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The grant period was for two years: from January 1994 to
December 1995. The grant, pbasically, supported the salary of a
senior research associate and provided some travel money to
attend conference and 25% salary of a graduate student for one
year. No salary money was allocated to the principal
investigator (PI). Dr. Ram Tripathi was selected to be the
senior research associate. Although the grant was initially
approved for three years subject to availability of funds, it was
discontinued after two years because of (a) a lack of funds and
(b) reorganization within NASA, which eliminated the branch and
the research program.

Despite the short duration, the grant has been very
productive. There have been five following short communications:
as shown in attachment 1.



Bose condensation of nuclei in heavy-ion collision: finite system effects by L.W.
Townsend and R K. Tripathi, Bull. Am. Phys. Soc. 39, 1395 (1994).

Observation of Bose condensation of nuclei in heavy-ion collision by R K. Tripathi and
L W. Townsend, Bull. Am. Phys. Soc. 39, 1395 (1994).

Evaporation of strange particles in anti-proton nucleus reactions by F. B. Malik, LW.
Townsend and R K. Tripathi, Bull. Am. Phys.Soc. 39, 1426 (1994).

Nuclear fragmentation of heavy-ion by protons, by L.W. Townsend, and R K. Tripathi,
Bull. Am.Phys.Soc. 39, 1426 1(1994).

On nucleon removal cross sections in light and medium nuclei by R K. Tripathi, J W.
Wilson, F.A. Cucinotta, J.L. Shinn, F.F. Badaviand S.Y. Chun, Bull. Am.Phys.Soc. 40,
1632(1995).

In addition, eleven full length articles have appeared as publications or reports or been

submitted for publication. These are listed below and attached in Attachment 2.

1.

Accurate universal parameterization of absorption cross section by R K. Tripathi,. F.A.
Cucinotta and J.W. Wilson, accepted for publication in N.LM-B (1996).

Universal parameterization of absorption cross sections by R K., Tripathi, F.A. Cucinotta
and J.W. Wilson, NASA Report: NASA-TP-17580, (1996).

Emission of light fragments as an indicator of equilibrated populations in nuclear collisions
by R K. Tripathi and L.W. Townsend (submitted for publication 1996).

Transport of light ions in matter by J.W. Wilson, F.A. Cucinotta, H. Tai, J.L. Shinn, S.Y.
Chun, R K. Tripathi and L. Sihver (submitted for publication).

Bose-Einstein condensation of nuclei by L W. Townsend and R K. Tripathi (Accepted for
publication in Condensed Matter Theories Vol. 11, 1996).

Theoretical model of HZE particle fragmentation by hydrogen targets by L.W. Townsend,
F.A. Cucinotta, R. Bagga and R. K. Tripathi, Adv. Space Research 17, 109 (1996).

Liquid drop model considerations in HZE particle fragmentation by hydrogen by LW.
Townsend, R K. Tripathi, F.A. Cucinotta, and R. Bagga (submitted for publication, 1996).

NUCFRGZ: An evaluation of the semi-empirical nuclear fragmentation database by J.W.
Wilson, R K. Tripathi, F.A. Cucinotta, J.L. Shinn, F. F. Badavi, S.Y. Chun, JW. Norbury,
C. ]. Zeitlin, H. Heilbronn and J. Miller. NASA Technical Report 3533.



9. Atomic electron correlation and particle and anti-particle induced single and double-
ionization by T. Das and F. B. Malik (Accepted for publication in Condensed Matter
Theories, vol 11 (1996)).

10, On the ionization of He by proton and anti-proton: I Single ionization by T. Das and F. B
Malik (submitted for publication, 1996).

11, On the ionization of He by proton and anti-proton: 1L Double ionization by T. Das and F.
B. Malik (submitted for publication, 1996).

The research done under the grant is recognized to be important and Dr. Townsend, one
of R.K. Tripathi’s collaborators and F. B. Malik were invited to present their research done under
the grant in plenary sessions at XIX International Workshop on Condensed Matter Theories held
in Caracas, Venezuela in June 1995.
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of gnd points in proportion to dependent variable.
The three-dimensional results presented are for ult-
ra relativistic condition, with a steep density grad-
ient in initial density distribution. An elliptic gen-
eration system was solved by SOR iteration techn-
ique, to control grid skewness, by smoothing grid.
Results of this simulation were compared with the

available simulations.

14:30

AE 8 aon Flow as a Probe of Kaon Mean-Field .
Potential in Dense Matter G. Q. LI, B. A. LI and C. M. KO,

Texas A&M U.*-Kaon flow in heavy-ion collisions is studied in the
relativistic transport model and is found to be sensitive to the
kaon mean-field potential in dense matter. With an attractive kaon
mean-field potential, kaon flow is in the same direction as the nu-
cleon flow, while with a repulsive mean-field potential, it is opposit
to that of nucleons. Kaon flow in heavy-ion collisions is thus a usefu
observable for studying kaon properties in dense matter.

»Supported by NSF Grant No. 9212209 and the Robert A. Welc

Foundation Grant No. A-1110""
14:42 \

AE7 Bose Condensation of Nuclei in Heavvlon .
Collisions: Finite System Effects. L. W. TOWNSEND,
NASA Langley Research Center, and R. K. TRIPATHI,
Southern Illinois University*. —In previous work the

possibility of Bose condensation of nuclei in heavy ion
collisions was demonstrated! by using quantum statistics
to model an equilibrated system consisting of a finite
number of nucleons. The existence of a concomitant tofal
phase transition, however, was affected by the relatively
small numbers of nucleons involved in the collision
(~ 80). In this work we investigate the effects of finite
nucleon numbers on the observation of a possible total
phase transition.

*Supported by NASA Grant.

IR. K. Tripathi and L. W. Townsend, Phys. Rev. C (1994, i
press)

14:54
AE 8 S-Wave x-x_Correlations in_Cold Nuclear Matter.

R. RAPP, Z. AOUISSAT, J. WAMBACH, G. CHANFRAY!, P.
SCHUCK?, KFA Jilich, YIPN Lyon, 7ISN Grenoble. — Start-
ing from a standard treatment of the single pion selfenergy in
terms of particle-hole and A-hole Lindhard functions we exam-
ine 7-7 s-wave correlations in cold nuclear matter. When calcu-
lating the in-medium x-x T-matrix we take into account the full
off-shell properties of the pion selfenergy. The latter enters the
scattering equation of Lippmann-Schwinger type through the
uncorrelated 2r propagator of the intermediate state. Using a
well tested phenomenological r-x interaction (the Jiilich meson
exchange model) we find a #-v pairing instability in slightly
compressed nuclear matter (p = 1.3pp). This model, however,
does not respect comstraints from chiral symmetry which are
known to govern the near threshold behaviour of 7-x scattering.
Additionally imposing chiral constraints on the Jilich mode] in
fact inhibits the instability leading to more moderate effects in
the subthreshold region of the in-medium scattering amplitude.
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15:06

AE9 Neutron-Neutron Correlation Functions. C. M.
Mader, R. S. Bennink and P. A. DeYoung, Hepe Coliege - The
structure of two-proton correlation functions measured at small rel-
ative angles is dominated by the 2He resonance peak. The height of
this peak is then related to the size of the emitting-system. In the
two-neutron system, the Coulomb interaction is po longer a factor,
and thus only the nuclear interaction and Pauli exciusion princi-
ple wi.l play a role in the correlation function. It is expected that
without a 2-neutron resonance, the correlation peak will shift to
zero relative momentum and the source size wiil be determined by
the width of the peak. We use the Koonin formalism to calculate
the two-neutron correlation function. We explore the effects of the
short-ranged nuclear potential as well as the parameterization of

‘the neutron source and compare with recent experimental results

N

~ present resuits identifying the optimum conditions for

for 210 MeV 180 + *"Al reactions.
15:18

AE 10 Observation of Bose Condensation of Nuclei ﬁ

Heavy lon Collisiors: R. K. TRIPATHI, Southorn Illinois
University*, and L. W. TOWNSEND, NASA Langley
Research Center ~We have demonstrated! the presence of
Bose condensed nuclei in heavy ion collisions. Here, we

their observations and focus on the ways of experimental
verification of this new, exciting phenomenon.
*Supported by NASA Grant.

1R K. Tripathi and L. W. Townsend, Phys. Rev. C 50, R1
(1994) ‘ :

1530 A
AE 11 f-consistent momentum-d dence i and dense
nuclear matter,® VINOD K. MISHRA ana G. FAl Ken: State U,
— The momentum dependence of the nucleon-nucieon interaction
and of the mean field has important consequences for the
properties of nuclear matter{1] and for collision simulations(2]. In
articular, momentum-dependent interactions (such as the
Momentum-Dependent Yukawa Interaction or MDYI([3]) lead to
a stiffer equation of state (EOS) for nuclear matter than the
corresponding momentum-independent ones. We have carried out
in the past couple of years a study of local and obal observables
of hot and dense nuclear matter with the MDYT in successively
better approximations. To complete this program we now examine
the same observables in a self-consistent Hartree approximation
which moves the project from a largely analytical domain to a
purely numerical study. We use the earlier analytical
approximations as input to the self-consistent calculation. We
resent results on the optical potential, the effective-mass, pressure
EOS), and the incompressibility for the Maxwell-Boitzmann
distribution and compare them with the momentum-independent
results and results of the earlier analytical approximations.

" Work supported by DOE Grant DE-FG02-86ER40251.

1. V.X. Mishra, et al, PRC47, 1519 (1993). : :
2. C. Gale, G.F. Bertsch and S. Das Gupta, PRC2S, 1666 (1987).
3. G.F. Bertsch and S. Das Gupta, Phys. Rep. 160, 189 (1988).

15:42
AE 12
Toroidal Structures in BUU-Predictions for 38 Ar 443 Sc

at E/A=80 MeV viewed by Proton—-Proton Correlations t

at E/A=80 MeV viewed by X roton - O e
G.J. KUNDE, S.J. GAFF, CK. GELBKE, T. GLASMACHER, .-

D.0. HANDZY, L. MARTIN, W. BAUER, F.C.DAFFIN
NSCL, Michigan State University .
For central (b=0 fm) collisions BUU-predictions suggest that a
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In first order the use of a free NN t-matrix accounts for the short-range
interaction between the projectile and a target nucleon. The effect of the
nuclear medium can be interpreted as higher order correction and arises
from the difference between the free NN propagator and the propagator
in the nuclear medium. A formal framework consistent with a multiple
scattering expansion has been constructed to include these contributions
by using nuciear mean field potentials, which when applied to p-nucleus
scattering gives a significant improvement of the elastic scattering ob-
servables at energies less than 200 MeV'!. The influence of these medium
modifications on the free NN t-matrix will be discussed in detail for dif-
ferent nuclei, together with its energy dependence between 100 and 800
MeV and its influence on the off-shell structure of the NN t-matrix.

* Supported by the U.S. Department of Energy.

t C.R. Chinn, Ch. Elster, R.M. Thaler, Phys. Rev. C48 (1993), 2956.

14:30
EB¢ Causality with Noncausal Potentials in the Many-Body
Aporoach to Elastic Nuciear Scattering.* V.A. MADSEN, Ore-
gon State University®- 1t bas been shown by Bell and Squires
[1] that the self-energy operator of the one-particie time or-
dered Green’s function can be interpreted as the optical po-
tential for nucleon-nucieus scati-ring. Bowever, Mahaux and
Sartor |2) have demonstrated tnat this time nonlocal poten-
tial is noncausal in the sense that V(¢ ) # 0 for ' > ¢,
where ¢ is the current time and #, the nonlocal time. We
shall demonstrate, maki~ - use of the retarded Green's func-
tion, that the time depe Lippmann-Schwinger equation
for the ejastic scatterin;  .evertheless causal

* Research supported in part by the U.S. Department of En-
ergy under Contract FG06-85ER4C283 at Oregon State Uni-
versity.

1. J.S. Bell and E.J. Squires. Phys. Rev. Lett. 8 96 (1959).
2. C. Mahaux and R. Sator, Nuciear Physics, A530, 303

(1991).

14:42

EBT Validitr of Sinha's locs] aprroximation to the
exchange nonlocalitr. D, LWUEASZEF and G.H. RAWITSCH:R,
Univ. of Connecticut.- - Several wethods for replacing
exchange nonlocalities with local equivalent potential
exist in tne literature. In testing the validity of
Sinhe's method [1], Georgiev et al [2] suggested an
improved verzion which includes the imaginary part of
the local momentum. In the present study we apply the
12} versior to the case of n- O scattering at s=vera
energies from 20 to lOOJ:)eV. In a prior investigation
[3], we obtained the n- °C nonlocal poctential by the
foiding of & cmplex g-mAtrix and now use the
corresponding pnase equivalent inveraion potential [3]
for coi.-~rison with Sinha's approximation. Results will
be presertec anc discussed. '

11 B. Sinha, Phys. Reports 20 C, 1 (1875).

2] B. .. seorgiev and R. S. Mackintosh, Phys. Lett. B
73, 250 (1578).

[3] G. HB. Rawitscher, D. Lukaszek, R. S. Mackintosh,

and S. G. Cooper, Pnhve. Rev. C 48, 1621 (19%4).

[
[

14:54

E3C Arn Inverss Scareripe Theory gt a Fixed Energy for Kleip-
Gorgon Equaucs. Z. F. SHEHADER and F. Bary MALIK, Soutaem
Nhnow Univ, ai Carpondgle.-—-The inverse scattering formalism of
Alam and Maik [1; &t & fixed energy for potential scatiering using

»~ Vol 29, o, 6 (1984)

Schrodinger equation has been extended to scattering involving Klein-
Gordon equation with a view of determining complex potentials for
scattering of spinless particle by a spinless target at relativistic
encrgies. The formalism replaces the differential equation by
difference equation and the inversion results into solving a continued
fraction equation and provides number of points of the potential equal
to the number of partial waves. In case the number of partial waves
is large i.e., about 10 or more and the knowledge of logarithmic
derivative is accurate, the potential is determined very well. A few
model cases for determining potentials from phase shifts as well as
logarithmic derivatives will be presented with a view of applying the
method for the pion-nucleus case.

[1] M.M. Alam and F.B. Malik, Phys. Lett. B 237, 14 (1990) and
Nucl. Phys. A 524, 88 (1991)

15:06
EB9 Evaporation of Strange Particles in Antiproton
Nucleus Reactions: F. B. MALIK, Southern lllinois
University*, L. W. TOWNSEND, NASA Langley Research
Center, and R. K. TRIPATHI, Southern Lllinois
University* —We have investigated the production of
neutral strange particles in antiproton - nucleus collisigns,
and found that an evaporation - like model provides
better explanation for their emission. New systemati
about their production will be discussed. Detailed
comparisons will be made with the available experi
data.

ntal

rted by NASA Grant.
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15:18

EB 10 agmentation av s
R. BAGGA, QOld Dominion University, LW. TOWNSEND,
NASA Langlev Research Cenier, R. K. TRIPATHI, Southern
Ilinois University. — Optical Model methods for calculating
cross sections for the breakup of heavy nuclei by protons are .
presented. The fragmentation cross sections are calculated :
with a modified abrasion-ablation collision formalism where -
the abrasion stage is treated as a quantum-mechanical = - .
knockout process and the ablation stage incorporates
excitation energy from particle-hole and frictional-spectator-
interaction (FSI) processes. Comparisons with recently
published cross section results will be presented.

SESSION EC: HEAVY-ION REACTIONS lIk:
CORRELATIOKRS AND COLLECTIVE PHENOMENA
Saturday afternoon, 28 October 1994

Gen Hooker's Redoubt at 13:30 .

T. C. Sangster, presiding

«

13:30

EC1 Systzmatic Stdv of Highly Excited Nuclear Matter Systems

with an Exclustve Impaci-parameter Trigger G.C. BALL, D. HORN,

D.R BOWMAN, D. FC, A. GALINDO-URIBARRI -and

E. HAGBERG, AECL Rescarch. Chalk River Laboratories; L.

BEAULIEU, R. LAFOREST, Y. LAROCHELLE and R ROY,

Université Laval and T. L1, A. VANDER MOLEN, G.D. WESTFALL,

1S, WINFIELD, J. YEE AND S.J YENELLO, Michigan State

University --- Svmmetric heavy-ion collisions were studied at TASCC .
and NSCL with 22-80A MeV beams of ®Ne ¥Cl and *Ar, The 4n
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14:42
EA 3 v . . 3
Structure of Neutron Rich Nuclei.»

I. Y. LEE, Lawrence Berkeiev National Laboratory.

Neutron rich nuclei are of particular interest since they might reveal new asvects of nuclzar structure
associated with an excass of neutrons, such as rew region of deformation, sheil effscts and modes of
excitation. Deep-Inelastic reactions have been shown to produce neutron-rich nuclei with a high multi-
plicity of gamma-rays. However, since these reactions produce many final nuclel. it has bezn very difficult
to study them until now, due to the lack of sensitivity cf the available gamma-ray cctc tor arrays. We have
carried out gamma-spectroscopy studies of neutron rich nuclei using the reaction Ca+1’6Yb A Si-strip
detector was used to detect the projectile-like fragments and the coincident gamma -ays wers detected in
the Gammasphcn: States with spin as high as 20 in neutron-rich nuclei such 173, 1-"‘;Yb and 1‘3T m were
~observed from 2- and 3-fold gamma-ray coincidence data. We will discuss results on the variation of ., _

" nuclear structure over a wide range of neutron numbers. For example, the study of paxr:ng str:ng"l as a o
function of spm. and the vanauon of Lhc mtcracnon sm:ngth of Lhc first backbcndm N e e e oy

v LI
4 s

R .w' RIORE % i e

e * Work suoponcd by the U S. DOE undcr cont;‘;c: numocr DE-AC03-163F0098

15:18
EA 4 . . NS :
of Neurron-Rica Nugiei - T
J. H. HAMILTON, Vanderbiit University.

An overview of many of the new insights extracted from v,y and v-y-v coincidence studies of spontaneous fission of
22Cf and **2Pu with large detector arrays at ORNL and Gammasphere will be presented. These include direct
measurements of yields and neutron muitiplicities from 0 to 10v for five correlated pairs, identification of 2 number of
cold fission (ciuster radioactivity) channeis, identification of new structures and behaviors in many neutron-rich muclei
from *Sr 10 '®Sm. From the yields of the correlated pairs, a new, second mode of SF is observed in the Mo-Ba pairs
with much lower total kinetic energy. This mode goes via a hyperdeformed shape (3:1 axis ratio) for #“Ba, "**Ba, or
146Ba. Calcuiations indicate a third minima in >2Cf at B, ~ 0.7 and B, - 0.9. The zero neutron cluster radioactiviry
yields for odd-odd Mo-Ba pairs are about four times larger than for the even-even ones in ag;recmem with recent cluster
radioactivity predictions. Identical bands are observed in 98.1005, 108.110p), 144.146p; ang 12.94Nd nuclei and new types
of identical bands in **¢-1%8-4895m nuclei, and the first identical octupole bands. Octupeie deformation is seen in N=86,
142p, M4C¢ and the new high spin oczupole states to 19” exhibit the first backbending and quenching of the static ocmpoic :
su'cngth as predicied by theory. Selected examples of the new physics bcmg seea will be prcs:mzd

*Worked carried out by Vanc‘icrbllt, Dubna, ORNL, LBL, INEL, Warsaw U., U. Tennessee, U. Pittsburgh, U. .
California/Berkeiey, Inst. Phys. Bratislava collaboration. Work supported by U.S. Dept. of Epergy, Russian Federal
Foundation, NSF, SASc, Polish Comm. Sc. Res.

13:42 .
EB2 Proton-proton correlations in peripheral collisions.

H.M.Xu, G.X. Ajupova, C.A. Gagiiardi, Y.W. Lui, A.A. Reid and
R.P. Schmitt Texas A&M U.°—We have measured proton-proton
correiation functions in !*N induced reactions on ?7Al and !*°Sn
targets at average angies ,,, = 10° and 6,,, = 25° with the Texas

SESSION EB: HEAVY IONS1V: NUCLEON-NUCLEON
CORRELATIONS AND INTERMEDIATE ENERGY
Saturday afternoon, 28 October 1995

Oak Room at 13:30

T. C. Sangster, presiding

13:30

EB1 Proton-Proton Correlation Functions for *0 + '*’Au colli-
sions at E/A = 200 MeV S.J. GAFF, D.O. HANDZY. W. BAUER. F.C.
DAFFIN, J.D. DINIUS, C.K. GELBKE, T. GLASMACHER, E. GUALTIERI,
S. HANNUSCHKE, M.J. HUANG, W.C. HSI, G.J. KUNDE, M.A. LISA, W.J.
LLOPE, W.G. LYNCH, L. MARTIN, C.P. MONTOYA, R. PAK, L. PHAIR, S.
PRATT, C. SCHWARZ, N. STONE, M.B. TSANG, A.M. VANDER MOLEN,
G.D. WESTFALL, J. YEE, AND S.J. YENNELLO, Nafional Superconducting
Cyciotron Laboratory, Michigan State Unsversaty — Using a high-resoiution
hodoscope, coincident protons were measured from the reaction %0 + *7Ay
at E/A = 200 MeV. The experiment was preformed at the National Super-
conducting Cyciotron Laboratory. The results to be presented inciude the
correlation functions. both integrated and gated on total momentum, and the
proton energy spectra. These experimental results will be compared with BUU
calculations. Consistent with other measurements, discrepencies with BUU
predictions will be shown. !

!Supported in part by the National Science Foundation.

¥ Vol. 40, No. 10 (1995) ~ , . 4

A&M University Proton Spectrometer. The spectrometer data will
be compared to eariier multi-dectector data and the dependence of
proton-proton correlations on the emision angles and the momenta
of the proton pairs will be discussed.

