hong Ming Xu 
Phys. Rev. Lett. 67,2769 (Nov., 1991) 

The disappearance of transverse collective flow for 
*AT+~'A~ collisions is studied with an improved 
Boltzmann-Uehlig-Uhlenbeck equation. For collisions at 
impact parameters less than 3 fm, the predicted energy of 
balance, EU, is very sensitive to the in-medium nucleon- 
nucleon cross section, but insensitive to the equation of 
state. At larger impact-parameter collisions, the 
sensitivities to both the in-medium nucleon-nucleon cross 
section and the equation of state at subnuclear density 
become comparable. Comparisons with experimental data 
indicate an in-medium nucleon-nucleon cross section in 
the range of 25-45 mb. 

MEAN-FIELD EFFECTS AND APPARENT 
TEMPERATURES OF NUCLEONS AND 

ANTI-NUCLEONS 

V. Koch, G. E. Brown, and C. M. KO 
Phys. Lett. B X ,  29 (1991) 

It is shown that collective scalar and vector fields 
may affect particle spectra in heavy-ion collisions at the 
AGS energies. In model calculations, we  find that in 
particular the slope parameter of antiprotons is changed 
considerably leading to a lower apparent temperature than 
that of protons in qualitative agreement with preliminary 
experimental data. 

PHI MESON PRODUCTION IN HADRONIC MATTER 

C. M. KO and B. H. Sa 
Phys. Lett. Be (1991) 

The decrease of hadron masses in hot and dense 
hadronic matter as a result of the restoration of chiral 
symmetry increases substantially the phi meson production 
cross section from the reactions KR -. +p and KA -. t$N. In 
the hydrochemical model, we show that this leads to an 
enhanced production of phi mesons in ultrarelativistic 
heavy-ion collisions and may be responsible for the large 
t$/u ratio that has been recently observed in CERN 
experiments. 

SEARCH FOR RESONANT ELECTRON-POSITRON 
EFFECT O F  CHIRAL RESTORATION ON KAON ANNIHILATION-IN-FLIGHT 

PRODUCTION IN RELATIVISTIC HEAVY-ION 
COLLISIONS 

C. M. KO, Z. G. Wu, L. H. Xia, G. E. Brown 
Phys. Rev. Lett 66,2577 (May, 1991) 

W. H. Trzaska, H. Dejbakhsh, S. B. Dutta, Q. Li, 
and T. M. Cormier 

Phys. Lett. B B ,  54 (1991) 

We have studied the energy dependence of the 
Kaon production from meson-meson annihilation is electron-positron annihilation-in-flight cross section for di- 

enhanced significantly because of the decrease of hadron photon invariant masses in the range of 1600-2000 keV. 
masses in hot and dense matter as a result of the At the 95% confidence level, no resonances are observed 
restoration of chiral symmetry. We show that this can implying, for example, I'd$'< 6.6 meV at the location 
lead to enhanced kaon yield in high-energy heavy-ion of the anomalous peak in e+e- sum energy at ~ 8 0 0  keV 
collisions. observed in heavy ion reactions. 
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MEASUREMENT O F  SPIN-CORRELATION 
PARAMETERS A, AND A, IN p-p ELASTIC 

SCATTERING FROM 500 TO 800 MeV 

np ELASTIC SPIN TRANSFER MEASUREMENTS AI' 
788 MeV 

G. Glass, T. S. Bhatia, J. C. IIiebert, R. A. Kenefick, 
S. Nath, L. C. Northcliffe, W. B. Tippens, D. B. 
Barlow, J. J. Jarmer, J. E. Simmons, R. H. Jeppesen, and 

G. E. Tripard 
Phys. Rev. C. 45, 35 (1992) 

M. W. McNaughton, K. Koch, 1. Supek, N. Tanaka, 
K. H. McNaughton, P. J. Riley, D. A. Ambrose, 1. CI. 
Johnson, A. Smith, G. Glass, J. C. Hiebert,, L. C. 
Northcliffe, A. J. Simon, D. L. Adams, R. D. Ransome, 
D. B. Clayton, H. M. Spinka, R. H. Jeppeson, and 

G. E. Tripard 
Phys. Rev. C44,2267 (December 1991) 

The spin-correlation observable A, for p-p elastic 
scattering has been measured at energies 589, 640, 692, 
743, and 793 MeV, over a c.m. angular range between 
20" and 100'. the spin observalbe A, was also measured 
in this angular range at energies 640 and 793 MeV. At 
488 MeV both the spin observables were measured, but 
only near the c.m. angle of 90". The data are compared 
with the predictions of several phase-shift analyses and 
previous measurements. The energy dependece of A, for 
the c.m. angle of 90' is also presented and shows no 
anomalous behavior. These data provide better angular 
coverage over five of the energies, with comparable or 
better statistical precision, than previous measurements of 
A,. 

PHI MESON IN DENSE MATTER 

C. M. KO, P. Ltvai, and X. J. Qiu 
Phys. Rev. C. 45, 1400 (March, 1992) 

The effect of the kaon loop correction to the property 
of a phi meson in dense matter is studied in the vector 
dominance model. Using the density-dependent kaon 
effective mass determined from the linear chiral 
perturbation theory, we find that with increasing baryon 
density the phi meson mass is reduced slightly while its 
width is broadened drastically. 

We have measured the spin-transfer parameters K,, 
KsL' KLs' and K,  at 788 MeV from 47" to 177" c.m., and 
also uncovered a 10-16% nomalization discrepancy which 
affects all previous np elastic spin data from LAMP€. 
Results disagree significantly from previous phase-shill 
predictions. With the inclusions of these new data, the 
IWphase shifts and amplitudes (isospin 0 and 1) becom't 
well determined for the first time near 800 MeV. 