*Work supported in part by the Department of Energy under Grant
No. DE-FG03-93ER40773 and by the Robert A. Weich Foundation.

13:54

EB3 N v .

Medium. Nuclei: R. K. TRIPATHI, Southern [llinois
Unijversity*, J. W. WILSCN, F. A. CUCINOTTA, J. L. SHINN,

NASA Langley Research Center, F. F. BADAVI, Christopher
Newport University, and S. Y. CHUN, Qld__Dominion

1632
Scr



o WAt e e

Rres

<. A556 (1993) 281 UETRE Y

University --Using a semiempirical nuclear fragmentation
model developed! at NASA Langley Research Center
(NUCFRG2), we analyze one nucleon removal cross sections
in terms of nuclear and coulomb cross sections. We find
there is a need for structure effects in light and medium
nuclei. The interesting cases of one neutron and one proton
removal cross sections in *0Ar and ®Fe will be discussed.
Within a simple single particle sheil model picture, both
these nuclei can be described by 2p-2h states with respect to sd
and fp shells, respectively. Experimentally, one neutron
removal cross sections for these nuclei are approximately
three times larger than one proton removal cross sections
reflecting to the neutron shells to be “farther” than proton

shells.

“Supported by NASA Grant.
1J. W. Wilson, et al.,, NASA TP-3533, 1995

14:06

EB4 Nuclear Dissipation from Measurements of Light
Charged Particle Emission in Fusion ~ Fission Reactions
R.C. LEMMON, NSCL, Michigan State U., D.J. HINDE, J.R.
LEIGH, C.R. MORTON, J.0. NEWTON M. DASGUPTA,
Australian Natiopal U, , J.P. LESTONE, U. of Washington. —

At moderate excitation energies, the dynamics of nuclear fission are
determined by the dissipative coupling of collective and internal sin-
gle -particle degrees of freedom. One of the foremost problems in nu-
clear physics is understanding the mechanism and magnitude of this
dissipation. The alpha particle and proton multiplicities from the
reactions F+1%Tm, »Si+!%Gd and #S+'*Sm have been mea-
sured. Pre- and post-saddle timescales for the fission of 1*Pt were
then extracted from these muitiplicities using a statistical model
modified to include fission delay times and a Kramers factor [1].
The timescales have now been interpreted within the framework of
a Langevin collective transport modei to give values of the dissipa-
tion as a function of deformation. These results will be presented
and comparisons made with different microscopic models of nuclear
dissipation (2,3]. .

[1] J.P. Lestone, Phys. Rev. Lett. 70, (1991) 2245

[2) J.R. Nix and A.J. Sierk, Proc. International School-Seminar
on Heavy lon Physics, Dubna, 1986, Joint- Institute for Nuclea.r
Research Report No. JINR-D7-87-68 (1987) R

{3) P> Frdbrich, L1 Gontchar ‘and N.D. Maviitov, ‘Nucliar Physu:-‘

’ T ',.“}"Yﬁ."‘;"

14:18

EBS i
A. HAUGER', §

AGeV Projectile Frogmentation of Gold Nuclei J
ALBERGO?, F. BIESERS, FP. BRADY®, Z CACCIA? DA.

* CEBRA®, A.D. CHACON®, JL. CHANCE®, Y. CHOL, s. COSTAZ,

I.B. ELLIOTT!, ML. GILKES®, A.S. HIRSCH!, E.L. HJOR’I"

INSOLIA2, M. JUSTICE®, D. KEANES, J.C. KITNER®, V.
LD-'DENS’I'RU’I‘I—!7 M. A. LISAY, U. LYNEN', HS. MATIS, M.
MCMAHAN3, C. MCPARLAND?, W.EJ. MUELLER’, D.L.
OLSON?, M.D. PARTLAN®, N.T. PORILE!, R. POTENZAZ, G.
RAD’, . RASMUSSEN’, H.G. RITTER?, J. 1101»1m~:sx(12 JL.
ROMEROC®, G.V. RUSSO2 H. SANN’, R.P. SCHARENBERG', A

SCOTT®. Y. SHACS, B. SRIVASTAVA!, TJM. SYMONS’, ML.
TINCKNELL!, C. TUVE?, S. WANG®. P. WARREN! D.
WEERASUNDARAS, HH. WIEMAN’ K.L. wou=5 ‘Purdue 1,
]EES Catanig, 31 awrence "!’g: Jav § Texas A&M
L., °Kent State 11, QEL_QmmLfSuVY -Stonv_Brook, - By

studying protons from the mulufragmentauon of 1AGeV Au + C

SATURDAY AFTERNOON

collisions, we can distinguish two suages in the reaction process. A
method for separating these two components will be presented.

14:30

EB6 Cavitation and Penetration in Cantrai Coilisions Induced
by Light lons. G. WANG, K. KWIATKOWSKI, and V. E. VIOLA,
indiana_University; and W. BAUER and P. DANIELEWICZ,
Michiqan_State University. Two different BUU calculations are
ampioyed to examine the dynamics of central collisions induced
by light-ion projectiles. For projectile energies apove about one
GeV incident on heavy target nuclei, a region of low density
develops in the core of the nucleus at times of the orger of 30
tm/c. The simulations predict penetration of the target by the
projectile momentum front above energies of 4-6 GeV, leacing to
a saturation of deposition energy. These resuits are examined
in the context of marked cnanges in reaction observables for
such collisions.

14:42
=6 44e, E. NORBECK, YW CLIENG L.B. YANG U, of Towa,
F.D. INGRAM, According to the Born

approximation, the cross secuon for 12C +12C — 6 *He is

proportional to p{p* Y IViv; ,-r in which n = 14 is the number of
independent parameters, and V is the potential acting between a
clusters in the beam with the a clusters in the target. W, is the final
state with each cluster expressed as a plane wave. , is the initial state
consisting of & cluster 12C wave functons times plane waves for the
relative motion. The phase space factor, p, is slowly varying. The
marix element, (,[Vly,). is large if the momenrum of one or more
clusters are spectators which have the same momentum after, as before
the reaction. If two a particles in the target and two in the beam are
specators, the threshold for the reaction is 88 Mev, and the sum of the
energies of the two remaining o partcles is 1/3 of the beam energy less

about 14 Mev binding energy. Such peaks in the sum of the energies of
two & particles have been observed for 12C energies from 660 w0 1860
Mev.

SUPPLEMENTARY

14:54 ,'.","_. . R T T
EBS8 .o =i wil -+ O o el DL et
Quantum field ducnutxon of high energ' mult:ole sequentxal S
collisions ip dense media. Jicai Pan, Dept. of Physics, McGill | o
University, Montreal, Canada. High energy sequential collisions in .
dense media have, so far, been discussed in the framework of classi-
cal kinetic theory. In this picture, quantum fluctuation is not taken
into-account.. As a result, inteference between sequential collisions .
is usually overestimated. We propose here generalized Lagrangians
that consist of fields with different initial space-time coordinates to
deveiop a full quantum description of sequential coilisions in dense
electromagnetic and strong interacting media. Unlike Glauber the-
ory that is a quantum mechanical description of elastic and quasi-
elastic badron-nucleus scatterings, the present formulation provides
a unified quantum field description of particle production, radia-
tion, scattering, and particularly the interference in high energy se-
quential collisions in dense matter that may be produced in high en-
ergy nuclear collisions. The destructive interference of soft dilepton
and photon productions, known as Landau-Permoranchuk-Migdal
effect, in both hadronic gas and quark-giuon plasma is weaker than
that obtained in classical kinetic theory.
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Abstract

we present a simple universal paramelerizalion of total reaction cross sections
for any sysiem of colliding nuclei valid for ihe enlire energy range from a few A
MeV 1o a few A GeV. The univeisal picture presenled here ireats proton-nucleus
collision as @ special case of nucleus-nucleus collision, where the projectile has
charge and mass number of one. The parameters are associated wilh the physics
of the collision system. In general lerms Coulomb inferaction modifies cross
seclions al lower energies and he effects of Pauli blocking is important al higher
energies, The agreemenl between ihe calculated and experimental data is

betler than all earlier published resulls.



1l.Introduction

The iransportation of energelic ions in bulk mqligr is of direct interes} in
several areas [1] including shielding agains! ions originating from either space
radiations or terrestriql accelerators, cosmic ray propagation studies in galaciic
medium or radiobiological effects resulting from lhé work place or clinical
exposures. For carcinogenesis, ferreshiql radiation lherapy, and radiobiological
research; knowledge of the beam composition and inleractions is necessary o
properly evaluate the effects on human and animal tissues. For the proper
assessment of radiation exposures both reliable hansport codes and accurate
input parameters are needed.

One such importani input is the total reaclion cross seclion, defined as the

lotal minus the elaslic Cross sections for wo colliding ions:

decades. A dstailed list of references is given in Ref.[l, 13, 16]. Empirical
prescriptions have been developed [2-4, 10, 11, 13] for the total reaction cross

sections working in various energy ranges and combinalion of inlerociing ions. The



2.Model Description
The present model is an updaied and revised version of the empirical
mode! developed al NASA Langley Research Cenler and reported earlier

[10].Mosl of ihe empirical models approximate lolal reaction cross section of

Bradi-Peters form:

Ogps = nry (A,%/:’ + AY? - 8)? (2)
where 1, Is energy independen! and o is eilher energy-independeni or energy
dependent poromerler, and A, and A, are ihe projectile and target mass
numbers, respectively. This form of paramelerization works nicely for higher
energies. However, for lower energies Coulomb interactlion becomes important
and modifies reaction Cross seclions significantly. In addition, s‘irong absorpiion
models suggest energy dependence of the interaction radius. Incorporaling these
effects, and other effects discussed laller in lhe lexl, we propose the following

form for the reaction cross seclion:

op = Tr2 (AR + A} + 8p)7 (1 - 2) (3)

cm

we notice that Coulomb interaclion, where ry = 1.1 fm, and Ecm isin MeV,
modifies cross sections at lower energies and gels less important as the energy
increases (typically after several tens of A MeV). In Eq. (3) B is the energy

dependent Coulomb interaction barrier (right hand factor in Eq. 3), and is given

by.



1.44ZpZ;

= (4)
R
where,
1.2 (A3 + A7
R=rp+trp+ (P1/3 r) (5)
ECM

with (i =P.T),

r; = 1.29(r) ms (6)

There is energy dependence in Ihe reaclion cross section at
intermediate and higher energies mainly due to two effecis -- fransparency and

Pauli blocking. This is taken into account in 8¢ , which is given) by.

8, = 1.858 + 0.16S/ES> - Cg

(7)
where S is the mass asymmelry lerm and is given by,
A1/3A 1/3
§ = P 7T (8)

A;/l‘ + A%/3

and is relatéd to the volume ovetlap of the collision system. The last ferm on the
right hand side of Eq. (7) accounls for ihe isolope dependence of the reaction
cross section. The term Cgis relaled to the lransparency and Pauli blocking and

is given by,



CE=.D(l—exp(—E/40))—0.292exp(—E/792)
(9)
x cos (0.229E0:453)

Here D is related to the densily dependence of the coliiding system scaled with

respect o the density of C + C system, ie:

Pap ¥ P4,

Pa. ¥ P4,

D=1.75 (10)

The density of a nucleus is calculated in the hard sphere model 24}, and

for a nucleus of mass number A, is given by,

A
i
(11)
in 3
3

P4, =

where lhe radius of the nucleus is defined in Eq. (6) with root-mean-square
radius, (r),.. oblained direcily from experiment [25]). There is interesling physics
associated with constant D. This in effec! simulates the modifications of the
reaction cross sections due to Pauli blocking. This effect is new and has not been
taken into qccoum in other empirical calculalions. This helps present a universal
picture of the reaction cross seclions.

Al lower energies (below several lens of A MeV) where the overlap of
interacting nuclei is small (and where Coulomb inleraclion modifies the reaction
cross sections significonily) the modificalions of the cross sections due fo Pauli

blocking are small, and gradually play an increasing role as the energy increases,



since this leads to higher densities where Pauli blocking gels increasingly
imporianl. Inferestingly enough for the prolon-nucleus case,since there is nol
much compression effect, a single constant value of D=2.05 gives'very good
results for all proton-nucleus collisions. For alpha - nucleus collisions, where there
is a little compression, the best value of D is given by,
D =2.77-8.0x1072A;+1.8x10 %A1 1)
~0.8/ (1+exp(250-E) /75)

For lithium nuclei beé:ouse of the 'halos', compression is less and hence the Pauli
blocking effect is less important and a reduced value of D/3 gives betier results
for the reaction cross seclions at the intermediate and higher energies.

There are no adjustable parametlers in the model exce;ﬁi that for proton
nucleus coliisions this method of calculaling the Coulomb energy undereslimales
its value for the very light closed shell nuclei of alpha and carbon, and these

should be increased by a factor of 27 and 3.5 respeclively for a better fit.

3.Results/Conclusions:

Typical resulls oblained from Ihe model are shown in Figures 1 through 5.
Agreement with experimenltal dala is excellent and is belter than all other
empirical models reported earlier. This is parlicularly important in view of the fact
that the ogreem|ent is excellen! throughoul the whole energy range - uplo a few

A GeV. The modei has been lested with all lhe available data for projecliles

6



broton through krypton and jargets alpha through bismuth for the energy range
from a few A MeV uplo a few A GeV and is found lo give excelleni resulls for all
the systems throughout the energy range. In view of the simplicily ond accuracy
of the model il is a welcome improvement for fransport calculations.

I will be interesting lo see how the model compares with the new

experimental data as and when lhese become available.
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Figure Captions:

Figures 1 :

Figures 2 :

Figures 3:

Figures 4 :

Figures 5 :

Absorption cross seclions for profon - beryllium collision as a function
of proton kinetic energy. Solid line represents present model and the
experimental dala are from [15].

Absorption cross sections for proton - aluminum collision as a function
of proton kinetic energy. Solid line represenis present model and the
experimental dala are from [15]. |

Absorption cross seclions for alpha - carbon collision as a function of
incident ion kinelic energy. Solid line represents present model and
the experimental dala are from (21 - 22). ;

Absorplion cross seclions for carbon - carbon collision as a function
of incident ion kinelic energy. Solid line represents present model and
the experimental dala are from [1.9,13.16).

Absorplion cross seclions for calcium - calcium collision as a funclion

of incident ion kinetic energy. Solid line represents present model and

the experimental dala are from (1.9.13.16].
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Abstract:

We present a simple universal parameterization of fotal reaction cross sections
for any system of colliding nuclei valid for the entire enefgy ro‘nge from a few A
MeV {o a few A GeV. The universal picture presenled here treats proton-nucleus
collision as a special case of nucleus-nucleus collision, where the projeclile has
charge and mass number of one. The paramelers are assoclaled with the physics
of the collislon system. In general terms Coulomb Interaction modifies cross

seclions at lower energles and the effects of Paull blocking is Important at higher

energles, The agreement between ihe calculated and experimental data s

beiter than all earlier published results.



Introduction:

The transportation of energelic ions in bulk matter is of direct interest in
several areas [1] including shielding against ions originating from either space
radiations or terrestrial acceleraiors, cosmic ray propagation studies in galactic
medium or radiobiological effects resulling from the work place or clinical
exposures. For carcinogenesis, terrestrial radiation therapy. and radiobiological
research; knowledge of the beam composition and interactions is necessary fo
properly evaluate |'he effects on human and animal tissues. For the proper
assessmen! fo radialion exposures both reliable transport codes and accurate
input parameters are needed.

One such imporiant inpul is the lotal reaction Cross secﬁc‘)n, defined as the

1otal minus the elaslic cross seclions for two colliding ions:

g = Op — Oy (1)

In view of its importance the iotal reaction cross section has been exiensively
siudied both theorelically [1-14) and experimentially [15-24] for the past five
decades. A delailed list of references is given in Ref.(l, 13, 16]. Empirical
prescripiions have been developed [2-4, 10, 11, 13] for the fotal reaclion cross
seclions working in‘vorious energy ranges and combination of interacting ions. The
present model works in all energy ranges wilth uniform accuracy for any
combination of'injeracling ions including proton-nucleus collisions and is more

accurate than earlier reported empirical models (10} which were accuraie above

2



100 A MeV but showed large errors upio 25 percent at lower energles.

Model Description:

Most of the empirical models approximate total reaction cross section of

Bradt-Peters form:;

0 = Tré (Ap® + A? - 8)2 (2)
where 1, is energy Independent and 8 is eilher energy-independent or energy
dependent parameler, and A, and A; are the projeclile and larget mass
numbers, respectively. This form of parameterization workﬁv nicely for higher
energles. However, for lower energies Coulomb interaclion becomes important
and modifies reaction cross sections significantly. In addition, strong absorption
models suggest energy dependence of the Interaclion radlus. Incorporating these

effects, and other effects discussed latter in the lext, we propose the following

form for the reaction cross section:

2,41/3 1/3 B
0g = nré (Ap’® + A} + 852 (1 - ) (3)
Ecm
Where r, = 1.1 fm, and Ecm is colliding system cenler of mass energy in

MeV. The last term is the Coulomb inleraction term which modifies the cross
section at lower energies and gels less imporliant as the energy increases
(typically after several tens of A MeV). in Eq. (3) B is the energy dependent

Covulomb Interaction barrier {right hand factor In Eq. 3}, and Is given by,



1.44ZpZ; )
R

where Z, (Z;) Is atomic number of the projectile (larget) and radius for evaluatling

the Coulomb barrier helght is,

1.2 (AR? + A}
Ec’ |

(3)

R=rp+trpt

where 1, Is equivalent sphere radius and is related to the . radius by,

r, = 1.297 5 (6)
with (i=P.T).
There Is energy dependence in Ihe reaclion cross section at intermediate

and higher energles mainly due 1o two effecis -- fransparency and Pauli blocking.

This is taken into account in 8¢ . which is given by,

dp = 1.85S + 0.16S/EX? - Cg )
+0.91 (Ap-2Zp) Zp/ (ApAp)

where S Is the mass asymmelry ferm and is given by,

A

A},/3 + A%/3

and is related to the volume overlap of the collision system. The last ferm on the

right hand side of Q. (7) accounts for the Isotlope dependence of the reaclion



cross seclion. The term C is relaled to the transparency and Pauli blocking and

is given by,

CE==l)(l—exp(—E/40))—O.292exp(-E/792)
(9)
x cos (0.229E°-453)

Where the collision kinelic energy E is in units of A MeV. Here D Is related fo the
density dependence of the colliding system scaled with respéct to the density of

12¢ +'2 C colliding system, ie:

+
D = 1.7525__‘)‘1! | (10)

Pao * Pag |

The density of a nucleus is calculated in the hard sphere model. There is
inferesting physics associated with constant D. This in effect simulates the
modifications of the reaclion cross sections due to Pauli blocking. This effect is
new and has not been taken into account in other emplirical calculations. This
helps present a universal piclure of the reaction cross secilons.

At lower energies (below several tens of A MeV) where the overlap of
interacting:nuclel Is small (and where Coulomb interaction modifies the reaction
cross sections significantly) the modificatlons of Ihe cross sections due to Pauli
blocking are small, and gradually play an increasing role as the energy increases,
since this leads to higher densities where Pauli blocking gels increasingly
Imporiant. Interestingly enough for the profon-nucleus case.since there Is not

much compression effect, a single consiant value of D=2.05 gives very good

5



results for all proton-nucleus collisions. For alpha - nucleus coliisions, where there

is a lillle compression, the best value of D is given by,

D =2.77-8.0x1073A,+1.8x107%A7 1)
-0.8/ (1+exp (250-E) /75)

For lithium nuclei because of the 'halos’ {21, compression Is less and hence the
Pauli blocking effect is less important and a reduced value of D/3 gives beller

resulls for the reaction cioss seclions at 1he intermediate and r;igher energies.
There are no adjusiable paramelers in the model except that for proton
nucleus collisions this melhod of calculaling the Coulomb interaction barier
undereslimates its value for the very light closed shell nuclei of ol;?ho and carbon,
which are very lightly bound and hence compact. Consequently, for these 1wo

cases Coulomb batrier should be increased by a factor of 27 and 3.5 respectively

for a better fil.

Results/Conclusions:

Figures, (1-45) show ihe plot of available results for proton-nucleus,alpha-
nucleus, and nucleus-nucleus collisions. Figures (6,18) also show comparison with
Ref. [10]. The data set used for figures (1-5) has been collected from Refs. [15, 23]
and for figures (6-14) has been oblained from Refs. [16, 17, 22, 23]. There is
exlensive dala sel available for C + C system (Fig. 18) and has been taken from

<

Refs. [16, 17, 23, 24]. For the remaining figures data has been coliecied from the

6



compilation of data sel from Refs. [9, 16-20]. The agreement with experiment is
excellent and is better than all olher empirical models reported earlier. This is
parlicularly important in view of the fact that the agreement is excelleni
throughout the whole energy range - up fo a few A GeV. We notice again that
atl lower energy end the cross seclions are modified by the Coulomb interaction
and at the intermediate and high energy end Pauli blocking effects become
increasingly important. it will be interesting 1o see how the model compares with

ihe new experimenioi data as and when these become available.



Figure Captions:

Figures (1-5} :

Figures (6-14) :

Figures (15-45) :

Reaction cross seclions as a function of energy for proton-
nucleus collisions. Solid line represents present model.
Reaction cross sectlons as a functlion of energy for alpha-
nucleus collisions. Solid line represents bresant modsl. The
’doshed line in Fig. 6 is from Ref. [10].

Reacltion cross seclions as a function of energy for nucleus-
nucleus collisions. Solid line represents present model. The

J
dashed line in Fig. 18 is from Ref. [18].
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Abstract

A fully self-consistent, quantum statistical model is used' to
investigate the emission of light fragments from equilibrated nuclear
systems with var)iing proton-to-neutron ralios over a range of internal
excilation energies. A very strong correlation between the species of
emitted fragments and the composition of the equilibrated system is
found. This finding suggests that light fragments emitted by excited
nuclear systems may serve as an indicator of the equilibrated population.

We also note that a portion of the emitted alpha particle spectrum is

condensed.



Obtaining information about nuclear matter under unusual
conditions of density and temperature (excitation energy) has been a goal
of research in nuclear physics for some time {1-12). Because nuclear
collisions may last for only a short period of time (~ 1022 sec), the
formation of unusual matter is often transitory. Because most
observations are endpoint in nature, information about transitory
behavior is often lost. In this letter, we suggest that studies of the
distributions of light particles emitted from an equilibrated nuclear
systems may be useful for ascertaining the composition of the emitting
excited system. Although there is some debale concerning the existence of
equilibrated systems in heavy ion collisions, there is general agreement,
for the low energies considered herein, that at least a portion of the
colliding matter does become equilibrated.

In the work described herein, we show that an unequivocal
correlation exists between the abundances of the emitted light fragments
and the overall composition of the equilibrated system. This correlation is
strong enough that the light fragment abundances may be used as

indicators of the transitory composition of the nuclear collision



participants. We also note that a measurable fraction of the emitted alpha
particles are condensed.

To begin, consider an assembly of A nucleons consisting of N
neutrons and Z_ protons in a volume of V. Let the proton-to-neutron
ratio be denoted by y(=Z_/N_). Allow the system of A nucleons to evolve
in thermodynamic equilibrium at temperature T and density p, and to
emit light particles: neutrons (n), protons (p), deuterons (d), tritons (t),
3He (h), and alphas (). Besides their sets of intrinsic properties (spin,
mass, etc.) which differ for each particle, we also classify them in terms of y
so that they can be related to the total equilibrium population A. Specific
values for each are (yin parentheses): n (0), t (0.5), d (1), & (1), and 3He (2).
For protons, v is infinite since we are dividing by zero. In the model,
charge and baryon number are conserved by requiring that

z n.N.=N_

X zN,=27 (1)
where the N; refer to the number of particles of species i. The system
evolves in chemical equilibrium, which implies that for any species i, the

chemical potential is

=z b e (2)



where z; and n, are the number of protons and neutrons in the ith species,
and g, is its binding energy. The distribution of fermions is given by [13]
- 1253 -

N;=28,V 4, Fm(“f/ kBT) @)
where g, =25, + 1 is the spin degeneracy, y, is the chemical potential A, is
the thermal wavelength for the ith particle of mass m,

15
k.=2nh{2nm.k T) (4)
i i B
where kB is Boltzmann’s constant, and the species index is i (= p, n, h, t) as

appropriate. Values for the Fermi-Dirac integral functions are tabulated in

the literature [14]. For bosons {13, 15, 16], we have
-1

N. =|exp (-ul./kB 7‘) -1 +g.V, Alfa Ioe (_”xkn T), ©)

where the first term on the right side of Eq. (5) gives the number of
condensed bosons, the second term is the number of noncondensed
bosons, and the species index is i (= d, @). The Bose-Einstein integral
functions appearing in Eq. (5) haven been extensively studied elsewhere
[13,15].

The evolution of the system is studied as follows: for a given
temperature T, density p (= A/V ), and proton/neutron ratio y, Egs. (1) - (5)

are solved self-consistently until a convergent solution is found. The



density is then incrementally increased, for the same T and v, uﬁtil
another self-consistent solution is found. The set of calculations is
stopped at any de_nsity for which no self-consistent solution can be found.
The calculations for increasing density are repeated for different

temperatures, and then the entire process is again carried out for different

vy values.

To illustrate, consider systems with A =80 and y = 1.0, 0.5, and 0.25,
respectively. These choices for the proton/neutron ratio span most
systems of interest in nuclear and astrophysics studies. The total number
of equilibrated nucleons (A = 80) is reasonable for collisions involving
heavier nuclear systems where some but possibly not all of the nucleons
may be in equilibrium. Temperature of 1, 2.5, 5, and 7.5 MeV are assumed.
At higher temperatures, the alphas and other composite species will
undergo significant breakup.

The results of the model calculations are displayed in figures 1 to 3.
For y = 1 (fig. 1) the most abundant light fragment species is the alpha
particle which also has a proton/neutron ratio of y = 1. Note that the
distributions of alpha particles are very similar for all excitation energies

(temperatures) considered. For lower densities and high temperatures



(5 and 7.5 MeV), deuterons (also with y = 1) appear. The abundances of
other species with y# 1 are rare.

Figure 2 displays model predictions for a proton-to-neutron ratio of
0.5. Here, the most abundant fragment produced is the triton (*11), which
also has y = 0.5. The next most abundant fragment species is the neutron
(y = 0), followed by the alpha particle (y = 1) and deuteron (y = 1). Again, as
was the case with Fig. 1, the most abundant fragment species is that which
has the same proton-neutron ratio as the total equilibrated population.

Next, we consider the extreme case for a proton-neutron ratio of
Yy = 0.25. Among the emitted species considered herein, none have this
value of y. Based on the results displayed in figs., 1 and 2, however, we
would expect that the most likely emitted fragment species would be one
with a low y value, such as the neutron (y = 0). From fig. 3, we observe
that this is the case. Neutrons are the most abundant species - followed by
the triton (y = 0.5). Other species which appear (barely) are those with y=1.

Among the light nuclear fragments considered here, the alpha
particle is the most-tightly bound. Therefore, from binding energy
considerations, one would expect alpha production to dominate --

irrespective of the assumed equilibrium conditions. Instead, our



calculations indicale that particle emissions from equilibrated systems are
dictated by the aciual composition (y values) of the source regions rather
than by binding energy considerations. This finding may be useful for
monitoring the transitory equilibrated population in heavy ion collisions.
This study also provides indications of another interesting
phenomena regarding the population of emitted alpha particle -- namely
that a measurable fraction of the emitted alphas are condensed. This
effect, as expected, is a maximum for the y = 1 equilibrium population
which favors alpha particle production. In fact, for every temperature and
density considered when y = 1, most of the emitted alphas are condensed.
These results are shown in fig. 4, where the number of condensed alpha
particles is displayed as a function of density, temperature, and vy value.
Note that condensed alpha particles are also present for y# 1. Fory = 0.5,
the trends in alpha particle emission as a function of density and
temperature are similar to those for y = 1, where an increase in the
number of condensed alphas with increasing system density is observed at
each temperature. For y = 0.25, however, we note that very few condensed

alphas are produced ~ irrespeclive of system density and/or temperature.



Since we are unable, a priori, to determine the actual composilion
of the population in thermal equilibrium for any nuclear collision,
experimental detection of condensed alphas might be enhanced by
selecting the most favorable conditions. From fig. 4, this appears to be
lower temperatures (T = 1, 2.5 MeV) and lower densities (p < 0.5 normal
nuclear matter). It is satisfying to note that these conditions are similar to
those found at the surface of a finite nucleus where, at T = 0 MeV, alpha
particles are naturally present. Some years ago, an analysis of nuclear
matter at T = 0 MeV by Mueller and Clark [17] also predicted the presence
of alpha particles at densities lower than that of normal nuclear matter.

In this letter, we have demonstrated that the distributions of light
particles emitted from thermalized, equilibrated nuclear systems are
mainly dictated by the proton-to-neutron ratio of the equilibrated source,
rather than by binding energy. This finding may be useful for monitoring
the presence of transitory equilibrium in heavy ion collisions. Although
more realistic calculations should be performed to confirm these results, it

is anticipated that the general conclusions presented here would not be

substantially altered.
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Figure Captions
Figure 1. Distributions of emitted particles for A =80 and y=1
(N, = Z_ = 40) as a function of temperature and density ratio
(p, = 0.17 fm3). Curves for the more abundant fragment species are the
only ones displayed.
Figure 2. Distributions of emitted particles for A = 80 and y=0.5
(N, =53, Z = 27) as a function of temperature and density ratio

(p, = 0.17 fm3). Curves for the more abundant fragment species are the

only ones displayed.

Figure 3. Distributions of emitted particles for A = 80 and y=0.25

(N, = 64, Z_ = 16) as a function of temperature and density ratio

(p, = 0.17 fm3). Curves for the more abundant fragment species are the
only ones displayed.

Figure 4. Number of condensed alpha particles as a function of
temperature and density ratio (p_ = 0.17 fm3) for different compositions

(y =1, 0.5, 0.25) of equilibrated matter.
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Abstract

A recent set of light ion experiments are analyzed using the GRNTRN transport code
and the NUCFRG? fragmentation database generator code. Although the NUCFRG2
code reasonably represents the fragmentation of heavy ions. the effects of light ion
fragmentation requires a more detailed nuclear model including shell structure and short
range correlations appearing as tightly bound clusters in the light ion nucleus. The
NUCFRG2 code is augmented with a quasielastic alpha knockout model and
semiempirical adjustments in the fragmentation process allowing reasonable agreement
with the experiments to bhe obtained. A final resolution of the appropriate cross sections
must await the full development of a coupled channel reaction model in which shell

structure and clustering can bhe accurately evaluated.




Introduction

The need for accurate transport methods and corresponding atomic/nuclear dawbase
for protection against radiauions in space was demonstrated in a recent review of issues in
space radiation protection (/). Although the earliest efforts in code validation experiments
were placed on the relatively light ion beam of neon because of the potenual importance of
that beam to radiation therapy (2-5), the first‘beam studied specifically for space radiation
protection was the iron beam which is the single most important species in long term
space exposures (6, 7). Among the ;pccific issues in the iron beam experiments are the
production cross sections for light fragments which werc in doubt and in fact the reason
for development of the NUCFRG code (8). Recent experiments at the GSI accelerator in
preparauon for medical therapy has recently provided data on the transport in water of the
light ions of carbon, nitrogen and oxygen (9-11). Aside from the fact that the most
abundant ions in the space environment with charge of three or more is the CNO group
produced in abundance in star interiors, these are also interesting ions for which the
NUCFRG code (based on a liquid drop model) is expected to be least appropriate
(12-14). Hence, the current data set is an important test for the fragmentation databasc
used iy space studies.

In the present report, we give a brief review of the current state ol the transport
formalism and application (o the analysis of the GSI beam data. The initial results from
the NUCFRG?2 dauwbase are found 10 be in error by 3040 percent. It is surmised that the
fault lies in the liquid drop assumpton. The nuclear interaction viewed as a combination
of inelastic. quasielastic, and nonelastic events leads us to assume the main quasielastic
evenl in which specific panicles or clusters are removed from a reasonably stable core
cannot be accomadated within a liquid drop formalism (73, I4) while the highly
nonelastic events in which the mass removed from the projectile is fully dissociated is
well represenied by the NUCFRG? code. One can see these dynamic differences in the

12C/13C raiio in the fragmentation of 404, (ratto of 1) in comparison with the value for




fragmentation of Q0 (ratjo of 2.3) as measured by Tull (15) and Olson et al. (16)
respectively.  The cluster effect for 160 projectiles is taken herein from the work of
Cucinotta and Dubey (13, 14) and some additional ad hoc adjustments are made 1o the
liquid drop model representing the non elastic events until a more complete cluster code is
available. The resulian: database is an improyemcm over the NUCFRG2 code but Lj and
Be fragments remain untested by the GS] cx’pen'mcms. In the absence of such data the
further development of the cluster model is our best hope of resolving these cross

secuons.

Transport Methods
In the domain of 4 Spatially uniform beam, the Bolizmann transport equation
assuming a straighi-ahead approximation is useful in evaluating many field quantities in
high-energy ion transport. Even for narrow and directed ion beams, angular and spectraj

corrections have been applied successfully as multplicative faciors (3-5). The ion flux of

type j at x with energy E (AMcV) is given as (17)

- S_I(EJ)RI(EJ)
b S,-(E) Pj-(E)

APHE) e - -
+§; [ aE S;(E) P(E) e 4E" O (E By [x+ Ry (E)- R,(E )£

()

where S;(E) is the stopping power, P;(E) is the nuclear attenuation coefficient given us

P(E)=exp [-j:oj(E')Aj dE '/S,—(E')J (2)




E; =R~'][x+R-(E)] 1s the energy at the boundary for an ion j at x with residual

energy E, and R;(E) is the residual range, Ry [ (E)

} E. We may rewrite the
solution in terms of the Green's function as

-

0;(x.E)=Y j:ij(x. E.E,)o(0.E, )dE, (3)
k

-

where G, (x,E. E,) satisfies an integral equauon similar 10 Eq. (1) as

_ _Si(E;) Pi(E)) A Pi(EY)
G_/m("'E'En)"W Gjnl(O'EJ'E ) Z I

) Pj(E) (4)
[ 4E" 0 (B E) G [x+ Ry (E) - Ry(E ').E".E(,]

where

Giu(0.E.E,)= Oim O(E~E,) (5)

We use the Neuman €xpansion as a perturbative series

Gim(x,E.E,) = ZG“}( x.E.E,) 6)

jm
=0

where the leading term is

Si(E;) Pi(E))
(0) A IRt
G (x.E.E,) = S,(6)7(E) Sm 8(E; - E,) (7)
and the higher order terms are given by
(i) _ E, . APl
GnlxE.Ep)=3 [ dE W‘f dE" 0, (E" E")
k (8)
1 ) "
G~V *+ Ry(E)~ Ri(E").E".E,]




The first 1terate of Eq. (8) is given as

(1) N (E o APE) e | R
Gjm(x‘E‘Eo)—% E dE —_SJ(E) Pj(E) E'dE ij(E JE")
(9)
Si(E') P(E'y) .
O O(E E
SL(E") P En) km ( k 0)
where '
E'y= R+ Ry(E) - R{(E") + Ry(E")] (10)

If we make the usual assumption that the interaction is dominated by perpherial processes
then

OmlE" E")=0,(E") 8(E'-E") (11)

for which-the second term of the Neuman series becomes

A U P/(E") P,(E,)
{1 , )
Gyl3.E.E,) = — L L g (B (12)
S;(E) lvm—vjl PJ(E) Py (E
for values of E such that
28 R,(E,) - x] < RJ(E)<%R,,,(E0)—X (13)

J J
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where v, is the range scaling parameter (v,~=Zj‘/Aj). It was shown

by Chun et al. (/8) that the second lérm can be approximated by a linear function of
energy as

Gi(xEE))=1 [G(I)(A E.Eymun)+G)(x.E.E, )J

jm jm

(14)

Gl (% E.Ey oy ) - G, E. £y min) (E_ E, max + E, mi,,)
2

Ea max ~ Eo min

where E, may and E, min dre associated with the allowed range in relation (13). Eq. (14)
allows a simple numerical evaluation of the ion flux specira (5, 18). The higher order

lerms we evaluale using the nonperturbative method discussed elsewhere (5).

Comparison With Experiment

Experiments were performed at the GSJ accelerator using beams of 12C. 14N, and
160 a energies of 674(+2) MeV/u in which the transmiued flux of charge 510 8 were
measured behind a water target of variable thickness (9-/7). The measured transmitted
"ﬂux Qf thc same charge (open circles) is shown in fig. 1 along with the solution for the
primary beam flux (dashed curve) and the calculated flux of all ions of charge equal 10 the
iniual beafn (solid curve). It appears that the total absorption and neutron removal Cross
sections ol the NUCFRG?2 are reasonably correct. The measured fux with 4 single
charge removed (open circles) is shown in fig. 2. The NUCFRG? code (filled circles)
lends 1o overestimate the single charge removal cross section for 12C and 160 projectiles
and underestimates the cross section for 14N projectiles. This unsystematic behavior is
indicative of structure dependent effects and perhaps results from the fact that the carbon
and oxygen nuclei consist of integral numbers of highly stble alpha parucles and nitrogen
does not. Results for the revised NUCRFG cross sections are also shown as the first

collision term (dashed) and the complew solution (solid) which is in reasonable dgreement




with the experiments. The Mmeasured removal of (wo Charge units from the nitial beams
of 1N and 160 (open circles) is shown in fig. 3 with the NUCFRG> results (filled
circles). NUCFRG? underestimates the charge 2 removal from 160 and overestimates
for 14N, The effects of alpha Clustering is mog; apparent in the alpha knockou( process
for 160 collisions (fig. 3b). The carbon Isotope distribution in highly nonelastc collisions
are equally distributed berween 12C and 3¢ as can be seen in 404 fragmentation (15). In

distinction, the fragmentation of l6gy shows the, single alpha knockout cross section 1o

nonelastic cross section (solid curve) brings good agreement with the GSJ oxygen beam
data. The carbon tragments produced on the first collision js shown as the dasheg curve
n the figure. The only triple charge remova data is for the 160 jop beam as shown in
fig. 4 for which the NUCFRG2 is in reasonable agreemen;.

As a result of the present comparison the NUCFRG2 code has been modified g
include Cucinoua's alpha knockout cross secuons for 160 projectiles on al} largets giving
saustactory dgreement with the measurements of Heckman etal. (17) as shown in fig. 5.
Allhougb the inclusion of thig cluster effect js important in filling the 2ap between

“expériment and theory. additional ad hoc adjustments were made in the NUCFRG? code
Lo betier f:i[ the GSI data. The final NUCFRG?2 Cross sections are shown in comparison
with those measured g GSI in able 1. The use of these cross sections in evaluation of the
transport result are shown jp figs. 2-4 as dashed curve for the first collision flux and the
solid curve including all the higher order collision terms using nonperiurbaijve theory.
Sull, the Li and Be produciion Cross sections arc noy fepresented in these Jages
Mmeasurements and are Jefy uncertain.  Fuyrther development of the cluster model
calculations will pe helpful in resolving these cross secuons and such results will
hopefully pe available in the pegy future. Mos; Important in this respect 1s the strong

encrgy dependence in (he cluster knockou Cross sections as scen in fig. 6 for several




targets. There is expected 10 be a large‘;iknockoul cross secuon for other 4n nuclei such
as 20Ne, 29Mg, and 28Si which are important contributors 10 galactic cosmic ray
exposures (74). Also, the knockout of other light clusters will become important heavy
ion fragmentation for all nuclei which have large spectroscopic constants for clusters
outside closed subshells in the ground state of the projectile or target. There is strong
energy dependence from the nuclear form féactors and the effects of pion production as
clearly shown in the few hundred MeV 1o bnq GeV region in fig. 6. Other structure
dependent effects are expected to'sho-w strong energy variations. Fortunately the energy

dependence is less severe in light targets and low energy which is helpful in developing

medical therapy beams.

Concluding Remarks
The value of having transport experiments 1o guide semiempirical models used to
generate nuclear databases for estimation of shielding propernies is aptly demonstrated in
the present paper. The resulting revisions in the NUCFRG2 code will increase its
usefulness in future swdies. It is clear from the present study that a final database
generator will require cluster models for the lightions. Partial results of such models was
. instrurﬁémal in correcting some of the deficiencies in the revised NUCFRG2 code

presented herein. Clearly fulure versions should use exclusively cluster models for the

light ions.
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Table 1. Augmented NUCFRG?2 charg

and experimental values in a water target (9)

¢ changing cross sections (mbn)

Projectile

Fragment Charge

NUCFRG2

Experiments

676A MeV 12C

Wl oo

103
225
129

95

303A MeV N

87
362
147

90

674A MeV 14N

L R LY I~ ] EoE SV I~ N |

84
337
143

93

85

300A MeV 16Q)

138
284
290)
129
72
65

296+ 6

469A MeV 160

O\\)OC’JJLLJIO\\)OC

134
283
281
131
75
68

262+9
27212
1095

672A MeV 16Q)

EaEE SV B N RV W s tn

131
281
276
132
79
71
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BOSE-EINSTEIN CONDENSATION OF NUCLEI

L. W. Townsend
NASA Langley Research Center
Hampton, Virginia 23681-0001, USA

R. K. Tripathi
Departinent of Physics
Southern linois University
Carbondale, 1L 62901, USA

1. INTRODUCTION

Obtaining information about nuclear matter under unusual conditions of density
and temperature (or excitation encrgy) has been a goal of research in nuclear physics
for nearly two decades [1-12]. In particular, there has been an intrinsic interest in
Bose-Einstein condensation of particles with a concomitant phase transition in nuclear
collisions.  Studies of multifragmentation reactions may provide information about
liquid-vapor and other types of nuclear phase transitions, and ultimately information
about the nuclear matter equation of state. Because nuclear collisions may last for
only a short period of time (~ 10722 sec), the formation of unusual nuclear matter
may be highly transitory. Since most experimental observations are endpoint in nature
(e.g., cross scetions or yields), information about transitory behavior is often lost or
overlooked. In previous work [13] we demonstrated the possibility that Bose-Einstein
condensation of nuclei is just such a transient phenomenon, which has thus far been
undetected. Over a decade ago, Bose condensation of pions was predicted to oceur
in the expansion phases of nuclear collisions and other forms of matter |4 6]. To
date, none have been observed. There is a significant difference, however, between
Bose-Einstein condensation of nuclel and that of pions. To form nuclei, matter must
have some minimum density because several nucleons must be in close physical and
momentum proximity. On the other hand, pion production is generally a one-nucleon
phenomenon and therefore does not depend upon a minimun density of nuclear matter.

Hence, Bose condensation of pions should be observable in end-point ineasurements but



condensation of nuclei will not. Its observation must be related to pre-ultimate stages
of the reaction (e.g., compression). Bose-Einstein condensation has been a well-known
phenomenon in condensed mmatter physics and has recently become a vigorous area of
rescarch in atomic physics [14, 15]. There is no reason for this fundamental phenomenon
to be absent from nuclear physics.