MONOPOLE STRENGTH IN S*Ni 

D. H. Youngblood and Y.-W. Lui 
Phys. Rev. C44, 1878 (1991) 

Differential cross section data from Oo to 8" for 
inelastic scattering of 129 MeV alpha particles exciting 
%Ni in the region of 14-22 MeV have been anallyzed to 
explore the existence of monopole strength at 
approximately E, = 17 MeV. The angular distribution 
for a peak at Ex = 17.0 MeV with r = 4.0 MeV br 
consistent with an EO transition exhausting 19 f 10% of 
the EO energy weighted sum rule (EWSR). The angular 
distributions for peaks at E, = 16.1 and 20.4 M i 9  with 
I' = 4.7 and 4.4 MeV, respectively, were fit by 
52 f 10% of the E2 EWSR and a combina,tion of 
E2 (6.9 f 2.0% EWSR) and EO (2.9:;:; T EWSR.). 

TEMPERATURE AND MASS DEPENDENCE OF 
LEVEL DENSITY PARAMETER 

S. Shlomo and J. B. Natowitz 
Phys. Rev. C44,2878 (Dec., 1991) 

We calculate the nuclear level density parameter 
over a wide range of nuclear mass and temperature, using 
a recently developed realistic model. The model 
calculations take into account the effects of finite size of 
the nucleus, the continuum states, the momentum and 
frequency dependence of the effective mass, and the 
variation of these effects with temperature. A reasonable 
agreement with recent experimental data is obtained. 

LEVEL STRUCTURE O F  'O'Tc INVESTIGATED 
BY MEANS OF MASSIVE TRANSFER REACTIONS 

H. Dejbakhsh, G. Mouchaty, and R. P. Schmitt 
Phys. Rev. C44, 119 (July, 1991) 

The structure of lo'TC has been studied using the: 
'mMo(7Li,cr2n) reaction at 49 MeV. Both particley and 
particle-y -y coincidence experiments were perlbrmed. 
The intensities of y rays both in and out of the reaction 
plane were measured to obtain information on the AloS 
the transitions. A new band based on thc xg9L! 
configuration was identified for the first time:. TCN 
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investigate the shape coexistence or configuration 
dependent deformation in this nucleus, interacting-boson- 
fermion-model and cranked shell-model calculatioils have 
been performed. Cranked shell-model calculations were 
used to interpret the states at higher excitation energies. 

PION CORRELATIONS IN RELATIVISTIC HEAVY 
ION COLLISIONS FOR THREE SYMMETRIC 

SYSTEMS 

A. D. Chacon, J. A. Bistirlich, R. R. Bossingham, 
H. Bossy, H. R. Bowman, C. W. Clawson, K. M. 
Crowe, T. J. Humanic, M. Justice, P. Kammel, J. M. 
Kurck, S. Ljungfelt, C. A. Meyer, C. Petitjean, J. 0. 

Rasmussen, and M. A. Stoyer 
Phys. Rev. C43,2670 (June, 1991) 

The method of two-pion interferometry was used to 
obtain source-size and lifetime parameters for the pions 
produced in heavy ion collisions. Two acceptances 
(centered at approximately 0" and approximately 90", in 
the center of mass) were used for each of three systems, 
1.70 GeV/nucleon %Fe+Fe, 1.82 GeVhucleon 
40Ar+KCI, and 1.54 GeV/nucleon 93Nb+Nb, allowing a 
search for dependences on nuclear mass and viewing 
angle. The correlation functions were calculated by 
comparing data samples to event-mixed reference 
samples. The effect of the particle correlations on the 
reference samples were corrected by weighting the events 
appropriately to remove the residual correlation effect. 
The source parameters, in the nucleus-nucleus center-of- 
mass frame, show an oblate source (i.e., RL > R,,) for 
the lighter systems and an approximately spherical source 
for the heaviest system. The dependence on nuclear mass 
shows that RL is essentially constant (under both viewing 
angles), whereas R ,, for the 90°(c.m.) data increases with 
the nuclear mass. No evidence was found for a 
dependence of the source size on the pion momentum. 

KAON PRODUCTION FROM HOT AND DENSE 
MATTER FORMED IN HEAVY-ION COLLISIONS 

G. E. Brown, C. M. KO, Z. G. Wu, and L. H. Xia 
Phys. Rev. C43, 1881 (April, 1991) 

In heavy-ion collisions, kaons can be produced from 
baryon-baryon, meson-baryon, and meson-meson 
interactions. Simple meson-exchange models are 
introduced to study kaon production from these processes 
in the free space. These models are then extended to 
determine kaon production in hot, dense nuclear matter by 

taking into account the decreasing hadron masses as a 
result of the restoration of chiral symmetry and the 
condensation of kaons. We fmd that the cross sections for 
kaon production from all three processes are enhanced. In 
particular, the effect of decreasing hadron masses on kaon 
production from the meson-meson annihilation is most 
significant. In the hydrochemical model for heavy-ion 
collisions, we demonstrate that the observed enhancement 
of kaon yield in high-energy heavy-ion collisions can be 
explained if the medium effect is included. 

ENERGY LEVEL DENSITY O F  NUCLEI 

Shalom Shlomo 
Nucl. Phys. A B  (1992) 

We consider the calculation of the nuclear level 
density parameter a = 16 rzgs(eF ), where gs(e) is the 
smoothed single-particle level density and eF is the Fermi 
energy. We present an exact (Quantum Mechanical) 
calculation of g,(e) for bound and continuum states using a 
Green function approach with Strutinski smoothing. The 
accuracy and applicability of semiclassical approxi- 
mations, such as the Thomas Fermi (TF), T F + h *  
correction and the local density approximation (LDA) are 
investigated using finite and infinite single-particle 
potential wells with sharp or smooth surfaces. 