We begin the paper by briefly reviewing the gquantum statistical model used to
investigate the Bose-Einstein condensates [13]. Theoretical results for symmetric
(Z, = Ny) and asymmetric*(Z, # No) nuclear systems are presented (2, (No) refers
to the number of protons (neutrons) initially present). Then some interesting aspects
of light fragment emissions from equilibrinm nuclear systems are discussed.  Finally,

possible experimental signatures of these Bose condensed nuclei are described.

2. THEORY

Since our initial focus was on the possible existence of Bose condensate nuclei, a
simple model based upon quantum statistics was assumed [13]. It ignores interactions
between the particles, which should be a reasonable assumption for the low densities
and temperatures being considered. More detailed and reliable predictions should
incorporate the effects of particle interactions. In principle, we know how to do this
[11]; such complexities, however, are left for future work. The present, simple model
will suffice to demonstrate the possible existence of the phenomenon and to investigate

qualitatively some of its features.

2.1 Quantumm Statistical Model

To begin, consider an assembly of A nucleons consisting of N, neutrons and Z,
protons in a volume V,. The smallness of the linite volumes could mask a clear signal
of any phase transition. However, by exercising care, experimental evidence of Bose
condensation may be observable. Assume that the system of A nucleons is evolving in
thermodynamic equilibrinm at a temperature T and density p to form the light ions:
12¢, 1, 103 98¢, 7Li, SLi, *He(a), 3He(h), 3H(L), 2H(d), together with protons (p)
and neutrons (). Although there is some debale concerning the existence of fully
equilibrated systems in heavy ion collisions, there is general agreement that at least

a portion of the colliding matter does become equilibrated; and can be described by



equilibrium thenmodynamics. In the model, charge and baryon number are conserved

by requiring that

Z“iNi = N,

1

> ziNi = 2o, (1)

1
where the N; refer to the number of particles of species i The system evolves in
chemical equilibrium, which implies that the chemical potential is
Jop = zijty g k€, (2)

where z; and n; are the number of protons and neutrons in the i'h species, and €; is
its binding cnergy. For convenience, the particles are treated as point particles moving

in a reduced volume given by
7 — Vv 17
"pt—‘u— E Nt‘l) (3)
i
where V; is the eigenvolume of the i particle. The nnmber deusity is

pO: /1/‘/0> (4)

and the density of point particles is

pt = A/Vl,f. (5)

The distribution of fermions, from quantum statistics, is given by [16]
Ni = 2:Vpur ™ 2N Fpp i/ kT, (6)

where g; = 25; + 1 is the spin degeneracy and A; s the thermal wavelength for the ith
particle of mass m;

A = 27h (21 k‘B'l')_l/2 (7)
where kp is Boltzmann’s constant and the species index is 7 = (p, n, h,t,7Li,?Be,11B)
as appropriate. Values for the Fermi-Dirac integrals

00 1/2

Fpp(v) = / de (8)

JO

are well documented in the literature [17]. For bosons quantumn statistics yields [16]

N; = gilexp(=p/kgT) = 1171+ gV AT Fpp(—ni/kpT), (9)



where the first term on the right side of Eq. (9) gives the number of condensed bosons,
the second term is the number of noncondensed bosons, the species index is i(= d, a S,
108, 12¢3) and the Bose-Einstein integrals [18] are

o ,1/2

FUE(I/) = / -(;m_—l(l.'[:. (1())

JO

2.2 Calculational Methods T

The evolution of the system is studied as follows: for a given temperature T,
density ppe, and proton-to-neutron ratio y(= Z,/Ny), Eqgs. (6) and (9) are solved
self-consistently, while simultancously satisfying Eqs. (1) and (2), until a convergent
solution is found. The density is then incrementally increased, for the same T and 7,
until another self-consistent solution is found. The set of calculations is stopped at
any density for which no self-consistent solution can be found. This occurs when the
magnitude of the chemical potential for one of the bosonic species is at a minimum.
The calculations for increasing density are repeated for different temperatures, and

then the entire procedure is again carricd out for another value of .

3. RESULTS

We have studied systems with v = 1.0,0.5, and 0.25, and with A = 80, 160, 320, 6-10,
and 1280. These choices for y span most systems of interest in nuclear and astrophysics
studies.  The smallest number of equilibrated nucleons (A = 80) is reasonable for
collisions involving heavier nuclear systems where some but possibly not all of the
nucleons may be in equilibrium. The largest value of A (A = 1280) is a computationally
reasonable ensemble of nucleons for representing stellar interiors or infinite nuclear
matter. Temperatures of 2.6 and 5 MeV were assumed. At higher temperatures, the
excitation energy would be near or above the average binding energy per nucleon and

significant breakup of the composite species being formed could ocenr.

3.1 Results for Symmnetric (v = 1) Systems

Representative results of model caleulations for syminetric systems with A = 160
and 1280 at T = 2.5 MeV are displayed in figures 1 to 3. Results for A = 80 at
T = 2.5 MeV and 5 MeV were presented elsewhere [13]). Figure 1 displays particle

distributions as a function of the density ratio p,,z/p,,m where pyn = 0.17 fin~3 is the
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Fig. 1. Distribution of most abundant particles for symmetric (y= 1) systems at T = 2.5 MeV.
Other species have abundances which are smaller than the lowest curves shown here.
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usual nuclear matter value. Note that bosons are more abundant than fermions. The
most abundant ion species are 12C and 1He, both with 7 = 1. Note also that the
distributions scale with the total mass number A such that for each density ratio, the
number of particles for a particular species when A = 1280 is eight times larger than
when A = 160. This sane scaling is present for the other A values and for T = 5 MeV.
Figure 2 displays the percentage of condensed bosons. From these results, it is apparent
that there is a finite probability of producing detectable numbers of condensed alplia
particles and carbon nuclei at densities which typically oceur in heavy ion collisions
(n <2 pum). Note that the percentage of condensed bosons increases with increasing
density, but the percentages decrease with increasing A. Hence there is no simple
scaling with mass number. Finally, figure 3 displays the chemical potentials for the
most abundant bosons (12C and 4He). All other boson species have values which are
swaller (more negative) than those shown in the figure. Here we note that the chemical
potentials are nearly identical for both A values. This result holds for all caleulated A
values and is not unexpected since Eq. (2) has no A dependence. Similar features are

observed for the "= 5 MeV calculations.

3.2 Results for Asymmetric (v # 1) Systems

Results of model calculations for asyminetric systems with v = 0.5, A = 160 and
1280, and T" = 2.5 McV anve displayed in figures 4 to 6. From figure 4, we note that
fermions are more abundant than bosons, which is the opposite trend to that which
oceurs for symmetric systems. However, as was the case for symmetric systems, the
particle distributions do scale with total mass number A. Naively, one would expect
that the most abundant species should be those which are most tightly bound (}2C or
Hle). Instead, these results indicate that the most frequent species that are produced
are those which have v values close to the value of the overall equilibrated system. In
this case, the most abundant species are 31 (y = 0.5) and nentrons (y = 0). The total
number of bosons produced is quite small.

Figure 5 displays the percentages of condensed bosons. These percentages are
comparable to those displayed in figure 2 for symmetric systems. However, because of
the small number of bosons produced, the number of condensed bosons is probably too
small to detect in asymmetric systems.

Figure 6 displays chemical potentials for the bosons in the v = 0.5 system. Note
again that there is little or no A dependence. Note also that the magnitudes for this
system (y = 0.5) are wuch larger than for the symmetric case (v = 1) displayed in

figure 3.
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3.3 Summary of Results

The two main findings described in the previous sections were: (1) Bose-Einstein
condensation of nuclei, such as 4He or 12C, is a real possibility in equilibrated nuclear
systems composed of equal or nearly equal numbers of protons and neutrons; and (2) the
distributions of light particles emitted from thermalized, equilibrated nuclear systems
are mainly dictated by the proton-to-neutron ratio of the equilibrated source, rather
than by binding energy. Therefore, the composition of the light fraginents emitted in
the collision may be an indicator of the composition of the equilibrium population of

nucleons in the source.

4. EXPERIMENTAL DETECTION OF BOSE-EINSTEIN
CONDENSATION

Because we are unable, a priori, to determine the actual composition of the
population in thermal equilibrinm for any nuclear collision, experimental detection
of condensed nuclei might be enhanced by selecting the most favorable production
conditions. From the previous section, this appears to be symmetric collision systems
(Zo = No = A/2), low temperatures (T = 2.5 MeV or lower) and low densitics
(p < 1.0 ppan). 1t is satisfying to note that these conditions are similar to those found
near the surface of a finite nuclens where, at T' = 0 NeV, alpha particles are naturally
present. Some years ago, an analysis of nuclear matter at 7' = 0 MeV by Mueller and
Clark [19] also predicted the presence of alpha particles at densities lower than that of
normal nuclear matter.

The cntical question is how to observe Bose condensate nuclei once they are
produced. For any distribution of reaction products, total yiclds or cross sections
are most commonly measured. A measurcment of this type, however, would neither
confirm nor deny the existence of condensed nuclei.  Figure 1 indicates that the
total yickds of bosons (sumns of condensed and noncondensed) vary with temperature
and density. Figure 2 indicates that the percentages of condensed bosons also vary.
Therefore, experimental observations must be able to distinguish between condensed
and noncondensed particles. The most promising method appears to be measurements
of the momentum distributions of each boson species.  In the collision center-of-
mass systent, condensed bosons will be produced with zero/near-zero momenta. The
noncondensed bosons will have much larger momentum values in that coordinate

system. Therefore, it appears that the clearest, most unambiguous signal that



Bose-Einstein condensation has occurred is to detect bosons with near-zero momenta in
the center-of-mass system. In the laboratory, the condensed bosons would be detected
at 0% to the beam with a momentum equal to that of the collision system center of

111aSs.

5. CONCLUDING REMARKS

In this paper we have used a fully self-consistent quantum statistical model to
investigate the phenomenon of Bose-Einstein condensation of nuclei in symmetric and
asymmetric ensembles of nucleons in thermal and chemical equilibrium. It is found that
Bose condensation of nuclei is favored in symmetric or nearly symmetric, equilibrated
nuclear systems, at low temperatures (T" = 2.5 MeV or below) and low densities
(densities at or below normal nuclear matter). The most direct evidence of their
existence is to experimentally detect bosons with little or no momenta in the system'’s
center-of-mass frame.

We also found that the distributions of light particles emitted from thermalized,
equilibrated nuclear systems are maiuly dictated by the proton-to-neutron ratio of the
cquilibrated source, rather than by binding energy. This finding may be useful for
monitoring the presence of transitory equilibrium in heavy ion collisions.

Finally, we emphasize that the findings presented in this work, although definitive,
deserve further study using more sophisticated models. Nevertheless, the specific
experimental signature of Bose-Einstein condensation of nuclei proposed in our work
will not be substantially altered by the use of improved theoretical models. In view of
the importance of the phenomenon to fundamental physics, experimental verification

of its existence or nonexistence should be a high priority.
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ABSTRACT

The fragmenting of high energy, heavy ions (HZE particles) by hydrogen targets is an important,
physical process in several areas of space radiation research. In this work quantum mechanical
optical model methods for estimating cross sections for HZE particle fragmentation by hydrogen
targets are presented. The cross sections are calculated using a modified abrasion-ablation collision
formalism adapted from a nucleus-nucleus collision model. Elemental and isotopic production cross
sections are estimated and compared with reported measurements for the breakup of neon, sulphur,
and iron, nuclei at incident energies between 400 and 910 MeV/nucleon. Good agreement between
theory and experiment is obtained.

INTRODUCTION

There is a need for reliable methods of accurately estimating cross sections for high-energy heavy
ion breakup by hydrogen for a variety of space radiation applications. In astrophysics, interstellar
hydrogen comprises the major type of material encountered by galactic cosmic rays (GCR) as they
travel through the universe. Hence, accurate cross sections are crucial for understanding cosmic-ray
propagation and source abundances. Hydrogen is also a major constituent of human tissue and
appears to be the most effective GCR shield material per unit mass for long duration, manned space
missions /1, 2/. Therefore, accurate cross sections are needed for proper risk assessment of critical
organ exposures of astronauts. Typically, cross sections used in many of these studies have been
obtained from semiempirical parameterizations /3, 4/ which have various fitting parameters. In this
paper we present fundamental, quantum-mechanical,optical model methods for estimating these cross
sections using a knockout (abrasion) - ablation collision formalism obtained from nuclear scattering
theory /S, 6/. The model has no arbitrary fitting parameters. Predictions of element and isotope
production cross sections are in good agreement with recently reported measurements /7/.
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THEORY

In an abrasion-ablation model, the projectile nuclei, moving at relativistic speeds, collide with
stationary target nuclei. In the abrasion step (particle knockout), those portions of the nuclear
volumes that overlap are sheared away by the collision. The remaining projectile piece, called a
prefragment, continues its trajectory with essentially its precollision velocity. Because of the
dynamics of the abrasion process, the prefragment is highly excited and subsequently decays by the
emission of gamma radiation or nuclear particles. This step is the ablation stage. The resultant
isotope is the nuclear fragment whose cross section is measured.

Although a picture of overlapping nuclear volumes being sheared off may be reasonable for heavier
nuclei colliding with each other, it is not reasonable for a single nucleon striking another nucleus.
Instead, a more reasonable physical picture involves individual collisions between the projectile
constituents and the target proton. Some struck projectile nucleons exit the fragmenting nucleus
without further interaction, and some interact one or more times with the remaining constituents
before departing. These interactions are called frictional-spectator interactions (FSI). The remaining
nucleus (prefragment), in an excited state because of the energy deposited during the collision, then
de-excites by particle- or gamma-emission processes. This picture is easily described by an abrasion-
ablation-FSI model where the abrasion stage is described by a quantum-mechanical, optical model
knockout formalism, and the ablation stage is modeled with cascade-evaporation techniques. There is
no excess surface area energy. Instead, the prefragment excitation energy is assumed to be provided
by FSI contributions from the abraded nucleons.

In the optical potential knockout (abrasion) formalism /6/, the cross section for producing a
prefragment of charge Z,; and mass Apg, because of collision with a hydrogen target, is given by
equations (1) - (3) of ref. /5/ withA; =1 and p(&;) =8(§,).

Prefragment excitation energies are estimated from the FSI energy contribution which is calculated
with a modified form of the model of Rasmussen /8/. In the modified model, the average energy
deposited in the prefragment for each FSI is

<EFSI> =8.5R MeV n

where the nuclear radius is R = 1.29 R ___,

Therefore, the cross section for a prefragment species (Zpp, Apg) which has undergone frictional
spectator interactions is obtained from €q. (5) of ref. /S/ and, the final hadronic cross section for
production of the type i isotope is obtained from eq. (6) of ref. /5/. Finally, the elemental production
cross sections are obtained by summing all isotopes of a given element according to

Gnuc (Zi) = Z o.nuc (Zi’ Ai) @

A;
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Fig. 1. Isotope production cross section for 325 at 400 MeV/nucleon fragmenting in
hydrogen targets. For clarity only even - Z (charge number) isotopes are displayed.
Also displayed are recently reported experimental measurements /7/.
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Fig. 2. Element production cross section for 22Ne at 910 MeV/nucleon and for S6Fe at
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RESULTS

Figure 1 shows isotope production cross sections for 32S beams at 400 MeV/nucleon fragmenting in
hydrogen targets. The figure also shows recent experimental measurements /7/. For brevity, only the
even - Z (charge number) fragment isotopes are shown. Element production cross sections are
displayed in Figure 2 for 22Ne beams at 910 MeV/nucleon, and for 5Fe beams at 400 MeV/nucleon.
The figure also shows recent experimental measurements 711. For these collisions, the agreement
between theory and experiment is good, especially considering that no arbitrary fitting parameters are
in the theory.

CONCLUSION
A simple optical potential knockout-ablation fragmentation model has been presented for use in
studies of high-energy heavy ion breakup by proton. The model has no arbitrarily adjusted
parameters. Model predictions are in good agreement with reported laboratory measurements of
fragment production cross sections for the fragmenting of sulfur, neon, and iron beams by hydrogen
targets.
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ABSTRACT .

The fragmenting of high energy, heavy ions by hydrogen targets is an important physical process in
several areas of space radiation protection research. Quantum mechanical, optical model methods for
calculating cross sections for particle fragmentation by hydrogen have been developed from a modified
abrasion-ablation collision formalism. The abrasion stage is treated as a knockout process which leaves
the residual prefragment in an excited state. In the ablation stage the prefragment deexcites to produce the
final fragment. The prefragment excitation energies are estimated from a combination of liquid drop
model considerations and frictional-spectator interaction processes. Estimates of elemental and isotopic
production cross sections are in good agreement with published cross section measurements.

INTRODUCTION

Reliable methods of accurately and quickly estimating cross sections for the breakup of high-energy
heavy ions (HZE particles) by hydrogen targets are needed for a variety of space radiation protection
applications including risk assessment and shielding of astronauts from galactic cosmic rays (GCR).
Many hydrogen target cross sections used in these studies are obtained from the semiempirical
parameterizations of Silberberg et al (1976) and Webber et al (1990), which have various fitting
parameters. In previous work (Townsend 1994, 1996) we have taken a more fundamental approach using
a knockout-ablation collision formalism based upon quantum-mechanical, optical model methods
obtained from nuclear scattering theory. The model had no arbitrary fitting parameters. In this work we
improve the model by incorporating previously-neglected excitation energy contributions from liquid drop
model considerations. The improved model! is used to estimate element and isotope production cross
section for a variety of projectiles ions colliding with hydrogen targets.

L}

THEORY

In the knockout-ablation fragmentation model, the projectile nuclei, moving at relativistic speeds, collide
with stationary target protons. In the knockout step individual collisions between the projectile
constituents and target proton occur. Some of the struck projectile nucleons exit the fragmenting nucleus
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x ithout further interaction, and some interact one or more times with the remaining constituents before
departing. These interactions are called frictional-spectator interactions (FSI). The remaining nucleus,
called a prefragment or spectator is in an excited state because of the energy dcposited during the
collision. The prefragment subsequently decays by particle - or gamma - emission processes to produce
the final fragment species whose cross section is measured.

In the optical potential knockout formalism (Townsend 1994) the cross section for producing a
prefragment of charge Zpy and mass Apg, because of collision with a hydrogen target, is given by

N (Z v ,
G (Zps, App) = ( n)(z) j‘d’b[l - T(b)T [r®&]™ 1)
where
T(b)=exp {~o () [2n B(&)]” [&1, [d’yp,b+2, +y)exp[—y2 /28(e)] } 7))

In Egs. (1) and (2), b is the impact parameter vector, € is the two-nucleon kinetic energy in their center-of-
mass frame, z, is the target proton position in the projectile nucleus rest frame, y is the projectile-
nucleon-target proton relative separation vector, p, is the projectile nucleus ground state number density
distribution, o (e)is the constituent - averaged nucleon-nucleon cross section, and B(e) is diffractive
nucleon-nucleon scattering slope parameter. Equation (1) assumes a hypergeometrical charge dispersion
madel to describe the distribution of knocked-out nucleons z out of Z projectile protons and n out of N
projectile neutrons are knocked out, Note that N+Z=4, and Aps = 4, -n-2 where A4, is the projectile
nuclear mass number.

Prefragment excitation energies are computed from E. = E;p + Egs.  Egsy denotes the FSI energy
contribution which is calculated using a modified form of the mode! of Oliveira et al (1979). In the
modified model, the average energy deposited for each FSI is <Egg> = SR MeV where the nuclear radius
isR =129 R, The liquid drop model energy E,p is estimated by considering the differences in volume
energy, surtace energy and coulomb energy between the pretragment and the incident projectile nucleus.
For *°Fe it is approximately 2 MeV/knockout. For 33§ it is about 4 MeV/knockout.

Depending upon the magnitude of its excitation energy, the prefragment decays by particle and/or photon
emission. The probability a, (¢) that a prefragment species j, which has undergone q FSI, decays to

produce a final species i is obtained using the EVA Monte Carlo cascade-evaporation computer code
(Morrissey 1979). Therefore, the final cross section for producing fragment species i is

onuc(zﬂAi):Z ’fay (q)cabr (Z)'A)’q) (3)

q=0

where the summation over j accounts for contributions from different prefragment isotopes j, and the
summation over q accounts for the effects of different FSI excitation energies. Finally, the elemental
production cross sections are obtained by summing over all isotopes of a given element according to

G (Z)=D 0,.(Z,4) @
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RESULTS AND CONCLUSIONM

Table 1 lists element production cross sections for *°Fe beams at 400A MeV fragmenting in hydrogen
targets. Results for the previous model (Townsend 1996) and the current work are displayed along with
the experimental measurements of Guzik et al (1994). Note that the current model predictions are in
much better agreement with the experimental data. Table 2 displays predicted isotope production cross
sections for *2S beams at 600A MeV fragmenting in hydrogen targets. The agreement between theory and
experiment is reasonably good, especially considering the lack of arbitrary fitting parameters in the
theory.
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Table 1. Element P

roduction Cr

oss Sections For 400A Me
Experimental Data Are From Guzik et al (1994).

v Iron Beams Colliding With Hydrogen.
Previous Work Refers to Townsend et al

Table 2. Isotope Production

Cross Sections For 600A MeV

(1996).
Element Produced Experiment Cross Section (in millibarns)
Previous Work This Work

Mn 117.47 £ 70.54 166 195
Cr 108.54 = 6.21 115 120

A% 7298 + 4.25 85 84
Ti 65.25 + 3.46 83 82
Sc - 40.14 £ 2.92 57 59

Ca 29.12 + 2.40 35 33
K 17.74 £ 2.12 36 28
Ar 13.43 £ 2.00 26 18
Cl 736+ 1.99 19 13

S 574 % 241 16 9.3

P 3.25+ 2.76 9 46

Si 3.86 + 2.08 6.8 2.5
Al 251+ 273 2.5 1.5

32g Beams Colliding With Hydrogen. For

Brevity Only Even-Charge Number Isotopes Are Displayed. Experimental Data Are From
Guzik et al (1994).
Isotope Cross Section  (in millibarus)
Produced l Experiment This Work

Si . 863+ 2.14 21.7
Bgi 40.01 £ 3.11 55.7
g 38.10 & 3.20 44.1
77gi 498+ 1.04 10.6
Mg 13.43 £ 221 9.7
Mg 27.58 + 3.14 22.7
2Mp 25.90 £ 3.05 18.5
Mg 2.76 + 0.96 4.9
2Ne 739+ 1.95 3.1
UNe 14.63 + 2.86 9.7
PNe 11.16 £ 2.07 5.9
¥Ne 127+ 1.16 1.0
*o 337+ 2.35 1.1

"0 678 + 1.83 3.7
%0 11.81 £ 2.60 7.1

e 2.09+ 0.81 2.6
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Abstract

A semiempirical abrasion-ablation model has been successful in gen-
erating a large nuclear database for the study of high charge and energy
(HZE) ion beams, radiation physics, and galactic cosmic ray shield-
ing. The version reported herein has coulomb trajectory corrections,
improved transmission factors, improved surface energy corrections, and
light fragment emission was added. The cross sections that are gener-
ated are compared with measured HZE fragmentation data from various
experimental groups. A research program for improvement of the data-

base generator is discussed.

Introduction

An adequate and reliable nuclear database that
assesses the quality of heavy ion beams for various
technological efforts is needed. For example, the
nuclear fragmentation properties of shielding mate-
rials can alter the protection of astronauts by an or-
der of magnitude through the selection of appropri-
ate shield materials (refs. 1 and 2). The radiation
quality of heavy ions, which is related to the ability
to cause biological injury, is an essential parameter
in high altitude commercial aviation, radiotherapy,
microelectronic signal processing, and information
storage. Understanding single event upset damage
to microelectronic systems is becoming more impor-
tant as more aircraft and spacecraft control functions
are handled by microprocessors. This damage is of
special concern for miniature spacecraft in which re-
duced telemetry requires intensive onboard process-
ing by low power microprocessors with large memory.
Such small scale devices are very sensitive to single
event upsets and evaluation of onboard shield worth
is critical to an adequate design. The specification of
the nuclear fragmentation cross sections is critical in
all these applications.

Over the years the theoretical description of
nuclear fragmentation in heavy ion collisions has
been described with abrasion-ablation models (refs. 3
to 11 and recent work by Cucinotta, Townsend, and
Wilson of Langley Research Center). In these mod-
els, fragmentation occurs in two stages. In the fast
abrasion stage, the projectile and the target over-
‘lap and matter is sheared away from both nuclei.
The remnants of the colliding nuclei are called the
prefragments (projectile or target) and are assumed
to be left in a state of excitation. The ablation
stage is the description of the decay of the pre-
fragment nuclei. The emphasis of these models is
typically the prediction of inclusive mass yields of
the final fragments that are observed. In the semi-
empirical descriptions of these reactions (refs. 3 to 6),
the overlap volume of projectile and target 1s esti-

mated by using a classical approach. The excitation
energy of the prefragments is estimated by using a
surface distortion model with correction terms and
energy transfer across the interface of the interac-
tion zone. These models provide reasonable overall
agreement with measured data; however, they lack
a description of nuclear structure effects and a de-
scription of the nuclear diffuseness related to skin
thickness. A fundamental and more complex prob-
lem is the degree to which the distribution of levels
of prefragment nuclei must be considered to provide
the correct description (ref. 5).

Hiifner, Schifer, and Schiirmann used the
Glauber model in a first attempt at formulat-
ing a quantum mechanical abrasion-ablation model
(ref. 7). In this model, closure is made on the fi-
nal states of the target in describing the projectile
fragmentation and the unobserved nucleons abraded
from the projectile. Energy conservation is also ig-
nored and a final closure approximation is assumed
for the prefragment states that occur following the
removal of a fixed number of nucleons. The advanta-
geous factorization properties in the Glauber model
of the nuclear amplitude then allow closed-form ex-
pressions for the abrasion cross sections to be found.
The Glauber model of the abrasion cross section can
then be shown to correspond closely to the semi-
empirical models when the abrasion cross section for
a given product relates to the volume of the projec-
tile and the target removed in their overlap. A study
of the closed-form expression for the nuclear absorp-
tion cross section in the eikonal form of the first-order
optical potential model led to a recasting of the abra-
ston model as an optical model by using the binomial
distribution (refs. 8, 9, 12, and 13). A comparison of
the abrasion cross sections (ref. 7) with the optical
models (refs. 8, 9, and 12) reveals that the two differ
only by the assumptions of coherence and closure in
the projectile intermediate states. The optical mod-
els being preferred for the sum rule on the abrasion
cross sections to satisfy unitarity.




The Glauber model or the optical model of abra-
sion began to employ sophisticated evaporation or
cascade/evaporation codes to describe the ablation
stage. These codes rely on a correct average exci-
tation energy to be used to start the evaporation
process. A major shortcoming in the physical de-
scription results from the use of closure on the pre-
fragment final states in the Glauber model (ref. 7).
In the Glauber model, all information on the distri-
bution of the actual levels excited from abrasion in
the prefragment state is lost and is replaced by an
average state that is described uniquely by the abra-
sion cross section and average excitation energy. For
light prefragments (mass number (A4) is less than 16)
where nuclear structure effects are large and reso-
nance levels separated by several MeV, the use of an
average prefragment state is highly questionable.

The use of a cascade model in the ablation stage
is also noted. In the abrasion stage, nucleons in
the projectile are knocked into the continuum by
the target. These escaping nucleons will multiple
scatter inside the projectile and cause further nucleon
knockout. This process may be described as final
state interaction (FSI) with the Moller operator and
is expected to be highly dependent on the trajectory
of the initial cascading nucleon (ref. 14). In the
optical model (ref. 12) and the semiempirical model
(refs. 5 and 6), a final state interaction correction
to the prefragment excitation energy has been used
to mimic the cascade effect of projectile knockouts.
It is unclear whether the cascade effects described
by the Monte-Carlo codes for describing ablation
are distinct from the FSI corrections that describe
prefragment nuclei. It was further found in the
semiempirical model that statistical fluctuations in
the FSI correction must be considered (ref. 5).

In a more recent formulation of the abrasion-
ablation model that uses the Glauber amplitude,
three major improvements are made (refs. 10 and 11
and recent work by Cucinotta, Townsend, and
Wilson of Langley Research Center). First, energy
conservation is treated in describing nuclear abra-
sion. Second, the treatment of the excitation of spe-
cific levels in the prefragments is considered for the
first time. Here the prefragment excitation is consid-
ered as a core excitation during the knockout stage of
abrasion. By using fractional parentage coeflicients
to couple nucleons to the core (prefragment) in the
projectile ground state, we expect that for many nu-
clei the complex configurations of the nuclear ground
state that result in virtual states of relative excita-
tion are such that the core excitation is dominated by
diagonal transitions to excited states of the prefrag-
ment. As the number.of nucleons lost in abrasion

2

becomes large, the use of -parentage coefficients to
form the prefragment level spectrum will become in-
tractable. For many nucleon knockouts, off-diagonal
coupling is expected to become more dominant and
statistical methods will become necessary to deter-
mine the distribution of prefragment levels. The
preequilibrium models developed by Feshbach et al.
(ref. 15), Griffin (ref. 16), and Tamura, Udagawa, and
Lenske (ref. 17) may be amenable to the description
of the heating of prefragment nuclei in heavy ion col-
lisions. The third development in the reformulation
of the abrasion-ablation model is the description of
cluster knockout in nuclear abrasion. This descrip-
tion allows the treatment of nuclear structure effects
in nuclear abrasion, which is important for many
projectile and target nuclei of interest (C, O, and
Ne). The reformulation also considers the momen-
tum distribution for nucleon production from abra-
sion (ref. 18) as well as ablation (ref. 19). Although
this more systematic approach will ultimately meet
the need for a high quality nuclear database, current
interaction studies rely on the semiempirical model.

The genesis of the semiempirical model is in the
abrasion-ablation model of Bowman, Swiatecki, and
Tsang (ref. 4) as discussed in references 5 and 6.
In the development of the model, the transmission
factors of a projectile and target were averaged and
included to account for the mean free path in nu-
clear matter (ref. 6). Then, a semiempirical higher
order correction was given to the surface deforma-
tion energy of the abrasion products (ref. 6) and the
energy transfer across the interaction zone bound-
ary was treated as a two-valued distribution (ref. 5).
The final charge distribution of the fragmentation
products was approximated by Rudstam’s formalism
(ref. 6). The available experimental nuclear fragmen-
tation data were very limited at the time of the first
reporting of the model (ref. 6). The model agreed
with experimental data to the extent that the exper-
imentalists agreed among themselves.

Since the inception of the NUCFRG model, ad-
ditional experimental fragmentation cross sections
(refs. 20 to 23) and thick target fluence data (refs. 24
and 25) have become available for validation of
the database. Incremental improvements have been
made by including the coulomb dissociation con-
tribution (ref. 26), an energy-dependent nuclear
mean free path (ref. 27) based on the analysis of
Dymarz and Kohmura (ref. 28), and the nuclear
radii extracted from experimental charge distribu-
tions (ref. 27). These improvements were included
in the publicly released version of the HZEFRG1
code (ref. 27). In addition to these improve-
ments, the version of the code described herein



also includes the following. A coulomb trajectory
correction that includes the effects of an energy
downshift has been added (ref. 29). The trans-
mission factor is evaluated at the maximum over-
lap in the interaction zone. The spectator nucle-
ons in the interaction zone are now assumed to be
poorly bound to the spectators of the abraded frag-
ment outside the interaction zone and undergo pre-
equilibrium emission. A unitarity correction is made
for targets with A > 63. Finally, a correction to
the semiempirical excess surface distortion energy is
made for light projectiles.

In the report presented herein, the model data-
base is compared with available experimental data.
Weaknesses within the model are thereby uncovered
and a research program for database improvement is
outlined. '

Semiempirical Fragmentation Model

The equation of motion for a low energy ion in a
nuclear coulomb field is given by energy conservation
as

1. 2  ZpZre?
Eror = spi? + oy + =FL

2 2ur? T (1)

where Ejot is the total energy in the center of mass,
r is the relative distance between the charge centers
with time derivative 7, u is the reduced mass, ¢ is
the angular momentum, Zp and Z7 are the atomic
numbers of the projectile nucleus and target nucleus,
respectively, and e is the electric charge. (That is,
e? = 2Rya,, where Ry is the Rydberg constant and
a, is the Bohr radius.) The angular momentum is
given as

2 = 2uEorb’ (2)

The distance of closest approach is given by equa-
tion (1) for 7 = 0 as

Eiotd?  ZpZre?
Eior = to; + PoTe (3)
T T
which is written as
b =r(r —rm) (4)
where 0
Pon = ZpZre” (5)
Eiot

Note that 7, is the distance of closest approach for
zero impact parameter.

At a given impact parameter, there is a distance
of closest approach r for which the interaction takes
place. When r is large, the interaction is dominated

by coulomb excitation, which is discussed by Norbury
et al. (ref. 30). At smaller distances, the overlap of
the nuclear densities strongly interact and mass is
removed from the projectile and the target.

Abrasion Process Description

The strength of the interaction varies over the
interaction zone. The projected interaction potential
on the impact plane is given as

[V®R+2)dz % 00, Co(R) 7 Cr(R)  (6)

where R is a position vector in the impact plane, z
is the longitudinal position component, ¢ is the two-
body cross section that includes Pauli blocking, pp
and p, are the projectile and target mass density, re-
spectively, and Cp(R) and Cp(R) are the projectile
and target chord, respectively, at position R along
z. (See ref. 31.) The amount of nuclear material re-
moved from the projectile in the collision at a given
impact separation is the volume of the overlap re-
gion times an attenuation factor that is evaluated at
the maximum product of the chords in equation (6).
The formula for the number of participating projec-
tile constituents in the interaction zone is

Ay = FAp[1 - exp(—Cr/7)] (7)
where Ap is projectile mass number, A is mean free

path, and C7 is the value of Cp(R) that maximizes
equation (6) and is given for r. > r, as

2,/7‘% —z2 z>0
Cr= (8)
2y/r3 — 12 <0
where
z=(rp+1° —r3)/(2r) (9)

and 7, and r;. are the projectile and target
radius, respectively, and are related to the root-
mean-square charge radius (rpms) of electron scat-

tering ('r]- ~ 1.294/r2 —0.84‘—’) (ref. 31). When

Tp > 11, the chord Cr is given as

24/12 — z2 >0
Cr= T (10)

27‘T <0

in which
x=(r%+'r2—r2p)/(2r) (11)

The quantity F in equation (7) is the fraction of
the projectile in the interaction zone as given in the
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appendix (refs. 5, 6, 32, and 33). (The b in ref. 5 is
replaced by the r in the equations presented herein.)
The number of projectile spectator constituents in
the interaction zone is given as

Aspc = ApF exp(-Cr/A) (12)

The spectator constituents are assumed to be only
loosely bound to the projectile constituents outside
the interaction zone. The nuclear mean free path is

taken as
A = 16.6/E026 (13)

where E is the projectile energy in MeV/nucleon.
(See refs. 27 and 28.) The charge ratio of the re-
moved nucleons is assumed to be that of the initial
projectile nucleus, an assumption that ignores polar-
ization effects. '

Surface Distortion and Collisional
Excitation

The projectile constituents outside the interac-
tion zone (spectators) retain the same relation among
themselves after the collision as before the collision.
(This retention of relationship is a sudden approxi-
mation that is strictly applicable at higher energies.)
The mass removed by the interaction has altered the
overall stability of the spectators. This instability is
related to the reduced binding energy when the nu-
clear surface is other than its minimum energy spher-
ical configuration.

The excess surface area is given as
AS = 4xrd[1+ P — (1 - F)*? (14)

The functions F and P are defined in the appendix.
(See ref. 32.) For small surface distortions AS in

units of fm?, the excitation energy Fjg in units of
MeV is approximated by

E¢ =0.95AS8 (15)

At the impact separations r < r,+7, the projectile
spectator group is left far from equilibrium and the
0.95 MeV /fm? coefficient requires correction that is
taken herein as a semiempirical parameter f given by

f=1+5F+[1500 — 320(Ap — 12)] F®  (16)

where the quantity in the square brackets is limited
to values between 0 and 1500. The cubic coefficient
F3 provides a correction for light projectiles that are
unstable because of large surface distortions. The
semiempirical surface excitation energy is then

Es=E%f (17)

Note that the correction factor approaches 1 as A,
becomes small. As before, we assume that fragments
with a mass number of 5 are unbound, 90 percent
of fragments with a mass number of 8 are unbound,
and 50 percent of fragments with a mass number of
9 are unbound.

A second source of excitation energy is the trans-
fer of kinetic energy of relative motion across the in-
tersecting boundaries of the two ions. The rate of
energy loss of a nucleon when passing through nu-
clear matter is taken as 13 MeV/fm (ref. 34). The
energy deposit is assumed to be symmetrically dis-
persed about the azimuth so that at the interface
6.5 MeV/fm per nucleon is the average rate of en-
ergy transferred into excitation energy. This energy
is transferred in single particle collisions. In half the
events, the energy is transferred to excitation energy
of the projectile and in the remaining events, the
projectile excitation energy remains unchanged. The
estimate of this contribution is made by using the
length of the longest chord Cy in the projectile sur-
face interface. This chord length is the maximum
distance traveled by any target constituent through
the projectile interior and is given by

{ 2(ry + 2rrp — 2 = r2)Y2 (r > rp) }
Ce=
2rp (r <rp)

(18)
The number of other target constituents in the par-
ticipant and spectator interface may be found by esti-
mating the maximum chord transverse to the projec-
tile velocity that spans the projectile surface interface
Ct which is given by

Cy = 2(rp — b3)1/2 (19)
where
bp = (rp+1r° = r)/(2r) (20)
The total excitation energy transferred across the
participant and spectator interface is then

E; =13C; + % 13C¢(Ct — 1.3) (21)

where the second term contributes only if C; >
1.5 fm. The effective longitudinal chord length for
these remaining nucleons is assumed to be one third
the maximum chord length.

Nuclear Ablation

The decay of highly excited nuclear states is dom-
inated by heavy particle emission. In the present



model, a nucleon is assumed to be removed for every
10 MeV of excitation energy and is determined by

Aup = (Es + Ez)/10 + Agpe (22)

where Agpc are the loosely bound projectile specta-
tors in the interaction zone that are emitted prior to
the equilibrium deexcitation process. (See ref. 4.) In
accordance with the previously discussed direction-
ality of the energy transfer, the E; is double valued

as
B, (P=})
E, = (23)
o (B=1})
where P; is the corresponding probability of occur-
rence for each value of E; in the collision.

Nuclear Abrasion-Ablation Model

The number of nucleons removed through the
abrasion-ablation process is given as a function of
impact parameter b as

AA= Ay () + Agyy (b) (24)

The impact parameter is related to the impact sepa-
ration r by equation (4) for a coulomb trajectory.

A second correction to the trajectory calculation
comes from the transfer of kinetic energy into bind-
ing energy during the release of particles from the
projectile. (Obviously, energy is also lost in releasing
particles from the target, which we do not yet cal-
culate.) The total kinetic energy in passing through
the reaction zone is reduced to

E;=E; - 10 AA (25)

which assumes that 10 MeV is the average binding
energy. The kinetic energy used in the closest ap-
proach calculation is the average of the initial and
the final energies and is given as

1 1
Bror = 5(Ei + Ef) = E; = 5(10 A4) (26)

Obviously, Eis as given by equation (26) is very
crude and substantial improvements can be made.
The values of AA for carbon projectiles on a cop-
per target and for copper projectiles on a carbon
target are shown in figure 1 for high energies. A
real collision would be given by a statistical distribu-
tion between the limits shown by these two curves.
The average event will be calculated as if the two ex-
tremes occurred with equal probability as noted in
equation (23).
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Figure 1. Nucleon removal number as a function of impact
parameter in carbon-copper collisions.

The nuclear fragmentation cross sections dis-
cussed herein are approximated as the abrasion-
ablation model of Bowman, Swiatecki, and Tsang
(ref. 4). The cross section for removal of AA nu-
cleons is estimated as

o(AA) = b3 — nb} (27)

where by is the impact parameter for which the
volume of intersection of the projectile contains A,y
nucleons and the resulting excitation energies release
A,p) additional nucleons at the rate of 1 nucleon for
every 10 MeV of excitation so that

1
Agpr (b2) + Agp (b2) = AA - 5 (28)

and similarly for b,

1
Agpr (01) + Aap (b1) = AA + 5 (29)

The charge distributions of the final projectile frag-
ments are strongly affected by nuclear stability. We
expect that the charge distribution given by Rudstam
(ref. 35) for a given o(AA) to be reasonably correct
as

o(AF, ZF) = F1 exp [—-RIZF _SAp+ TA'-}F'/?] o(AA)
(30)

where the values of R = 11.8/A2 D =045, S =

0.486, and T = 3.8 x 10~ are taken from Rudstam
and F) is a normalizing factor so that

> 0(AF, Zr) = o(AA) (31)
Zr



The formula of Rudstam for o(AA) was not used
because his AA dependence is too simple and is not
useful for heavy targets. For fragments with a mass
of 9, the cross sections were reduced by a factor of
2.6, and for fragments with a mass of 7, cross sections
were increased by a factor of 1.25 and distributed
between 'Li and "Be with factors of 0.52 and 0.48,
respectively.

The charge of the removed nucleons AZ is calcu-
lated according to charge conservation

AZ=2p—-Z2F (32)

where Zp is the charge of the fragment and Zp is
the charge of the projectile. The charge is divided
according to the following rules among the nucleons
and the light nuclei produced by the interaction. The
abraded nucleons are those removed from the por-
tion of projectile in the overlap region. Therefore,
the abraded nucleon charge is assumed to be propor-
tional to the charge fraction of the projectile nucleus
and is given as

Zabr = ZpAanr/Ap (33)

This assumption, of course, ignores the charge sep-
aration due to the giant dipole resonance model of
Morrissey et al. (ref. 33). The charge release in the
ablation is then given as

Zabl = AZ — Zy (34)
which conserves the remaining charge. Similarly,
mass is conserved to obtain A,p.

The alpha particle is unusually tightly bound in
comparison to other nucleon arrangements. Because
of this unusually tight binding, the helium produc-
tion is maximized in the ablation process as

Ng = [Int(Zabl/z)a Int(Aabl/4)]minimum (35)

where Int(z) denotes the integer part of z. The
other light isotopes are likewise maximized from the
remaining ablated mass and charge numbers in the
order of decreasing binding energy. The number of
protons produced is given by charge conservation as

Np = Zaoi — 3 ZiV; (36)

?

Similarly, mass conservation requires the number of
neutrons produced to be

]Vn = Aabl - Np - E AiJVz’ (37)
1

where the term i ranges over the mass numbers 2, 3,
and 4 for ablated particles.

The calculation is performed for A4 = 1 to
AA = Ap — 1 for which the cross section associated
with AA > Ap — 0.5 is missed. This missed region
corresponds to the central collisions for which it is
assumed that the projectile disintegrates into single
nucleons if rp < rp then

Np=Zp (38)
and

Ny = Ap - Zp (39)

Otherwise, this missed region is ignored. The ener-
getic target fragments are being ignored as well as the
mesonic components. The peripheral collisions with
AA < 0.5 are also missing. The most important pro-
cess in these collisions with large impact separations
will be the coulomb dissociation process (ref. 30).