RESPONSE O F  A SAMPLING CALORIMETER TO 
LOW ENERGY PARTICLES 

M. W. Rawool-Sullivan, J. Shoemaker, J. Simon, J. P. 
Sullivan, K. L. Wolf, A. Archuleta, G. Barasch, 
P. Bennett, D. Bertini, J. Boissevain, L. Champs, 
B. Doung, D. Fox, A. Gavron, D. Hardekopf, 
K. Holtzscheiter, B. Jacak, S. Johnson, B. Jones, T. 
Lopez, R. Ruminer, W. Sondheim, J. Sunier, H. Van 

Hecke, and B. Wolf 
Nucl. Phys. A m ,  677C (1991) 

A Pb/scintillator sampling calorimeter has been built 
for use in relativistic heavy ion experiments. The 
calorimeter is constructed from 59 layers of 3 mm 
scintillator separated by 1.0 cm layers of Pb, with every 
6th Pb layer replaced with a 1.6 cm plate of Fe. The 
read-out is done via wave-length shifting optical fibers 
which are connected to photomultipliers in groups. The 
calorimeter read-out was divided into four depth segments 
in the direction of the beam. The first depth segment 
consists of the signals from the first six scintillator layers, 
the second depth segment corresponds to the next six 
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scintillator layers, the third depth segment consists of the 
next 24 scintillator layers, and the fourth (and last) depth 
segment corresponds to the remaining 23 scintillator 
layers. At the low particle energies used in the tests 
reported here, none of the particles reach the fourth depth 
segment. The calorimeter is further separated into 16 
azimuthal segments with eight segments in the radial 
direction for a total of 512 channels. The fiber optics 
system minimizes the dead space within the calorimeter, 
but is efficient enough to have very little effect on the 
overall resolution of the device. 

THE TEXAS A&M K500 CYCLOTRON FACILITY 

D. H. Youngblood 
Nucl. Instrum. Methods B S ,  991 (1991) 

A K500 superconducting cyclotron, following the 
MSU design, has been constructed with funds provided by 
Texas A&M University and The Robert A. Welch 
Foundation. First beam was extracted in June, 1988, and 
the first experiments were performed shortly afterward in 
July using a PIG internal ion source. An electron- 
cyclotron resonance ion source was constructed and 
delivered fvst beam to the cyclotron in November, 1989, 
and experiments with injected beams began immediately. 
Experiments are underway with existing instrumentation 
and a 4.n neutron calorimeter constructed for heavy ion 
reaction mechanism studies. A diproton spectrometer for 
Gamow-Teller studies is nearing completion, and a recoil 
mass spectrometer and 57-element BaF, array are under 
construction. 

MARS: A STATUS REPORT 

R. E. Tribble, C. A. Gagliardi, and W. Liu 
Nucl. Instrum. Methods B56, 956 (1991) 

We are building a momentum achromat recoil 
spectrometer (MARS) for use with the new K500 
superconducting cyclotron at Texas A&M University. 
MARS uses a unique optical design utilizing two 
dispersive planes to combine a momentum achromat with 
a recoil mass spectrometer. This configuration makes 
MARS applicable to a broad range of nuclear reaction 
studies utilizing inverse kinematics. It also leads to a 
system that is well matched to the range of secondary 
particle energies that will be produced in reactions with 
K500 beam. MARS will have a typical mass resolution of 
6M/M z 11300, with an energy acceptance of f 9 %  

AE/E and a geometric solid angle of up to 9 msr. A beam 
swinger system will allow reaction products in the angular 
range 0" to 30° to be studied. MARS will ba used to 
study both the excited states and decay properties of very 
proton- and neutron-rich nuclei. MARS will also be used 
to provide a reaction mechanism fiter to assist 
investigations of the dynamics of heavy ion collisions and 
to produce secondary radioactive beams for reaction and 
spectroscopic studies of particular interest for nuclear 
astrophysics. We briefly describe the design of MARS, 
give a status report on its construction and an ovlerview of 
the scientific program planned for it. 

A LARGE SOLID ANGLE HIGH RESOLUTION 
RECOIL MASS SPECTROMETER FOR USE WITH 

RADIOACTIVE BEAMS AT GAMMASPHERE 

T. M. Cormier, J. D. Cole, J. H. Hamilton, 
and A. V. Ramayya 

Nucl. Instrum. Methods B S ,  546 (1991) 

A large solid angle, high resolution, retoil mass 
spectrometer has been designed for use with heavy ion 
beams from the Holifield Heavy Ion Facility at Oak Ridge 
National Laboratory. The design has been coordinated 
with the GAMMASPHERE detector project such that the 
spectrometer will operate with this llO-element 
germanium detector array at its target or focal plane 
positions with minimum loss of gamma ray solid angle. 
The spectrometer has been designed with the specilic 
intention of using inverse kinematic reactions. The use of 
inverse kinematics tremendously enhances the ca.pabilities 
of the spectrometer and selected examples will be 
discussed including the use of low intensity radioactive 
beams. 

RECOIL-ION KINETIC ENERGIES FOR 96 MeV Ar 
COLLISIONS 

0. Heber, R. L. Watson, and G. Sampol 
Nucl. Instrum. Methods B56, 232 (1991:) 

The kinetic energies of He, Ne, and Ar recoil-ions 
produced in single collisions with 96 MeV A#+ arid 
Art5+ projectiles have been determined from high 
resolution time-of-flight measurements. They wwe found 
to vary from the ambient thermal energy for charge 1 
recoil-ions to 5 eV for Ar"+ recoil-ions. Average impa.ct 
parameters were deduced from these results. 
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ATOMIC PHYSICS WITH THE TEXAS A&M ECR 
ION SOURCE 

comparing the experimental data for Ne and Ar with the 
results of an independent electron approximation analysis. 

R. L. Watson, D. A. Church, R. E. Tribble, L. Yang, 
B. B. Bandong, and T. Lotze 

Nucl. Instrum. Methods B S ,  223 (1991) 
THE DESIGN & CONSTRUCTION OF A Pb 

SCINTILLATOR SAMPLING CALORIMETER 

An electron-cyclotron-resonance (ECR) ion source 
has been constructed to provide highly charged ions for 
injection into the MOO superconducting cyclotron. The 
source is also available approximately 30% of the time for 
use in experiments independent of the cyclotron. An 
atomic physics beamline has been constructed for this 
purpose and is now operational. A variety of experiments 
pertaining to neutralization processes, laser spectroscopy 
and charge exchange are currently in progress. 

K-PLUS L-SHELL IONIZATION OF 4TH ROW 
ELEMENTS BY 30 MeV/amu Ar IONS 

V. Horvat, R. L. Watson, G. Sampoll, T. Lotze, 
and B. Hill 

Nucl. Instrum. Methods B S ,  61 (1991) 

Spectra of K x-rays produced by collisions of 30 
MeV/amu Ar ions with metallic targets of Ti, V, Cr, Fe, 
Co, Ni, Cu, and Zn were measured with a Si(Li) detector 
system. The measured K a  and K@ transition energies 
were compared to the results of Dirac-Fock calculations to 
estimate the average number of L-shell vacancies at the 
time of K x-ray emission. The target double-to-single K- 
shell ionization probabilities were also determined, along 
with the relative probabilities of having single and double 
K-shell vacancies in the projectile during passage through 
the metal foils. 

MULTIPLE IONIZATION OF He, Ne, AND Ar BY 
HIGH VELOCITY N7+ IONS 

0. Heber, R. L. Watson, G. Sampoll, V. Horvat, B. Hill, 
and T. Lotze 

Nucl. Instrum. Methods BS, 15 (1991) 

The yields of He, Ne, and Ar recoil-ions produced in 
collisions with 10 - 40 MeV/amu N7+ projectiles were 
measured by the time-of-flight technique. The ratio of the 
yields for double and single ionization of He and Ne were 
found to be higher than predicted by theoretical and 
semiempirical calculations. The role of electron 
correlation in multiple ionization was assessed by 

J. Simon-Gillo, A. Farooq, M. W. Rawool-Sullivan, 
A.Ray, 1. Shoemaker, J. P. Sullivan, K. L. Wolf, E. E 
Barasch, J. G. Boissevain, D. Fox, A. Gavron, 
K. Holzscheiter, B. V. Jacak, T. Lopez, J. Kapustinsky, 

W. Sondheim, J. W. Sunier, H. Van Hecke, and B. Wolf 
Nucl. Instrum. Methods A m ,  427 (1991) 

A Pblscintillator sampling calorimeter covering the 
pseudorapidity interval of g=0.83 to 4.20 has been 
designed and constructed for Experiment 814 of 
Brookhaven National Laboratory. The calorimeter uses 
wavelength shifting optical fibers for readout. Such fibers 
allow the construction of a highly granular and 
longitudinally compact device. A novel scheme for 
coupling a fiber to a scintillator plate has been designed 
that yields a high photoelectron response. Longitudinally, 
the calorimeter has a depth of four interaction lengths 
divided into two electromagnetic sections and two 
hadronic sections of 0.4, 0.4, 1.6, and 1.6 interaction 
lengths, respectively. 

DISSOCIATION OF MULTICHARGED CO 
MOLECULAR IONS PRODUCED IN COLLISIONS 
WITH 97-MeV Ad4+: TOTAL-KINETIC-ENERGY 

DISTRIBUTIONS 

G. Sampoll, R. L. Watson, 0. Heber, V. Horvat, 
K. Wohrer, and M. Chabot 

Phys. Rev. A 45,2903 (March, 1992) 

Transient molecular ions of COS+ (where q=2-7) 
were produced in single collisions of 97-MeV ArI4+ 
projectiles with neutral CO molecules. The resulting 
dissociation products were identified by coincidence time- 
of-flight spectroscopy in which the time of flight of the 
first ion to reach the detector and the time difference 
between the first ion and its partner were recorded event 
by event. An iterative matrix-transformation procedure 
was employed to convert the time-difference spectra for 
the prominent dissociation channels into total-kinetic- 
energy distributions. Analysis of the total-kinetic-energy 
distributions and comparisons with the available data for 
C02+ and C03+ from synchrotron radiation experiments 
led to the conclusion that ionization by Ar-ion impact 
populates states having considerably higher excitation 
energies than those accessed by photoionization. 
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THE WIDTH O F  THE GIANT DIPOLE RESONANCE 
BUILT ON EXCITED STATES OF Cu COMPOUND 

NUCLEI 

B. Fornal, E Gramegna, G. Prete, R. Burch, 
G. D'Erasmo, E. M. Fiore, L. Fiore, A Pantaleo, V. 
Paticchio, G. Viesti, P. Blasi, N. Gelli, F. Lucarelli, M. 
Anghmolfi, P. Corvisiero, M. Taiuti, A. Zucchiatti, P. F. 
Bortignon, D. Fabris, G. Nebbia, J. A. Ruiz, M. Gonin, 

and J. B. Natowitz 
Z. Phys. A m , 5 9  (1991) 

Continuum y-ray spectra from the decay of 59Cu 
formed at an excitation energy of 100 MeV and angular 
momenta up to 43h by means of the reaction 190 MeV 
32S i- 21Al have been measured and analyzed. The 
parameters of the Giant Dipole Resonance (GDR) have 
been extracted using the statistical model. The derived 
GDR width confirms the sizable broadening of this 
resonance in 59Cu already reported in our earlier 
investigation at 77 MeV excitation energy (J&, = 38 h). 
Estimates of the GDR width have been performed in the 
adiabatic approximation. Predicted values account 
qualitatively for the experimental data of 59Cu as well as 
of the heavier isotope 63Cu, in which the broadening was 
not seen up to 77 MeV excitation (J&, = 35h). The 
present analysis demonstrates the strong sensitivity of the 
GDR to spin effects in this mass region. 