Electromagnetic Dissociation

The total electromagnetic cross section for one
nucleon removal that results from electric dipole (E1)
and electric quadrupole (E2) interaction is written as

Oem = 0p] + Og2

= [ N5 (B)og: (B) + Nes (B) o ()] dE
(40)
where the virtual photon spectra of energy F pro-
duced by the target nucleus are given by

s 22 i[sKom—%f?ﬁ?(K?—Ké)J (41)

for the dipole field and by

Z2a -ﬁlT [2(1 _ K2

62~ 07 KoKy — 5 26%(KF - K&)] (42)

where a is the fine structure constant for the
quadrupole field. (See ref. 36.) The terms og(E)
and ogo(E) are the corresponding photonuclear re-
action cross sections for the fragmenting projectile
nucleus. The terms Ky and K in the expression for
Ng1 and Ng9 are modified Bessel functions of the
second kind and are also functions of the parameter
& with

_ 27 Ebpin

¢ vBhe

(43)



where E is the virtual photon energy, bmin is the
minimum impact parameter below which the colli-
sion dynamics are dominated by nuclear interactions
(rather than electromagnetic (EM) interactions), 3 is
the speed of the target (measured from the projectile
rest frame) as a fraction of the speed of light ¢, % is
Planck’s constant, and - is the Lorentz factor from

special relativity that is given by v = (1 — ,82)'1/ Z,
The minimum impact parameter is given by
T
bmin = (1 + 24) be + —2 (44)
2y
where z4 = 0.25 and
ZpZre?
_ 4per (45)

an = —————»
0" TmoBic?

allows for deviation of the trajectory from a straight
line (ref. 37). The critical impact parameter for single
nucleon removal is

be =134 [af® + 4Y° — 075 (4} + 4%)] (46)

where b. is in units of fm and Ap and Ar are
the projectile and the target nucleon mass numbers,
respectively.

The photonuclear cross sections ogy(F) and
ogo(E) are Lorentzian shaped and somewhat sharply
peaked in energy. Therefore, the photon spectral
functions can be taken outside the integral of equa-
tion (40) to vield an approximate form given by
(ref. 36)

Oem = NEI(EGDR)/UEI (E)dE
) dE
+ NE2(EGoR) EGar [ 9p2(E) 27 (47)

where Egpr and EgQRr are the energies at the
peaks of the giant dipole resonance (GDR) and gi-
ant quadrupole resonance (GQR) photonuclear cross
sections, respectively. These integrals of photonu-
clear cross sections over energy are evaluated with
the following sum rules:

/oEl(E)dE=60 NpZp (48)
Ap

which is expressed in units of MeV-mb and

dE
/UEQ(E)E =0.22 fZpAY® (49)

which is expressed in units of ub/MeV. (See ref. 36.)

In equations (48) and {49), Np is the number
of neutrons, Zp is the number of protons, and Ap
is the mass number of the projectile nucleus. The
fractional exhaustion of the energy weighted sum rule
in equation (49) is (ref. 34)

0.9 (Ap > 100)
F=1{06 (40 < Ap < 100) (50)
0.3 (40 < Ap)

In equation (47) Egpr and EgQR are the energies

at the peaks of the GDR and GQR photonuclear
cross sections. For the dipole term it is

he [m*c2Rg (1+u— 1+e+3u )}_1/2

E = —
GDR = on | " 8J T+etu.
(51)
which is expressed in units of MeV with
3J 173
u=77 4p / (52)
and 1/

where ¢ = 0.0768, @' = 17 MeV, J = 36.8 MeV,
ro = 1.18 fm, and m™* is 7/10 of the nucleon mass.
(See ref. 34.) For the quadrupole term, it is simply
given by
63
EGgqr = 7 (54)
AP
which is expressed in units of MeV.

Finally, the single proton or single neutron re-
moval cross sections are obtained from gen, (eq. (47))
with proton and neutron branching ratios g, and gn,
respectively, as

0(t) = giTem (i=p or n) (55)
The proton branching ratio has been parameterized
by Westfall et al. as

Z
gp = min f, 1.95 exp (—0.075Zp) (56)
P

where Zp is the number of protons, and the mini-
mum value of the two quantities in square brackets
is taken. (See ref. 34.) This parameterization is satis-
factory for heavier nuclei (Zp > 14). For light nuclei,
however, the following branching ratios are used:

0.5 (Zp < 6)
o= {0.6 (6<Zp< 8)} (57)
0.7 (8<Zp<14)



For neutrons, the branching ratio is given by

gn=1-gp (38)

Database Evaluation

Measurements have been made for carbon ion
beams on carbon target at the four energies of
250 A MeV (ref. 38), 600 A MeV (ref. 22), 1.05 A GeV
(ref. 39), and 2.1 A GeV (ref. 39) and are shown in
figure 2 with results from NUCFRG2. These frag-
mentation cross sections are among the best known
(ref. 40). The effects of the coulomb trajectory are
clearly apparent in the energy dependence of the
lighter mass fragment cross sections of Li and Be
below 100 A MeV. These coulomb effects will be
even more important for projectiles and targets with
greater charge. Figure 3 shows the NUCFRG2 model
at very low energy (11.7 A MeV) for 160 projectiles
onto an 92Mo target where coulomb trajectory cor-
rections are very important (ref. 40). The cross sec-
tions of the resulting charge removal seem well repre-
sented by NUCFRG?2 even at such low energies. The
addition of exchange poles to the model would bring
the cross sections of AZ = 0 into agreement, which
can be judged by the proton exchange pole contribu-
tion for AZ = —1 as shown in figure 3. Clearly, the
model gives a far better result than expected.

There are three projectile and target combina-
tions for which two groups, 1.55 A GeV (ref. 20) and
1.88 A GeV (ref. 34) have measured cross sections at
nearly the same energy. On the basis of NUCFRG2,
very small cross section differences are expected at
these energies. (See fig. 2.) The cross sections from
NUCFRG?2 tend to agree more closely with the ex-
periments of Westfall et al. (ref. 34) and are 10 to
50 percent higher than those measured by Cummings
et al. (ref. 20) as shown in figures 4 to 6. However,
for charges between 10 to 13, NUCFRG2 agrees more
closely with the data of Cummings et al.

To better quantify the comparison of results
shown in figures 4 to 6, a chi square analysis is used.
A comparison of NUCFRG2 model with the exper-
iments of Westfall et al. (ref. 34) and Cummings
et al. (ref. 20) is shown in table 1 for iron projec-
tiles on three targets. Shown in table 1 are the total
chi square value and the average chi square contribu-
tion per degree of freedom n. Clearly, the data for
producing Al fragments in the Westfall et al. exper-
iments show large systematic errors and is the dom-
inant contribution to the chi square value. Except
for the Al datum, the model shows good agreement
with the data of Westfall et al. for carbon and copper
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Figure 2. Charge removal cross sections for carbon ions on a
carbon target as a function of projectile energy.
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Figure 3. Charge-removal cross sections for 11.7 4 MeV 160
projectiles onto %Mo targets.

targets. The greater discrepancy for the lead targets
surely results from simplified nuclear matter distri-
bution in NUCFRG2. A diffuse model instead of
the uniform spheres of the NUCFRG2 computation



© Experimental data at 1.55 A GeV (ref. 20)
t Experimental data at 1.88 A GeV (ref. 34)
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Figure 4. Charge removal cross sections for Fe ions on a
carbon target compared with measurements by Westfall
et al. and Cummings et al.
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Figure 5. Charge removal cross sections for Fe ions on a
copper target compared with measurements by Westfall
et al. and Cummings et al.

is recommended. This growing discrepancy with in-
creasing target mass leads to a lack of unitarity given
by the condition

Apaps = Y Ajo; (59)

O Experimental data at 1.55 A GeV (ref. 20)
+ Experimental data at 1.88 A GeV (ref. 34)
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Figure 6. Charge removal cross sections for Fe ions on a lead
target compared with measurements by Westfall et al. and
Cummings et al.

In generating nuclear data for transport studies, a
correction is applied to targets with a charge num-
ber greater than 29 to enmsure mass conservation.
Comparing the NUCFRG2 model with the data of
Cummings et al. shows similar trends with target
mass, but the overall agreement with the data of
Cummings et al. is inferior to agreement with the
data of Westfall et al. as we have noted in the dis-
cussion of figures 4 to 6.

The chi square analysis has been used to compare
how well one experimental group compares with the
results of another group. These results are shown in
table 2. From table 2, it is clear that the NUCFRG2
model better represents the two sets of experimental
data than either experimental data set represents the
other. The systematic errors led to a chi square per
datum of 10 to 15, which might be used as a measure
of goodness of fit of the NUCFRG2 model.

The fragmentation cross section for several pro-
jectile species on carbon targets at several energies
are shown in table 3 (refs. 19 to 22, 34, 38, and 41). In
the table, cross sections for the fragment charge, the
mass for isotopic measurements, the statistical uncer-
tainty, the results of NUCFRGZ2, and the chi square
per datum are shown. If the error in the experimental
data were only statistical, then a chi square per da-
tum value of 1 to 2 would be appropriate and a data
set with near zero would be viewed with suspicion.
Clearly, large values of chi square per datum indicate
possible systematic errors or errors in the NUCFRG2

9



model and it is difficult to make a clear judgment
in all cases. Although the 12C projectile isotonic
breakup cross sections fit the data perhaps too well,
the isotopic distributions of NUCFRG?2 are distinctly
different from the experiments in most cases.

Unlike the 12C projectiles, the isotonic and the
_ isotopic fragmentations of 160 are outside the statis-
tical uncertainty of the experiments. The 23Na and
24Mg fragmentations show a strong even-odd effect
on fragment charge, which are not well represented
in the results of the NUCFRG2 model. The more
massive projectiles of “Ar and °6Fe are better rep-
resented by the NUCFRG2 model for the isotope dis-
tributions. The isotonic fragmentation cross sections
for %6Fe on carbon targets are represented well by the
NUCFRG2 model.

The isotopic distributions of light fragments
shown in table 4 are improperly distributed in the
breakup of 12C projectiles on numerous targets. In
particular, the isotopes of B are produced in dispro-
portionate numbers for all targets. We also note
that the cross sections from the NUCFRG2 model
for heavier targets are systematically low and proba-
bly result from the assumption of uniform spheres in
the nucleus (ref. 31). This error is corrected in the
mode! presented herein by applying a renormaliza-
tion factor Np to individual fragment cross sections

Np = Ap oaps/ Y Ajo; (60)
]

where p denotes the projectile and j the fragment.
This unitarity factor is used in the final database
but is not included in tables 1 to 7.

The light fragment distributions through carbon
isotopes are examined best by comparing the 60
breakup cross sections. We again suspect signifi-
cant nuclear structure effects that are not well rep-
resented by the Rudstam formalism. Heavier targets
show larger differences with the NUCFRG2 model
presented herein because of effects of the diffuseness
at the nuclear surface. The poor representation of
the isotopic distribution of light fragments persists
in the 42Ar fragmentation in KCl shown in table 6.

The remaining *6Fe fragmentation data in table 7
are the measurements of Westfall et al. (ref. 34) and
Cummings et al. (ref. 20). Generally the NUCFRG2
model agrees with the two experiments (at least to
the degree that they agree with each other) except for
the few spurious data points in the data of Westfall
et al. The model is most accurate for light targets.

The variation of chi square per n over the avail-
able experimental data is summarized in table 8. Re-
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call that the estimate of systematic experimental er-
ror obtained by comparing the Westfall et al. iron
data with that of Cummings et al. gives the experi-
mental chi square per n 'of 4 to 12. The corresponding
model chi square per n for NUCFRG2 for these ex-
perimental data sets is from 2 to 7, which shows that
NUCFRG?2 tends to split the difference between the
two experiments. The iron fragmentation for targets
below sulfer show comparable model chi square per n
between 2.3 and 7.4. The model chi square per n for
targets above sulfer indicate systematic model errors,
which need to be resolved. Clearly, the current ex-
perimental data are adequate as a measure of model
improvement. However, current experimental accu-
racy is inadequate to evaluate the resulting nuclear
database to the accuracy required for shield design.

More recently, fragmentation cross sections were
measured at the Lawrence Berkeley Laboratory for
600 A MeV iron beams on 2-cm-thick polyethylene
(CHj), targets (ref. 41). The results are shown
in figure 7. A systematic error was introduced by
an electronic trigger inefficiency to fragments lighter
than Ne. The chi square per datum for fragments
heavier than Ne is 3 x 10™%, while for the complete
data set the chi square per datum is 6 x 1074,

<& NUCFRG2
030 ~ + Experimental data (ref. 41)

025 | 0o
020 f

S

S 015

=

.010 i?

005 - s
lds‘??????‘wééf I | |
5 10

15 20 25 30
Element production charge (Z2)

Figure 7. Charge removal cross sections for Fe jons at 600 A
MeV in polyethylene.

The comparison of the NUCFRG2 model with the
measured fragmentation cross sections mainly tests
the dependence of 0(AA) and the applicability of
the formalism of Rudstam for the charge distribution.
A more sensitive test of the model representation of
the ablation process is to compare the numbers and
the types of particles produced. The multiplicities
of the charged reaction products were measured by
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Figure 8. Relative probabilities for multiplicity of various charge states for %Fe ion beams in nuclear emulsion.

Dudkin et al. (ref. 42) and are shown in figure 8 for
comparison with calculations with the fireball model
(ref. 43) and the version of NUCFRG2 presented
herein. The primary difference between the two mod-
els is the semiempirical correction to the excitation
energy required by the NUCFRG2 model to fit the
atmospheric air shower data (ref. 42) and the imple-
mentation of the deexcitation process.

As shown by Dudkin et al., the fireball model
shows even qualitative differences in the frequency
distribution of multiplicities in nuclear emulsion
when compared with the experimental results

(ref. 42). In general, the fireball model over-
estimates the events of low multiplicity and cor-
respondingly underestimates the high multiplicity
events. The NUCFRG2 model gives a much im-
proved distribution of events, although the predicted
number of high multiplicity events appears greater
than is seen experimentally. However, the resolution
of the multiplicity when many high-energy secon-
daries are produced at one apex is not good. Clearly,
if some of the observed several prong events were in
fact of higher multiplicity, then good agreement be-
tween the NUCFRG2 model and the experiments is
conceivable.
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*

Concluding Remarks

The analysis of experimental data of iron beam in-
teractions in polyethylene and aluminum targets has
resulted in an improved semiempirical model for nu-
clear database generation. However, this analysis is
still unable to unambiguously resolve differences be-

- tween various experimental groups that use the same

projectile and target combinations. Further improve-
ments to the basic model have been made as a result
of the presented evaluation. These improvements are
correcting the charge distributions in the formulation
of Rudstam for light nuclei where shell structure ef-
fects cause important deviations from simple system-
atic behavior. Even with these improvements, there
is need for improved target mass dependence where
the skin diffuseness is suspected to require further
correction.

There are two approaches to improve the gen-
eration code of the NUCFRG2 nuclear database.
The first is incremental improvements to the semi-
empirical model. The second approach is more radi-
cal and involves the further development of quantum
based methods. Ultimately, model development is
still limited by the systematic errors in the experi-
mental fragmentation data and the paucity of exper-
imental data.

The semiempirical model is first limited by the
assumed uniform nuclear matter distribution. This
assumption is the main source of nonconservation
of mass and charge for massive targets that is tem-
porarily corrected by forcing unitarity; however, a
fully correct description must replace the uniform
sphere model with realistic nuclear density distribu-
tions. Although ad hoc corrections have been made
for structure effects in the low mass fragments (mass
number less than 10), errors remain in the isotope
distributions lighter than Ne. Improved methods
for representing the distribution of excitation energy
and corrections to Rudstam’s distribution will be re-
quired. The distribution of mass and charge in the
final ablation products depends on the excitation
energy. Although the multiplicities are reasonable
and are greatly improved over the fireball model, the
agreement with atmospheric air shower data might
be improved.

The microscopic description of nuclear fragmen-
tation proceeds from a multiple-scattering theory
(MST), a description that uses the Glauber or
eikonal approximation of the multiple-scattering se-
ries, which results from a systematic reduction of rel-
ativistic MST or a nonrelativistic MST. A relativistic
or nonrelativistic model may be cast as a distorted-
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wave series by using an average optical potential for
elastic transitions.

A very difficult task still remains in treating mul-
tiple inelastic transitions that occur in heavy ion frag-
mentation. The difficulty arises first because of the
many irreducible diagrams that contribute to any
integral equation that would be formulated. Typi-
cally, integral equations of six or more dimensions
will occur for inelastic transitions. This occurence
of six or more dimensions is in comparison with the
3-dimensional integral equations that appear in the
optical model formulation of elastic heavy ion scat-
tering. Also, a perturbative approach becomes diffi-
cult because of the large number of terms required for
heavy ion scattering and the complexity of summing
over intermediate state variables.

A more practical approach is to use the forward
scattering assumptions of the eikonal model, which is
expected to be valid at high energies. This approach
allows for closed-form expressions to be derived for
the multistep processes. Here, the eikonal approx-
imation can be applied in both the nonrelativistic
MST or a relativistic MST. A relativistic eikonal
model could allow the effects of negative-energy
states on nuclear fragmentation to be considered. A
study of the one- and two-step contributions to frag-
mentation could be made in the relativistic or non-
relativistic models to provide a test of the validity
of the eikonal approximation and the neglecting of
off-shell effects. In all of the approaches mentioned,
a treatment of meson and antinucleon production in
the MST should be considered.

An alternative to the use of an MST or the
Glauber model in formulating the fragmentation
process is to derive transport equations from an
MST. In the MST, it is difficult to include the
cascade of projectile knockouts through the pro-
jectile prefragments. In nucleon-nucleus scattering,
the number of cascade particles is small at low to
medium energies that are typical of the relative en-
ergy expected between knockouts and prefragments.
However, the multiple-scattering cascade terms will
depend strongly on the initial trajectory of the
knockouts, which will lead to a heavy computational
burden. A derivation of the simple final state in-
teraction (FSI) corrections may help to simplify an
MST approach. The transport models are a more
tractable approach to the cascade problem. These
models are usually used to study the knockout spec-
trum of nucleons. In some cases, the spectrum of
residual energies after the cascade is used to predict
the final fragment mass yields. The reliance upon
classical methods that ignore quantum effects and
the use of Monte-Carlo simulations that require large



computational times may limit the usefulness of this
approach.

In describing the abrasion-ablation process, the
dynamical model of choice should be used to formu-
late the creation of the prefragment state in an arbi-
trary configuration. The description of the prefrag-
 ment configuration requires the variables mass and
charge number, the distribution of excitation ener-
gies, and the spin to be complete. This description
should distinguish whether the creation of the pre-
fragment occured after multistep nucleon removal or
cluster removal and predict the correct yields and the
energy spectrum of light fragments in the reaction.
Such a description would require a large amount of
nuclear structure input. For example, the study of
cluster abrasion requires a more detailed description
of the nuclear ground state than the independent par-
ticle model. The development of the formalism for

overlap function of the nucléar ground state for com-
peting cluster configurations is required to aid the
description of the abrasion process. Clearly, nuclear
shell effects will be more correctly described in such
a formalism. Much information on the level densities
and decay modes of nuclei is well known, although
the treatment of extremely high excitation energies
is less understood. Also less understood is whether
there is a one-to-one correspondence between the de-
cay of excited prefragments produced in heavy ion
fragmentation and the equilibrium decay treated by
statistical methods. Further studies in these areas
should be made.

NASA Langley Research Center
Hampton, VA 23681-0001
July 7, 1995
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Appendix

Abrasion Model Formula

Two functions F and P used in the formalism given in the text are described in this appendix. For 7p > r P,
where 7p is target radius and rp is projectile radius, we have

2 3
P = 0.125(uv)/? (;7 - 2) (1—:—6) -0.125 [0.5(,“/)1/2 G —~ 2) + 1} (_1_1—/_5) (A1)

and )
3

F=0.75(1- V)1/2 (l_;jﬁ) —-0.125(3(1 — l/)l/2 - 1] (1 1_/ ﬁ) (A2)

with
v=rp/(rp+77) (A3)
B=0b/(rp+rr) (A4)

and
p=(1/v)-1=rp/rp (A5)

(See ref. 32.) Equations (A1) and (A2) are valid when the collision is peripheral (i.e., the two nuclear volumes
do not completely overlap). In this case, the impact separation r is restricted so that

rr—rp<r<rp+rp (A6)

If the collision is central, then the projectile nucleus volume completely overlaps the target nucleus volume

(r < r7 —7p), and all the projectile nucleons are abraded. In this case, equations (A1) and (A2) are replaced
by

P=-1 (AT)

and
F=1 (A8)

and there is no ablation of the projectile, because it was destroyed by the abrasion.