STRANGENESS PRODUCTION IN RELATIVISTIC 
HEAVY-ION COLLISIONS 

G. E. Brown, C. M. KO, and K. Kubodera 
2. Phys. A 341,301 (1992) 

Kaon production in relativistic heavy-ion collisions is 
studied. Particular attention is paid to situations in which 
high densities are obtained, such as in the Brookhaven 
AGS experiments with 14.6 GeVlnuclwn Si on Au. 
Because of the explicit chiral-symmetry breaking terms in 
chiral Langrangians, kaons acquire an effective mass rnk 
which goes to zero at the critical baryon density. Well 
before such densities, m; is sufficiently reduced to greatly 
facilitate kaon production through processes l ie r.a-.KK. 
Previous expressions for the decreasing kaon masses were 
arrived at by linear chiral perturbation theory. Whereas 
we cannot systematically proceed to higher order, we use 
physical models to suggest how relevant quantities will 
behave in higher order. We present arguments that m; 
effectively goes to zero in the present AGS experiments. 

RADIOLUMINESCENCE STUDY IN KI(Eu) 

E. Belmont-Moreno, A. Menchaca-Rocha, M. E. 
Brandan, J. Hernandez A., M. Gonin, K. Hag,el, 

R. Wada, and J. B. Natowitz 
Rad. Eff. Def. in Solids 118, 185 (1991) 

The luminous response to a, f l ,  and y rays from 
radioactive sources and E/A 520 MeV, 3 5 2 S 7' heavy 
ions of KI(Eu) crystals was studied. Measuirements 
include optical spectral response and Eu concentration 
dependence. When coupled with a transmission Si 
surface-barrier AE detector, the light-output response L 
observed from an optimized KI(Eu) sample is found to 
provide adequate 2 resolution in a AE vs. L plot. A. 
comparison with the results of a similar study on KBr(Eu:i 
and CsI(T1) crystals is presented. 
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THE MULTIFRAGMENTATION OF %a + "Ca 

K. Hagel, M. Gonin, R. Wada, J. B. Natowitz, B. H. Sa, 
Y. Lou, M. Gui, D. Utley, G. Nebbia, D. Fabris, G. 
M e ,  J. Ruiz, D. Drain, B. Chambon, B. Cheynis, D. 

Guinet, X. C. Hu, A. Demeyer, C. Pastor, A. Giorni, 
A. Lleres, P. Stassi, J. B. Viano, P. Gonthier 

Phys. Rev. Lett. (Submitted, 1991) 

function of associated charged-particle multiplicity for 
Quantitative 

corrections for the dispersion of experimentally 
determined reaction planes about the true reaction plane 
have been applied. The results are compared to 
predictions of a microscopic transport model. 

Ar + IWAu collisions at E/A=35 MeV. 36 

The multi-fragment emission of "completely 
characterized" events in the 'Oca + %a system at 35 
MeVIu has been compared to the predictions of several 
models. The observed multifragment emission is not in 
agreement with models based on conventional statistical 
binary decay, but is in agreement with both a 
simultaneous multifragmentation model and a sequential 
emission model in which expansion is treated. 

PION MULTIPLICITY AS A PROBE OF THE 

COLLISIONS 
DECONFINEMENT TRANSITION IN HEAVY-ION 

M. I. Gorenstein, S. N. Yang, C. M. KO 
Phys. Lett. B (In Press) 

THE M~-SCALING IN DILEPTON SPECTRUM AS A 
SIGNATURE FOR QUARK-GLUON PLASMA 

M. Asakawa, C. M. KO, P. Livai 
Phys. Rev. Lett. (Submitted, 1991) 

The hydrochemical model is used to calculate the 
pion multiplicity in relativistic heavy-ion collisions. 
Chemical reactions are explicitly taken into account in the 
expansion stage of the hadronic phase. It leads to the 
absence of chemical equilibrium among hadronic particles 
and a non-zero value of the pion chemical potential at 
thermal freeze out. We find a specific structure in the 
incident energy dependence of the pion multiplicity as a 
result of the formation of the quark-hadron mixed phase in 
the initial stage of the collision. 

In general, the spectrum of dilepton pairs produced in 
nuclear reactions depends on both its invariant mass and 
momentum. But under a few reasonable assumptions we 
show that if the quark-gluon plasma is created in 
ultrarelativistic heavy ion collisions, the dilepton spectrum 
becomes dependent only on its transverse mass MT and 
shows thus the MT-scaling. 

ANTILAMBDA ENHANCEMENT IN 
ULTRARELATIVISTIC HEAVY ION COLLISIONS 

C. M. KO, M. Asakawa, and P. Livai 
Phys. Lett. B (Submitted, 1991) 

REACTION DYNAMICS AND DEUTERON 
PRODUCTION 

M. B. Tsang, P. Danielewicz, D. Bowman, N. Carlin, 
C. K. Gelbke, Y. D. Kim, W. G. Lynch, L. Phair, R. T. 

de Souza, 11. M. Xu, and E Zhu 
Phys. Rev. Lett. (Submitted, 1992) 

Proton and deuteron azimuthal distributions with 
respect to the reaction plane have been measured as a 

In the Walecka model, the antilambda mass in dense 
nuclear matter is smaller than its value in free space. This 
reduces the threshold for antilambda production in dense 
matter that forms in the compression stage of 
ultrarelativistic heavy ion collisions. Because of the large 
number of mesons produced in the collision, the process 
KM+AN, where M denotes mesons such as the pion and 
the rho meson, is shown to be  important and provides a 
plausible explanation for the observed enhancement of 
antilambda yield in recent experiments carried out at 
CERN SPS with nuclear beams. 
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RESIDUE TEMPERATURES AND THE NUCLEAR 
EQUATION O F  STATE 

H. M. Xu, P. Danielewicz, and W. 6. Lynch 
Phys. Lett. B (Submitted, 1992) 

Excitation energies are calculated for heavy residues 
produced in central 4oAr + '"Sn collisions for a range of 
incident energies and impact parameters using the BUU 
transport equation. These excitation energies are 
evaluated at freezeout times determined from the time 
dependence of the thermal excitation energy and the 
nucleon emission rate. Both the thermal excitation 
energies and temperatures, obtained assuming Fermi gas 
level densities, are sensitive to the nuclear equation of 
state and the impact parameter. Suprisingly little 
sensitivity is observed in the in-medium nucleon-nucleon 
cross section. 

THERMALIZATION IN NUCLEUS-NUCLEUS 
COLLISIONS 

E Zhu, W. G. Lynch, D. R. Bowman, R. T. deSouaza, 
C. K. Gelbke, Y. D. Kim, L. Phair, M. B. Tsang, 

C. Williams, H. M. Xu, and J. Dinium 
Phys. Lett. B (Submitted, 1992) 

Impact parameter dependent excited state populations 
of intermediate mass fragments are investigated for " j ~ r  
induced reactions on lWAu at EIA=35 MeV. Population 
inversions, indicative of non-thermal excitation 
mechanisms, are  observed in peripheral collisions 
characterized by low associated charged particle 
multiplicities. These population inversions disappear for 
collisions with larger associated charged particle 
multiplicities, consistent with a more complete 
thermaliation for more complex final states. 
Discrepancies, observed in central collisions, indicate that 
the limit of local thermal equilibrium has not yet been 
observed. 

DIFFERENTIAL CROSS SECTION FOR n-p ELASTIC 
SCATTERING IN THE ANGULAR REGION 50" < 6 

< 180" AT 459 MeV 

L. C. Northcliffe, Mahavir Jain, M. L. Evans, G. Glass, 
J. C. Hiebert, R. A. Kenefiek, B. E. Bonner, 
J. E. Simmons, C. W. Bjork, and P. J. Riley 

The differential cross section for n-p elastic scatterlng 
at  459 MeV in the c.m. angular region 50" < 18 < 180" 
has been measured with high statistical precision and good 
relative accuracy. The uncertainty in the absoliute 
normalization (based on the simultaneously measured 
yieId of deuterons from the NP + d r "  reaction) was 
initially estimated to be = 7%. The results a g n x  well 
with back-angle data obtained independently a!. LAMPF 
but less well with results from Saclay and PPA arid, 
except for a normalization difference of lo%, are fairly 
well represented by a phaseshift fit. The pole- 
extrapolation method of Chew was used to extract h e  
pion-nucleon coupling constant f from the back-angle 
portion of the data. The value obtained, f = 0.069, is 
somewhat smaller than the values 0.0735-0.0790 obtained 
from analyses of pion-nucleon scattering, tending to 
confirm the need for an upward renormalization of the 
angular distribution by = 10%. 

RHO MESON IN DENSE HADRONIC MA'ITER 

M. Asakawa, C. M. KO, P. LCvai, and X. I. Qiu 
Phys. Rev. C (Submitted, 1991). 

The property of a rho meson at rest in dense hadronic 
matter is studied in the vector dominance model by 
including the effect of the delta-hole polarization on the 
pion. With the free rho meson mass in the Lagrangian, 
we find that both the mass and width of rho meson 
increase with increasing nuclear density, and that a low 
mass peak appears at invariant masses around three times 
the pion mass. Including the decreasing densify- 
dependent rho meson mass in the Lagrangian as suggestid 
by the scaling law of Brown and Rho leads to smaller rho 
meson mass and width in dense matter. The relevance of 
the rho meson property in dense matter to dilepton 
production in heavy-ion collisions is discussed. 

INVARIANT QUADRUPOLE RESONANCE IN Ni 
ISOTOPES 

D. H. Youngblood, Y.-W. Lui, U. Garg, arid 
R. J. Peterson 

Phys. Rev. C (In Press) 

Inelastic scattering of 129 MeV alpha particles has 
been used to excite the giant quadrupole resonance in 

Ni. The rcsonance was found to exhaust 58 & 
12%, 76 f 14%, 78 f 14%, and 90 f 16% of the E2 
energy weighted sum rule, respectively for 58*60'6:z'64 Ni. 