For the case where rp > r7 and the collision is peripheral, equations (A1) and (A2) become

2
- o2fl_o\[1=8) _ N\ (L
P = 0.125(uv) (” 2)( . ) 0.125{0.5() -2

—{uﬁou-uﬁvz—QKQLjf“”}(lzﬂ)s (49)

and

- 2 _ . N1/2
F=075(1- u)l/2 (l—u—ﬂ) - 0,125{M

m
- =P - - wHH2) (1-8)°
- 3 (Al0)
7 v
where the impact separation is restricted so that
Tp ~Tr Sr<ry,+r; (A1l)
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(See ref. 33.) For a central collision (r < rp, — r;) with 7, > 7., equations (A9) and (A10) become

-@T

/
F= [1 -(1- #2)3/2] [1 _ (-g)z]l 2 (A13)

p= [%(1 _ e 1]

and
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Table 1. Chi Square Analysis of Iron Fragmentation Model

NUCFRG2 and Westfall et al. NUCFRG2 and Cummings et al.
System x? | x* without Al data x*n | x*/n without Al data x> x%in
Fe+C 50.2 16.0 5 1.8 48.3 37
Fe + Cu 200.6 229 20 25 78.4 6.0
Fe + Pb 177.4 56.2 18 6.2 83.1 6.7
Table 2. Chi Square Analysis of Iron Fragmentation Experiments
Westfall et al. and Cummings et al. Cummings et al. and Westfall et al.
System xz )(2 without Al data len XZ/n without Al data x2 X2 without Al data len xz/n without Al data
Fe+C | 85.6 433 8.6 4.8 54.6 33.6 5.5 3.7
Fe + Cu|424.4 108.4 424 12.0 160.3 69.4 16.0 7.7
Fe + Pb | 348.8 79.5 349 8.8 143.1 55.8 14.3 6.2
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Table 3. Chi Square Analysis of Fragmentation Cross Sections of Projectile Ions on Carbon Targets

[See page 32 for footnotes]

Chi square per

Fragment| Fragment |Experimentcross| Experiment NUCFRG2 degree of
Projectile charge |mass number section, mb | uncertainty, mb|cross section, mb{ freedom (n)
g
326 A MeV? 4 105.9 1.59 99.31
3 30.1 45 56.84
6.508
12C
250 A MeV® 6 11 55.97 4.06 56.19
6 10 5.33 .81 37
5 11 65.61 2.55 56.33
5 10 47.50 242 57.46
4 10 5.88 9.70 347
4 9 10.44 .85 14.21
4 7 22.64 1.49 20.37
3 8 1.33 1.00 11
3 7 17.19 3.00 20.07
3 6 26.35 2.10 30.80
8.504
12C
403 A MeV? 5 106.0 1.59 114.62
4 29.6 .89 40.79
929
12C
418 A MeV? 5 111.2 1.67 114.50
4 32.1 .96 40.66
.949
IZC
561 A MeV? 5 108.7 1.63 113.07
4 30.3 91 40.16
1.295
12C
600 A MeV© 6 11 53.6 .80 54.1
6 10 2.1 11 3
5 11 70.7 1.06 54.3
5 10 38.6 .58 553
4 10 5.6 .28 33
4 9 9.6 .29 13.52
4 7 15.5 47 19.53
3.092
12C
693 A MeV? 5 110.1 1.65 112.41
4 349 1.05 39.76

0.321
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Table 3. Continued

Chi square per
Fragment| Fragment |Experimentcross| Experiment NUCFRG2 degree of
Projectile charge [mass number| section, mb |uncertainty, mb|cross section, mb| freedom (n)
12C
915 A MeV? 5 109.4 1.64 111.1
4 33.6 1.01 39.0
0.387
12C
1016 A MeV? 5 113.2 1.70 110.8
4 36.8 1.10 39.0
.072
IZC
1050 AMevd 6 11 44.70 2.80 52.7
6 10 4.44 .24 4
5 11 48.60 2.40 52.9
5 10 27.90 2.20 54.4
4 10 5.34 29 3.2
4 9 10.70 .50 13.1
4 7 18.60 .90 19.0
3 8 2.40 .18 .1
3 7 21.50 1.10 20.5
3 6 27.10 2.20 28.5
2 6 1.83 .19 4
10.836
]2C
1572 A MeV? 5 103.9 1.56 109.2
4 35.6 1.07 38.1
211
12C
2100AMevy 6 11 46.50 2.30 51.3
6 10 4.11 22 3
5 11 53.80 2.70 51.6
5 10 35.10 3.40 53.7
4 10 5.81 .29 32
4 9 10.63 .53 12.7
4 7 18.61 .93 18.5
3 8 2.18 15 1
3 7 21.50 1.10 20.0
3 6 30.00 2.40 279
2 6 221 22 4
9.456
14y
516 A MeV? 6 169.2 2.54 124.0
5 63.1 1.89 85.8
4 279 .84 33.8
7.828




Table 3. Continued

Chi square per

Fragment| Fragment [Experimentcross{ Experiment NUCFRG2 . degree of
Projectile charge |mass number| section, mb |uncertainty, mb|cross section, mb| freedom (n)
160
441 A MeV? 7 162.9 2.44 133.8
6 160.2 2.40 111.3
5 60.7 1.82 75.7
4 13.6 .65 329
9.718
160
491 A MeV? 7 146.4 220 133.3
6 146.2 2.19 110.6
5 54.7 1.64 75.5
4 134 67 32.8
7.491
160
669 A MeV? 7 158.5 2.38 131.7
6 159.6 2.39 109.3
5 56.5 1.69 74.7
4 17.3 .87 323
10.661
160
903 A MeV? 7 154.4 2.32 130.4
6 1529 2.29 108.2
5 52.4 1.57 739
4 20.3 1.02 32.1
8.331
160
1563 A MeV? 7 125.3 1.88 128.4
6 123.2 1.85 106.1
5 46.6 1.40 72.8
4 18.2 91 31.7
4.500
160
2100 AMeV?| 8 15 42.90 2.30 57.6
8 14 1.67 A2 .6
7 15 54.20 2.90 58.0
7 14 41.80 3.30 61.7
7 13 8.06 42 6.9
7 12 .73 .07 3
6 14 4.71 31 10.8
6 13 27.70 1.40 477
6 12 65.10 5.20 403
6 11 18.46 92 6.0
6 10 2.51 16 2
5 13 44 .05 4
5 12 2.44 2.15 43
5 11 26.0 1.30 327
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Table 3. Continued

Chi square per
Fragment| Fragment |Experimentcross| Experiment NUCFRG2 degree of
Projectile charge |mass number| section, mb |uncertainty, mb|cross section, mb| freedom (n)
160
2100 A MeVv¢ 5 10 203 1.60 323
4 11 .19 .03 A7
4 10 39 .30 1.9
4 9 9.0 Sl 9.8
4 7 22.3 1.10 16.5
3 8 2.5 .18 .09
3 7 26.3 1.30 17.9
3 6 359 290 26.2
2 6 2.0 21 3
8.018
20Ne
468 A MeV? 9 106.3 1.60 129.9
8 181.0 2.72 136.0
7 134.5 4.04 103.5
6 135.1 4.05 85.9
5 53.7 2.69 709
12.132
20Ne
599 A MeV? 9 91.6 .14 128.8
8 150.6 2.26 134.7
7 111.1 3.33 102.6
6 125.9 3.78 85.2
5 52.6 2.63 72.2
7.607
20Ne
608 A MeV? 9 96.9 1.45 128.7
8 159.5 2.39 134.6
7 118.8 3.56 102.4
6 120.2 3.61 85.2
5 53.6 2.68 70.2
6.655
20Ne
1057 A MeV? 9 87.6 1.31 126.2
8 140.1 2.10 132.1
7 103.0 3.09 100.7
6 119.8 3.59 83.7
5 57.2 2.86 69.3
6.003
23Na
461 A MeV? 10 132.3 1.98 179.7
9 62.1 1.86 118.0
8 106.1 3.18 94.1
7 89.3 2.68 79.8
6 101.2 3.04 70.5
11.007




Table 3. Continued

Chi square per

Fragment| Fragment |Experimentcross| Experiment NUCFRG2 . degree of
Projectile charge | mass number section, mb uncertainty, mb | cross section, mb| freedom (n)
241\/1g
309 A MeVv? 11 147.8 2.22 112.2
10 133.0 2.00 147.0
9 58.1 1.74 109.3
8 136.6 2.05 89.8
7 89.3 2.68 77.6
6 114.3 343 69.1
5 39.8 1.99 59.0
14.072
24Mg
481 A MeV? 11 124.3 1.86 110.5
10 111.0 1.67 139.5
9 56.3 1.69 107.2
8 119.7 1.80 88.5
7 89.4 2.68 76.5
6 120.4 3.61 68.4
5 48.1 2.41 58.3
12.297
241\/1g
739 A MeV? 11 116.1 1.74 108.7
10 102.2 1.53 137.3
9 48.7 1.46 105.8
8 103.5 1.55 87.2
7 759 2.28 75.7
6 108.6 3.26 67.6
5 45.6 4.56 58.0
10.124
241\/1g
1455 A MeV? 11 116.4 1.75 106.6
10 101.5 1.52 134.0
9 48.0 1.44 103.8
8 106.5 1.60 85.7
7 73.8 2.21 74.4
6 106.6 3.20 66.8
5 48.6 2.43 57.6
9.857
274
582 A MeV? 12 182.1 2.73 163.7
11 95.6 1.43 123.5
10 89.4 1.34 97.7
9 37.6 1.88 82.8
8 81.5 2.44 72.8
7 60.2 1.81 65.3
6 74.1 3.7 59.3

23




Table 3. Continued

Chi square per
Fragment| Fragment |Experimentcross| Experiment NUCFRG2 degree of
Projectile charge |mass number| section, mb [uncertainty, mb|cross section, mb| freedom (n)
27Al
582 A MeV? 5 37.6 3.76 51.5
5.330

404
600 A MeV°© 18 39 146.4 2.20 63.7

18 38 72.3 1.08 68.8

18 37 8.4 43 29.7

17 39 39.1 .59 63.7

17 38 349 52 9.5

17 37 59.3 .89 359

17 36 38.0 .57 49.1

17 35 12.3 .61 28.2

16 38 .8 .08 1

16 37 5.1 .26 1.2

16 36 19.3 .58 4.6

16 35 32.6 49 22.6

16 34 51.0 7 39.8

16 33 15.3 46 28.0

16 32 1.1 11 5.8

15 35 1.2 12 6

15 34 6.3 32 27

15 33 23.8 .36 14.7

15 32 359 1.80 334

15 31 240 1.20 279

15 30 2.2 22 6.9

14 32 4.1 21 1.7

14 31 17.6 53 9.6

14 30 40.1 .60 28.2

14 29 27.6 41 27.6

14 28 9.2 46 83

13 30 1.2 12 1.1

13 29 11.8 35 6.2

13 28 20.5 1.03 239

13 27 33.1 .50 26.6

13 26 4.2 42 10.0

12 27 4.1 21 39

12 26 23.0 35 20.0

12 25 23.1 .35 25.7

12 24 12.7 .38 11.5

12 23 1.0 .10 1.2

9.591

40Ar
1650 A MeV*© 17 39 79.50 19.50 61.89

17 38 8.10 4.05 9.33

17 37 27.00 8.85 34.92




Table 3. Continued

Chi square per

Fragment| Fragment |Experimentcross| Experiment NUCFRG2 degree of
Projectile charge |mass number section, mb uncertainty, mb |cross section, mb| freedom (n)
40Ar
1650 A MeV© 17 36 49.50 16.60 47.71
17 35 51.00 19.50 27.34
17 34 12.00 6.45 493
16 38 4.35 1.50 15
16 37 11.70 2.70 1.19
16 36 12.40 3.00 448
16 35 24.00 5.40 21.83
16 34 49.50 10.80 38.49
16 33 31.50 7.05 27.31
16 32 10.60 3.00 5.74
16 31 .54 42 99
15 36 615 195 .06
15 35 2.10 .33 58
15 34 5.85 .825 2.67
15 33 18.00 1.80 14.36
15 32 27.00 2.70 32.65
15 31 21.00 2.10 27.26
15 30 3.90 .63 6.83
15 29 315 .195 1.05
14 34 .01 .07 .02
14 33 1.32 .24 30
14 32 3.00 24 1.71
14 31 11.00 1.80 9.40
14 30 37.50 3.15 27.76
14 29 25.50 3.00 26.96
14 28 13.00 1.95 8.17
14 27 .69 .285 1.11
13 32 .129 11 .01
13 31 .705 .21 15
13 30 3.00 .405 1.10
13 29 10.40 2.25 6.08
13 28 19.50 2.40 23.48
13 27 25.50 2.85 26.25
13 26 7.20 1.28 9.85
13 25 315 .165 1.17
12 30 .165 126 .01
12 29 .66 21 .01
12 28 2.10 .495 71
12 27 6.75 1.02 3.86
12 26 24.00 2.85 19.77
12 25 22.50 3.45 25.33
12 24 14.20 1.80 11.46
12 23 .96 315 1.25
11 27 .36 .135 .03
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Table 3. Continued

Chi square per
Fragment| Fragment |Experimentcross| Experiment NUCFRG2 degree of
Projectile charge |mass number| section, mb |uncertainty, mb |cross section, mb| freedom (n)
40Ar

1650 A MeV* 11 26 2.40 0.51 0.45
11 25 7.90 1.05 242
11 24 12.60 2.10 15.91
11 23 22.50 3.15 24.49
11 22 8.25 1.65 13.13
11 21 255 123 1.38
10 25 21 146 .02
10 24 1.80 .45 27
10 23 4.80 .54 1.53
10 22 12.30 2.25 12.49
10 21 16.50 2.55 2293
10 20 8.55 1.80 14.72
10 19 705 .36 1.61
9 22 765 .285 .15
9 21 435 .81 .98
9 20 7.20 1.95 9.46
9 19 11.70 2.25 21.69
9 18 5.40 1.32 15.93
9 17 345 315 1.88
8 20 33 .088 .09
8 19 3.60 645 .64
8 18 6.75 1.44 6.81
8 17 9.75 2.40 20.31
8 16 14.20 3.45 16.71
8 15 1.23 .615 2.18
8 14 .086 111 .16
7 18 .60 .24 .04
7 17 225 .57 41
7 16 4.65 1.30 4.65
7 15 18.00 5.10 18.79
7 14 8.70 2.70 17.23
7 13 75 48 2.52
6 16 375 .165 .02
6 15 1.17 .675 25
6 14 435 1.50 3.03
6 13 10.00 3.00 17.25
6 12 10.20 3.30 17.45
6 11 1.215 .555 2.88
6 10 18 .24 A1
5 13 1.455 .555 14
5 12 2.25 .855 1.86
5 11 7.80 2.70 15.64
5 10 4.05 1.485 17.18
5 9 495 27 1.29




Table 3. Continued

Chi square per

Fragment| Fragment |Experimentcross| Experiment NUCFRG2 degree of
Projectile charge |mass number| section, mb |uncertainty, mb| cross section, mb | freedom (n)
404,
1650 A MeV*© 5 8 0.21 0.255 0.01
5.313
56]:e
330 A MeV? 25 2443 7.33 196.8
24 182.7 5.48 132.3
23 121.1 3.63 107.7
22 110.7 3.32 92.2
21 89.2 2.68 81.4
20 79.6 2.39 73.4
19 51.6 2.58 67.2
18 444 2.22 62.0
17 38.2 1.91 57.5
16 424 2.12 53.5
5.471
S6Fe
434 A MeV? 25 223.8 3.36 194.8
24 175.1 2.63 131.2
23 116.1 3.48 106.7
22 116.0 3.48 91.4
21 79.8 2.39 80.8
20 73.9 2.22 73.0
19 52.3 2.62 66.8
18 48.2 241 61.7
17 39.5 1.98 57.3
16 443 2.22 534
15 24.89 2.49 499
14 45.7 4.57 47.0
4.355
56}:e
520 A MeV? 25 206.2 3.09 193.6
24 163.4 2.45 130.2
23 115.2 3.46 105.9
22 112.3 3.37 91.2
21 76.7 2.30 80.4
20 71.3 2.14 72.7
19 51.8 2.59 66.7
18 52.8 2.64 61.5
17 40.6 2.03 57.3
16 41.7 2.09 533
15 29.5 1.48 49.9
14 48.6 4.86 46.9
2.960
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Table 3. Continued

Chi square per
Fragment| Fragment |Experimentcross| Experiment NUCFRG2 degree of
Projectile charge |mass number| section, mb |uncertainty, mb |cross section, mb| freedom (n)
56FC
600 A MeV* 26 55 164.3 2.46 67.1
26 54 28.2 .85 14.7
26 53 3.0 .30 33
25 55 53.7 81 64.3
25 54 66.9 1.00 64.3
25 53 64.0 96 45.5
25 52 216 .65 14.5
25 51 3.9 .39 33
24 54 4.7 .24 6.6
24 53 16.0 48 20.5
24 52 63.6 .95 423
24 51 60.7 91 39.5
24 50 30.5 46 16.2
24 49 5.1 15 3.6
23 52 1.1 11 34
23 51 8.3 .25 11.3
23 50 33.1 .50 30.8
23 49 43.0 .65 35.7
23 48 247 37 18.4
23 47 49 49 4.0
22 50 1.6 .16 1.9
22 49 84 25 6.5
22 48 30.5 .46 226
22 47 40.6 .61 32.0
22 46 233 35 203
22 45 4.0 40 5.0
22 44 .6 .60 1.2
21 48 3 .30 1.1
21 47 2.7 27 39
21 46 12.8 .38 16.1
21 45 28.3 42 28.7
21 44 215 32 22.0
21 43 6.9 34 6.3
20 45 2.7 27 2.6
20 44 10.6 32 1.2
20 43 22.6 34 25.0
20 42 22.0 33 23.0
20 41 109 .55 7.9
20 40 1.3 A3 1.6
19 44 7 .07 4
19 43 2.8 28 1.8
19 42 8.1 .08 7.5
19 41 16.6 .50 21.5
19 40 14.6 43 232




Table 3. Continued

Chi square per

Fragment| Fragment |Experimentcross| Experiment NUCFRG2 degree of
Projectile charge | mass number | section, mb |uncertainty, mb|cross section, mb| freedom (n)

56Fe

600 A MeV*© 19 39 7.3 0.37 9.8
19 38 1.0 10 1.8
18 41 1.7 17 1.2
18 40 8.0 40 49
18 39 17.9 .54 17.8
18 38 19.1 Y 22.7
18 37 6.1 31 11.8
18 36 1.1 11 2.1
17 39 9 .09 .8
17 38 34 .34 3.1
17 37 12.5 .38 14.3
17 36 13.5 41 22.0
17 35 9.6 A8 13.6
17 34 9 .09 2.6
16 37 .6 .06 5
16 36 22 22 2.1
16 35 8.0 40 10.8
16 34 14.6 44 20.5
16 33 11.1 33 15.1
16 32 5.6 28 33
16 31 1.6 .16 .6

3.751

S6Fe

662 A MeV? 25 191.6 2.87 192.3
24 163.2 2.45 129.2
23 114.3 3.43 105.3
22 105.3 3.16 90.3
21 68.9 2.07 80.0
20 69.6 2.09 72.3
19 49.8 2.49 66.3
18 529 5.29 61.5
17 41.8 2.09 571
16 45.8 2.29 53.3
15 32.0 3.20 49.8
14 48.3 4.83 46.9

2.562

SGFC

724 A MeV? 25 166.5 1.75 191.9
24 130.9 1.96 128.5
23 91.5 2.75 105.1
22 87.7 2.63 90.1
21 66.1 1.98 79.7
20 62.0 1.86 72.3
19 45.4 2.27 66.3
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Table 3. Continued

Chi square per

Fragment| Fragment |Experimentcross{ Experiment NUCFRG2 degree of
Projectile charge |mass number| section, mb |uncertainty, mb|cross section, mb| freedom (n)
56Fe
724 A MeV? 18 47.8 2.39 61.3
17 355 1.78 57.0
16 39.6 1.98 533
15 293 293 49.8
14 443 4.43 46.9
3.243
56FC
944 A MeV? 25 177.8 2.67 190.2
24 130.4 1.96 127.8
23 86.7 2.61 104.2
22 85.3 2.56 89.6
21 66.7 2.00 79.2
20 60.2 1.81 71.9
19 414 2.07 66.0
18 434 2.17 61.1
17 37.6 1.88 56.9
16 439 2.19 53.1
15 29.8 2.98 499
14 43.7 4.37 46.7
3.231
561:;e
1086A MeV? 25 157.7 2.37 189.3
24 1133 1.70 127.3
23 77.9 2.34 103.8
22 76.4 229 89.3
21 56.4 1.69 79.1
20 57.8 1.73 71.8
19 40.7 2.04 65.8
18 42.1 2.10 61.1
17 354 1.77 56.8
16 40.6 2.03 53.1
15 28.5 2.85 499
14 4.1 441 46.6
13 27.2 2.72 44.0
12 359 3.57 41.7
4.831
36Fe
1409A MeV? 25 162.2 2.43 188.1
24 106.8 1.60 126.3
23 73.5 2.21 103.0
22 72.7 2.18 88.8
21 533 1.60 78.7
20 56.9 1.71 71.6
40.8 2.04 65.6
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Table 3. Continued

- |Chi square per
Fragment| Fragment |Experimentcross| Experiment NUCFRG2 degree of
Projectile charge |mass number| section,mb |uncertainty, mb|cross section, mb| freedom (n)
56FC
1409A MeV?® 18 40.3 2.02 60.8
17 357 1.79 56.8
16 42.3 2.11 53.1
15 34.6 3.46 49.8
14 42.3 4.23 46.7
13 284 2.84 440
12 33.6 3.36 41.7
4.851
56Fc
1512 A MeV? 25 160.2 2.40 187.7
24 102.4 1.54 1259
23 79.5 2.39 103.0
22 79.3 2.38 88.7
21 57.1 1.71 78.6
20 55.7 1.67 71.5
19 41.3 2.07 65.5
18 39.5 1.98 60.9
17 33.6 1.68 56.7
16 39.7 1.99 53.0
15 31.1 3.11 49.8
14 409 4.09 46.6
13 28.5 2.85 44.1
12 34.2 3.42 41.6
4.871
S6Fe
1570 AMeV'| 25 140.73 3.36 187.7
24 105.33 2.69 126.0
23 79.32 2.31 102.8
22 75.17 2.23 88.5
21 57.29 1.92 78.6
20 63.37 2.01 71.3
19 43.62 1.64 65.7
18 47.65 1.72 60.7
17 4145 1.59 56.7
16 46.47 1.68 53.0
15 39.45 1.53 49.8
14 50.99 1.75 46.8
13 41.23 1.55 44.0
12 45.45 1.62 41.6
11 35.83 1.42 39.4
10 44.79 1.59 37.0
3.094
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Table 3. Concluded

Chi square per
Fragment| Fragment |Experimentcross| Experiment NUCFRG2 degree of
Projectile charge |mass number| section, mb |uncertainty, mb |cross section, mb| freedom (n)

56Fe
1615 A MeV?¥ 25 150.6 2.26 187.5

24 99.7 1.50 125.9

23 74.7 2.24 102.7

22 73.7 221 88.5

21 545 1.64 78.5

20 54.8 1.64 71.5

19 384 1.92 65.6

18 38.6 1.93 60.6

17 33.7 1.69 56.8

16 36.0 1.80 53.1

15 28.1 2.81 49.7

14 383 3.83 46.8

13 25.7 2.57 440

12 28.9 2.87 41.6

6.499

5(51;;e J
1880 A MeV 25 181.0 27.0 186.8

24 124.0 13.0 125.3

23 100.0 11.0 102.5

22 87.0 11.0 88.3

21 54.0 9.0 78.3

20 78.0 11.0 71.2

19 52.0 7.0 65.5

18 55.0 9.0 60.7

17 53.0 7.0 56.7

16 54.0 10.0 53.0

15 59.0 10.0 49.7

14 57.0 10.0 46.9

13 83.0 11.0 4.1

3.864

3From reference 23.
From reference 36.
“From reference 22.
dFrom reference 39.
®From reference 21.
fErom reference 20.
BFrom reference 34.