58,M,62,64 
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K+ TOTAL CROSS SECTIONS AND MEDIUM 
EFFECTS IN NUCLEl 

R. A. Krauss, J. C. Hiebert, Y. Mardor, E. Piasetsky, 
J. Alster, D. Ashery, M. A. Moinester, R. Weiss, A. I. 
Yavin, S. Bart, R. E. Chrien, P. H. Pile, R. S a w a h ,  R. 
J. Sutter, R. L. Stearns, T. Kishimoto, R. R. Johnson, 

and R. Olshevsky 
Submitted to Phys. Rev. C. (Jan. 1992) 

The total cross sections for K+ mesons on carbon and 
deuterium nuclei have been measured in the momentum 
range 450-740 MeVlc at the Alternating Gradient 
Synchrotron at  Brookhaven National Laboratory. The Kf 
meson is the least strongly interacting of available 
hadronic probes, with a long mean free path in nuclear 
matter. At low incident momentum the KCN interaction 
is dominated by the SI, phase shift and varies slowly with 
energy. These characteristics make the K+ an ideal tool 
for probing the nuclear volume to reveal nuclear medium 
effects. Measurements of the ratio of K+-IZC to K+-d 
total cross sections have been suggested as a way to reveal 
possible unconventional effects of the nuclear medium. 
The experimental technique was of the standard 
transmission type using a sequential set of plastic 
scintillators of increasing size. The scintillator K+ event 
rates were recorded on a set of scalers, and the scaler 
readings were supplemented by events recorded in a set of 
tracking chambers. The measured transmission cross 
sections were corrected for the Coulomb interaction and 
extrapolated to zero scattering angle. The resulting total 
cross section ratios are  found to lie significantly above the 
possible range predicted by conventional optical model 
calculations. This indicates that novel phenomena, such 
as nucleon "swelling," are taking place within the nucleus 
and cannot be reconciled with conventional nuclear 
medium corrections. The data are compared to the 
available models and they do not well reproduce the 
momentum dependence of the predicted effect on the total 
cross section ratio. 

np Elastic Spin Transfer Measurements at 
485 and 635 MeV 

a significant impact on the phase shift analyses. There are 
now sufficient data near these energies to overdeternine 
the elastic nucleon-nucleon amplitudes. 

ZH@,n)2p Spin Transfer from 305 to 788 MeV 

M. W. McNaughton, 1. Supek, G. Glass, J. C. Hiebert, 
L. C. Northcliffe, A. J. Simon, D. J. Mercer, D. L. 
Adams, H. Spinka, R. H. Jeppesen, C. E. Tripard, 

and H. Woolverton 
Submitted to Phys. Rev. C. (Feb., 1992) 

Measurements of the spin-transfer parameter Ku for 
2H@,n)2p at 0" to calibrate the neutron beam polarization 
clarify a normalization discrepancy affecting np data at 
LAMPF. The new data are in good agreement with 
theoretical predictions. 

ENERGY DEPENDENT MEASUREMENTS OF THE 

DIBARYON RESONANCES 
p-p ELASTIC ANALYZING POWER AND NARROW 

Y. Kobayashi, K. Kobayashi, T. Nakagawa, H. Shimizu, 
H. Y. Yoshida, H. Ohnuma, J. A. Holt, G. Glass, J. C. 
IIiebert, R. A. Kenefick, S. Nath, L. C. Northcliffe, A. 
J. Simon, S. Hiramatsu, Y. Mori, H. Sato, A. Takagi, T. 

Toyama, A. Ueno, and K. Imai 

Submitted to Nucl. Phys. A (October, 1991) 

The energy dependence of the p-p elastic analyzing 
power has been measured using an internal target during 
polarized beam acceleration. The data were obtained in 
incident-energy steps varying from 4 to 17 MeV over an 
energy range from 0.5 to 2.0 GeV. The statistical 
uncertainty of the analyzing power is typically less than 
0.01. A narrow structure is observed around 2.17 GeV in 
two proton invariant mass distribution. A possible 
explanation for the structure with narrow resonances is 
discussed. 

K. H. McNaughton, K. Johnston, P. J. Riley, D. A. 
Ambrose, P. Coffey, M. W. McNaughton, 1. Supec, G. 
Glass, J. C. Iliebert, L. C. Northcliffe, A. J. Simon, 
D. J. Mercer, D. L. Adams, H. Spinka, R. H. Jeppesen, 

G. E. Tripard, H. Woolverton 
Submitted to Phys. Rev. C. (Feb., 1992) 

We have measured the spin transfer parameters K,,,, 
K,, K,, and K, at 635 MeV from 50" to 178' c.m. and 
at 485 MeV from 74" to 176" c.m. These new data have 

ENERGY DEPENDENCE O F  THE ANALYZING 
POWER FOR THE pp + T+ d REACTION 

IN THE ENERGY REGION 500 - 800 MeV 

H. Y. Yoshida, H. Shimizu, H. Ohnuma, Y. Kobayashi, 
K. Kobayashi, T. Nakagawa, J. A. Holt, G. Glass, J. C. 
liiebert, R. A. Kenefick, S. A. Nath, L. C. Northcliffe, 
A. Simon, S. Hiramatsu, Y. Mori, H. Sato, A. Takagi, 

T. Toyama, A. Ueno, and K. Imai 
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Submitted to Nucl. Phys. A. (December, 1991) 

The energy dependence of the analyzing power A,, for 
the pp -B x+  d reaction was measured during polarized 
beam acceleration from 500 to 800 MeV, using an internal 
target inserted into the beam every acceleration cycle. 
The measurement was made with the pion laboratory 
angle fixed at 68" and incident proton energy bins of 10 to 
30 MeV width, the statistical accuracy per bin being M y  
= 0.06. 

LIGHT EMISSION FROM A Ag TARGET BY 
MULTIPLY-CHARGED Ar IONS 

C. Assad, W. Liu, and R. E. Tribble 
Nucl. Instrum. Methods (Submitted, 1991) 

Light emitted by Ag atoms following the 
bombardment of a Ag target with Ar ions has been 
studied. Light yields that include contributions from both 
displaced surface and sputtered atoms have been obtained 
as a function of incident ion beam kinetic energy and with 
different Ar ion charge states. No change in the light 
yield was observed as the incident ion charge state was 
varied. The light yield was found to increase by nearly a 
factor of 10 as the ion beam kinetic energy changed from 
8 keV to 100 keV. 

NEUTRON PROTON ELASTIC SCATTERING 

MEASUREMENTS BETWEEN 500 AND 800 MeV 
I. C, and Cu at Backward c.m. Angles 

W. R. Ditzler, D. Hill, J. HoRiezer, K. F. Johnson, D. 
Lopiano, T. Shima, H. Shimizu, H. Spinka, R. Stanek, 
D. Underwood, R. G. Wagner, A. Yokosawa, G. R. 
Burleson, J. A. Faucett, C. A. Fontenla, R. W. Garnett, 
C. Luchini, M. W. Rawool-Sullivan, T. S. Bhatia, G. 
Glass, J. C. Wiebert, R. A. Kenefick, S. Nath, L. C. 
Northcliffe, R. Damjanovich, J. J. Jarmer, J. Vaninetti, 

R. H. Jeppesen, and G. E. Tripard 

SPIN-SPIN CORRELATION PARAMETER 

Submitted to Phys. Rev. D (March, 1992) 

Final results are presented for the spin-spin 
correlation parameters C,, and CU for np elastic 
scattering with a polarized neutron beam incident on a 
polarized proton target. The beam kinetic energies are 
484, 634, and I88 MeV, and the c.m. angular range is 
80' - 180". These data will contribute significantly to the 
determination of the isospin-0 amplitudes in the cnergy 
range from 500-800 MeV. 

DO QUARKS FUSE IN THE NUCLEUS? 

S. V. Akulinichev and S. Shlomo 
Submitted (Nov., 1991) 

We consider a nucleon as a bound system of quarks 
in the rest frame and in the infinite momentum frame. We 
show that the space uncertainty of a quark, with any value 
of the Bjorken scaling parameter x, remains confined to 
the size of the nucleon in any frame. Considering the 
covariant oscillator model for the quark wave function, we 
also show that a quark with a larger value of x occupies a 
correspondingly larger volume of the nucleon. These two 
results are in direct contradiction to the conjecture that 
quarks and gluons of low x and of different nucleons in a 
nucleus overlap (fuse). Therefore, our results cast doubt 
on the applicability of various models for the nuclear 
shadowing effect which are based on the assumption of 
quark fusion at small x. 

RECOIL EFFECTS IN THE NUCLEAR SPECTRAL 
FUNCTION 

G. M. Vagradov and S. Shlomo 
(Submitted, 1991) 

We present the formal theory for the nuc1ea:r spectral 
function for finite nuclei taking into account the 
conservation of momentum and energy, i.e., imposing 
space-time translational invariance. In this formulation, 
the recoil correction term emerges naturally in the 
expression for the spectral function and related quantities. 
The consequences of the recoil effect are discussed. 

TRANSVERSE AND LONGITUDINAL MOMENTUiM 
DEPENDENCES IN PAIR PRODUCTION BY AN 

EXTERNAL FIELD 

M. Asakawa 
(Submitted, 1991) 

The transverse and the longitudinal momentum 
dependencies of the pair production under an adiatbatical ly 
exerted uniform Abelian external field are calculated 
without resort to the WKB method with their importance 
in models for the production of quark-gluon plasma in 
ultrardativistic heavy ion collisions in mind. The 
importance of the initial condition is revealed. The 
peculiar nature of the boost invariant system which is 
expected to be approximately realized in ultrarclativistic 
nuclear collisions is pointed out. 
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VIRTUAL PION CONTRIBUTION IN HEAVY 
ION REACTIONS 

S. V. Akulinichev 
(Submitted, 1991) 

We present evidence that virtual nuclear pions 
strongly affect the strangeness production in heavy ion 
reactions at high energies. The K+*"-production via 
interactions of virtual pions may be crucial at AGS 
energies and can be seen in the kaon rapidity distribution 
at CERN energies. Virtual pions are also a possible 
source of low pt enhancement of the produced pions and 
photons. 

DYNAMICAL ASPECTS OF INTERMEDIATE 
MASS FFUGMENT EMISSION IN THE 
REACTION OF 32S + Ag AT 30 AMeV 

R. Wada, M. Gonin, M. Gui, K. Hagel, Y. Lou, D. 
Utley, B. Xiao, D. Miller, J. B. Natowitz, D. Fabris, G. 
Nebbia, R. Zanon, B. Chambon, B. Cheynis, A. 
Demeyer, D. Drain, D. Guinet, X. C. Hu, C. Pastor, K. 
a i d ,  J. Alaia, R. Bertholet, A. Giorni, A. Lleres, C. 
Morand, P. Stassi, L. Schussler, B. Viano, and 

P. Gonthier 
(Submitted, 1992) 

The emission of intermediate mass fragments (IMFs) 
has been studied using the 47r array, "AMPHORA." The 
energy spectra, the angular distributions, the 
multiplicities, and the charge distributions are studied 
inclusively as well as in coincidence with projectile-like 
fragments (PLFs) and other fragments. The low energy 
component of the inclusive fragment spectra can be 
reproduced by a statistical binary decay code GEMINI, 
although the calculated absolute cross sections are an 
order of magnitude smaller than the experimental IMF 
cross sections. At intermediate angles, the fragments are 
dominated by IMFs with Z S I O  both for inclusive and 
coincidence events and the energy spectra of the fragments 
show hard components which cannot be explained as 
statistical emission. For this non-equilibrium component 
strong azimuthal angular correlations are observed in 
IMF-PLF and IMF-IMF coincidence events. Both the 
energy spectra and the azimuthal angular correlations of 
the non-equilibrium component are well reproduced by an 
extended classical dynamical model. 
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