Table 4. Chi Square Analysis of Fragmentation Cross Sections of Carbon Projectile Ions on
Targets Other Than Carbon

[See page 36 for footnote]

Chi square per
Fragment| Fragment |Experimentcross| Experiment NUCFRG2 degree of
Target charge |mass number section, mb uncertainty, mb | cross section, mb| freedom (n)
“Be
1050 A MeV? 6 11 44.70 2.60 52.88
6 10 4.02 .23 35
5 11 50.70 3.20 52.99
5 10 28.80 2.30 55.01
4 10 5.08 .39 3.32
4 9 11.60 .76 13.14
4 7 17.80 .90 19.03
3 9 75 .08 .03
3 8 2.36 .14 .10
3 7 23.40 1.20 20.61
3 6 24.80 2.00 29.03
2 6 2.09 17 37
10.026
°Be
2100 A MeV? 6 11 46.70 2.30 51.51
6 10 4.20 21 .34
5 11 53.20 2.90 51.64
5 10 31.10 2.60 53.81
4 10 5.97 31 3.25
4 9 10.98 .55 12.85
4 7 18.91 95 18.66
3 9 .92 .08 .03
3 8 2.52 .16 .10
3 7 22.80 1.10 20.23
3 6 33.10 2.70 28.37
2 6 2.54 .25 .36
11.964
27451
1050 A MeV? 6 11 57.80 3.90 59.27
6 10 5.06 .37 38
5 11 64.50 5.30 60.09
5 10 30.40 3.50 59.66
4 10 6.49 48 3.60
4 9 13.90 .90 14.34
4 7 19.90 1.10 20.80
3 9 .82 .16 .04
3 8 2.87 27 .1
3 7 28.50 1.40 22.53
3 6 24.90 290 31.62
2 6 2.00 .29 40
13.464
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Table 4. Continued

Chi square per
Fragment| Fragment |Experimentcross| Experiment NUCFRG2 degree of
Target charge |mass number| section, mb |uncertainty, mb |cross section, mb| freedom (n)
27Al
2100 A MeV? 6 11 59.50 3.10 58.69
6 10 4.99 34 37
5 11 65.20 4.80 59.84
5 10 36.40 4.80 58.27
4 10 7.02 40 3.52
4 9 12.74 71 14.02
4 7 25.80 1.30 20.43
3 9 .88 12 .04
3 8 2.79 .23 .1
3 7 27.30 1.40 22.14
3 6 36.30 2.90 30.64
2 6 2.82 27 .39
13.846
63Cu
1050 A MeV? 6 11 78.10 8.10 70.91
6 10 7.53 .70 43
5 11 80.10 7.90 73.88
5 10 36.40 9.90 67.08
4 10 7.69 61 4.05
4 9 14.30 1.20 16.29
4 7 25.00 1.90 23.08
3 9 1.05 38 .04
3 8 3.99 .70 12
3 7 32.60 1.90 25.00
3 6 33.10 6.00 3591
2 6 3.01 .68 46
23.774
63Cu
2100 A MeV? 6 11 81.40 6.30 72.59
6 10 5.38 .55 42
5 11 84.40 9.00 77.16
5 10 43.70 9.80 66.28
4 10 8.57 .70 4.00
4 9 16.10 1.30 15.88
4 7 33.70 2.30 22.85
3 9 1.38 36 .04
3 8 3.89 47 12
3 7 31.90 2.30 24.75
3 6 47.30 4.50 35.30
2 6 321 47 45
23.436




Table 4. Continued

Chi square per
Fragment| Fragment |Experimentcross| Experiment NUCFRG2 degree of
Target charge |mass number section, mb uncertainty, mb |cross section, mb| freedom (n)
1075g
1050 A MeV? 6 11 98.00 13.00 83.18
6 10 7.70 1.00 47
5 11 110.00 15.00 89.42
5 10 43.00 12.00 74.01
4 10 8.40 1.20 447
4 9 23.70 2.70 17.35
4 7 21.60 2.70 25.05
3 9 1.15 49 .04
3 8 2.80 1.20 14
3 7 42.10 3.40 27.14
3 6 38.10 7.60 38.30
2 6 3.60 1.40 .49
19.443
10770
2100 A MeV? 6 11 101.90 9.60 89.88
6 10 7.03 .88 47
5 11 109.00 13.00 100.17
5 10 65.00 17.00 73.03
4 10 8.81 91 4.41
4 9 18.60 1.70 17.10
4 7 41.20 3.30 24.63
3 9 1.20 33 .04
3 8 3.27 53 13
3 7 40.30 3.30 26.68
3 6 46.10 5.60 37.56
2 6 3.50 1.10 48
19.202
208py,
1050 A MeV? 6 11 128.00 22.00 106.46
6 10 10.90 1.70 .54
5 11 149.00 25.00 120.13
5 10 51.00 18.00 83.37
4 10 10.90 1.80 5.04
4 9 22.20 3.70 19.68
4 7 37.80 4.70 28.02
3 9 1.76 .81 .05
3 8 4.90 1.60 .16
3 7 45.20 4.80 30.36
3 6 51.00 13.00 42.94
2 6 7.30 2.70 .55
42.293
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Table 4. Concluded

Chi square per

Fragment| Fragment |Experimentcross| Experiment NUCFRG?2 degree of
Target charge |mass number| section, mb |uncertainty, mb |cross section, mb| freedom (n)

208Pb
2100 A MeV? 6 11 145.00 17.00 128.19

6 10 7.80 1.50 .53

5 11 155.00 23.00 153.25

5 10 74.00 25.00 82.40

4 10 10.00 1.40 4.98

4 9 22.50 2.60 19.36

4 7 47.90 4.90 27.44

3 9 1.43 .53 .05

3 8 3.40 .82 15

3 7 45.90 4.60 29.73

3 6 60.00 8.50 43.42

2 6 4.20 1.10 .55

21.363

3From references 37 and 39.




Table 5. Chi Square Analysis of Fragmentation Cross Sections of Oxygen Projectile Ions on
Targets Other Than Carbon

[See page 39 for footnote]

Chi square per

Fragment| Fragment |Experimentcross| Experiment NUCFRG2 degree of
Target charge |mass number| section, mb |uncertainty, mb|cross section, mb| freedom (n)

Be

2100 A MeV? 8 15 43.00 220 57.60
8 14 1.60 .10 .60
7 15 54.10 2.70 57.80
7 14 49.50 4.00 63.00
7 13 8.01 .40 7.04
7 12 .66 .05 33
6 14 5.21 30 11.10
6 13 28.60 1.40 48.20
6 12 60.80 4.90 40.91
6 11 21.00 1.10 6.08
6 10 2.81 17 21
5 13 .50 .04 41
5 12 2.75 15 4.36
5 11 27.50 1.40 32.95
5 10 19.20 1.50 33.02
4 10 3.92 27 1.99
4 9 9.79 .50 9.91
4 7 22.00 1.10 16.83
3 7 27.00 1.40 18.24
3 6 33.50 2.70 26.60

5.722

27A1

2100 A MeV? 7 15 66.00 4.30 69.48
6 14 6.29 .46 12.59
6 13 31.40 2.00 55.56
5 12 3.61 24 5.03
5 11 31.00 1.60 37.64
4 9 11.22 .68 11.34
3 7 34.80 1.80 21.12

3.021

63Cu

2100 A MeV? 8 15 74.00 7.80 85.47
8 14 2.14 42 .78
7 15 98.20 9.80 92.10
7 14 72.00 14.00 82.02
7 13 14.70 1.60 9.22
7 12 42 .18 43
6 14 7.76 92 14.45
6 13 35.80 3.70 63.11
6 12 92.00 14.00 53.65
6 11 27.00 2.60 791
6 10 4.45 .52 27
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Table S. Continued

Chi square per
Fragment| Fragment |Experimentcross| Experiment NUCFRG2 degree of
Target charge |mass number| section, mb uncertainty, mb | cross section, mb | freedom (n)

2100 A MeV? 5 13 0.82 0.17 0.54

5 12 298 .38 572

5 11 35.90 2.90 4291

5 10 35.20 5.50 42.64

4 11 .30 13 21

4 10 6.51 .86 2.57

4 9 12.30 1.10 12.94

4 7 32.00 2.50 21.79

3 8 3.63 47 11

3 7 38.70 2.90 23.60

3 6 61.20 7.90 33.87

14.183

107 Ag
2100 A MeV? 8 15 99.00 13.00 108.69

8 14 2.20 .58 .85

7 15 121.00 15.00 123.72

7 14 68.00 23.00 89.42

7 13 18.60 2.20 10.16

7 12 1.11 34 47

6 14 7.50 1.30 15.75

6 13 39.40 5.10 69.55

6 12 104.00 18.00 58.14

6 1 37.80 3.80 8.70

6 10 4.20 1.20 .30

5 13 .65 .28 .60

5 12 4.04 .58 6.20

5 11 43.60 3.90 47.16

5 10 26.60 6.30 47.09

4 10 5.65 a7 2.84

4 9 13.80 1.50 14.16

4 7 36.40 320 23.80

3 7 39.80 3.50 25.79

3 6 49.40 8.50 38.06

12.336

208Pb
2100 A MeV? 8 15 135.00 22.00 162.79

8 14 2.80 1.50 .96

7 15 202.00 26.00 199.79

7 14 71.00 22.00 100.65

7 13 17.00 3.20 11.48

6 14 12.30 2.20 17.73

6 13 45.40 8.30 78.53

6 12 126.00 25.00 66.34

6 11 36.90 5.70 9.90

6 10 7.20 1.40 .34
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Table 5. Concluded

Chi square per

Fragment| Fragment [Experimentcross| Experiment NUCFRG2 degree of
Target charge {mass number| section, mb |uncertainty, mb|cross section, mb| freedom (n)

208py,
2100 A MeV? 5 13 0.70 0.44 0.68

5 12 3.98 75 7.07

5 11 52.90 5.90 53.67

5 10 35.70 11.00 52.95

4 10 6.80 1.10 3.20

4 9 15.30 2.10 16.36

4 7 43.30 6.40 27.84

3 7 39.70 4.30 30.17

3 6 56.00 13.00 42.04

17.217

3From references 37 and 39.
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Table 6. Chi Square Analysis of Fragmentation Cross Sections of Argon Projectile lons on
Targets Other Than Carbon

[See page 41 for footnote]

Chi square per

Fragment| Fragment |Experimentcross| Experiment NUCFRG2 degree of
Target charge |mass number section, mb uncertainty, mb | cross section, mb| freedom (n)
KCl
1650 A MeV? 17 34 17.00 10.00 6.05
17 35 38.00 15.00 33.26
17 36 6.80 3.80 57.01
17 37 42.00 31.00 41.18
17 39 56.00 29.00 87.56
16 31 1.90 1.50 1.23
16 32 20.00 6.30 7.08
16 33 41.00 8.50 33.54
16 34 50.00 11.00 47.23
16 35 32.00 8.60 26.56
16 36 29.00 6.00 5.35
16 37 19.00 4.10 1.40
16 38 9.90 2.70 .18
15 29 A2 33 1.33
15 30 7.40 1.70 8.53
15 31 21.00 3.80 33.93
15 32 25.00 3.00 40.25
15 33 22.00 5.70 17.64
15 34 2.10 1.50 3.27
15 35 2.80 93 71
15 36 .20 .07 .07
14 27 1.40 .60 1.42
14 28 15.00 2.80 10.41
14 29 38.00 5.20 33.97
14 30 43.00 5.20 34.70
14 31 14.00 9.00 11.70
14 32 1.50 1.80 2.11
14 33 .54 .89 .37
14 34 .16 .10 .03
13 25 .86 44 1.53
13 26 8.00 1.30 12.57
13 27 37.00 4.30 33.54
13 28 18.00 4.70 29.91
13 29 22.00 5.30 7.66
13 30 1.50 .49 1.38
13 31 .58 32 .19
12 23 40 .18 1.62
12 24 21.00 3.50 14.83
12 25 26.00 3.90 33.08
12 26 29.00 3.20 25.24
12 27 10.00 4,70 493
12 28 42 .80 .90




Table 6. Concluded

.| Chi square per

Fragment| Fragment |Experimentcross| Experiment NUCFRG?2 degree of
Target charge |mass number section, mb uncertainty, mb | cross section, mb| freedom (n)
KCl
1650 A MeV? 12 29 0.68 0.34 0.09
11 21 .76 .80 1.84
11 22 12.00 2.20 17.37
11 23 30.00 5.90 31.67
11 24 19.00 4.30 20.60
11 25 5.20 2.90 3.17
11 26 1.70 1.40 57
10 19 46 24 2.16
10 20 14.00 3.30 19.69
10 21 25.00 4.50 30.40
10 22 16.00 2.70 16.52
10 23 5.50 1.70 1.98
10 24 1.40 Sl 35
9 18 5.80 2.00 21.65
9 19 16.00 3.30 29.02
9 20 9.10 1.90 12.66
9 21 4.60 1.70 1.30
9 22 2.20 93 .20
8 15 2.00 1.10 3.02
8 16 24.00 6.10 23.14
8 17 17.00 3.80 27.18
8 18 8.30 2.50 9.26
8 19 6.10 1.40 .86
8 20 .99 .30 11
7 13 1.20 .76 3.57
7 14 12.00 5.30 24.04
7 15 27.00 7.00 26.01
7 16 7.70 3.10 6.44
7 17 4.80 73 .56
6 10 48 .55 .16
6 11 1.50 67 4.16
6 12 14.00 6.00 24.66
6 13 13.00 4.20 24 .42
6 14 4.00 2.70 4.23
6 15 2.80 .98 .35
5 9 1.20 .88 1.89
5 10 5.60 1.80 24.83
5 11 11.00 3.70 22.55
5 12 1.60 1.70 2.63
5 13 1.90 2.00 21
14.886

3From reference 21.
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Table 7. Chi Square Analysis of Fragmentation Cross Sections of Iron Projectile Ions on
Targets Other Than Carbon

[See page 45 for footnotes]

42

Chi square per
Fragment| Fragment |Experiment cross| Experiment NUCFRG2 degree of
Target charge |mass number| section,mb |uncertainty, mb|cross section, mb| freedom (n)

“Li
1880 A MeV? 25 141.00 18.00 187.66

24 98.00 7.00 127.29

23 88.00 7.00 104.06

22 75.00 6.00 89.86

21 67.00 6.00 79.78

20 64.00 6.00 72.48

19 56.00 5.00 66.76

18 55.00 6.00 61.97

17 38.00 4.00 57.78

16 56.00 6.00 54.16

15 57.00 6.00 50.95

14 57.00 5.00 47.82

13 50.00 5.00 45.25

2973

°Be
1880 A MeV? 25 156.00 21.00 186.66

24 111.00 9.00 126.30

23 88.00 9.00 103.18

22 83.00 9.00 88.97

21 77.00 8.00 79.10

20 68.00 7.00 71.98

19 65.00 7.00 66.03

18 54.00 7.00 61.34

17 54.00 7.00 57.35

16 63.00 8.00 53.52

15 57.00 8.00 50.33

14 75.00 8.00 47.23

13 50.00 7.00 44.68

2.338

27A1
1569 A MeV® 25 174.04 4.46 210.00

24 127.60 3.23 137.75

23 91.05 2.70 113.32

22 84.12 2.58 97.92

21 73.41 2.40 87.22

20 68.92 2.31 79.57

19 52.89 2.01 73.26

18 52.72 2.01 68.26

17 45.24 1.85 64.01

16 52.27 1.98 60.22

15 43.47 1.80 56.78

14 58.21 2.08 53.58
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Table 7. Continued

Chi square per

Fragment| Fragment |Experimentcross| Experiment NUCFRG2 degree of
Target charge |mass number| section, mb [uncertainty, mb |cross section, mb| freedom (n)
274)
1569 AMeV® 13 45.37 1.82 50.85
12 51.76 1.94 48.17
11 45.23 1.81 46.10
10 49.11 1.88 43.75
2.354
325
1880 A MeV? 25 250.00 22.00 219.02
24 128.00 16.00 140.59
23 86.00 16.00 115.73
22 64.00 10.00 100.47
21 91.00 13.00 89.77
20 97.00 14.00 81.95
19 55.00 21.00 75.66
18 74.00 13.00 70.46
17 66.00 14.00 66.35
16 74.00 12.00 62.24
15 50.00 8.00 58.95
14 106.00 14.00 55.66
13 78.00 18.00 52.98
7.376
63cy
1569 A MeV® 25 238.96 6.78 265.32
24 147.44 3.73 158.74
23 98.89 3.00 132.79
22 98.45 297 116.63
21 73.64 2.57 105.32
20 80.32 2.67 97.14
19 59.98 2.31 90.85
18 61.18 2.32 85.56
17 49.41 2.09 81.17
16 59.58 227 77.52
15 49.82 2.08 74.04
14 72.20 2.48 70.87
13 51.47 2.10 68.46
12 61.03 227 66.09
11 50.17 2.06 64.08
10 54.55 2.14 62.03
4.867
63Cu
1880 A MeV? 25 219.00 20.00 268.30
24 149.00 16.00 158.27
23 121.00 15.00 132,58
22 101.00 14.00 116.20
21 100.00 15.00 105.34
20 98.00 14.00 97.25




Table 7. Continued

Chi square per
Fragment| Fragment |Experiment cross Experiment NUCFRG2 degree of
Target charge |mass number| section, mb uncertainty, mb | cross section, mb| freedom (n)
63Cu
1880 A MeV? 19 88.00 14.00 90.84
18 95.00 15.00 85.56
17 86.00 13.00 81.40
16 56.00 11.00 77.47
15 88.00 15.00 74.00
14 72.00 11.00 70.95
13 179.00 27.00 68.58
15.432
107 Ag
1880 A MeV? 25 280.00 23.00 341.73
24 218.00 21.00 170.26
23 117.00 15.00 143.15
22 124.00 16.00 126.07
21 104.00 13.00 114.45
20 118.00 14.00 105.98
19 79.00 11.00 99.32
18 84.00 14.00 93.97
17 79.00 14.00 89.40
16 96.00 13.00 85.33
15 64.00 13.00 81.89
14 158.00 20.00 78.77
13 112.00 19.00 76.30
10.746
lSlTa
1880 A MeV? 26 56.00 82.00 659.47
25 457.00 34.00 472.04
24 206.00 22.00 184.56
23 150.00 19.00 156.03
22 152.00 19.00 137.52
21 129.00 18.00 125.26
20 107.00 17.00 116.49
19 111.00 20.00 109.34
18 100.00 18.00 103.61
17 101.00 18.00 99.05
16 109.00 17.00 94.48
15 133.00 20.00 91.22
13 81.00 14.00 85.37
44 .585
208Pb
1563 AMeV® 25 500.52 13.42 491.81
24 223.00 6.18 189.75
23 130.18 4.64 159.71
22 135.00 4.67 141.33
21 104.01 4.11 128.57
20 98.20 3.98 119.27




,,_“

Table 7. Concluded

Chi square per
Fragment| Fragment |Experimentcross| Experiment NUCFRG2 degree of
Target charge |mass number| section, mb |uncertainty, mb|cross section, mb| freedom (n)
208Pb
1563 AMeV® 19 79.76 3.60 112.27
18 77.23 3.54 106.34
17 59.97 3.14 101.80
16 75.75 347 97.07
15 63.66 3.19 93.81
14 86.28 3.65 90.52
13 61.90 3.12 87.75
12 74.14 3.38 85.15
11 66.19 3.20 83.33
5.457
208p},
1880 A MeV? 25 509.00 40.00 522.88
24 242.00 25.00 189.22
23 142.00 20.00 159.56
22 148.00 22.00 141.41
21 111.00 17.00 128.62
20 144.00 22.00 119.33
19 90.00 19.00 112.31
18 73.00 15.00 106.64
17 90.00 19.00 101.65
16 116.00 19.00 97.65
15 78.00 16.00 93.67
14 119.00 22.00 90.71
13 191.00 37.00 87.82
13.641
238U
1880 A MeV? 25 646.00 43.00 582.03
24 208.00 22.00 193.87
23 181.00 27.00 163.80
22 95.00 16.00 144.57
21 153.00 21.00 132.02
20 143.00 19.00 122.79
19 105.00 15.00 115.3
18 113.00 19.00 109.7
17 133.00 22.00 104.7
16 116.00 22.00 100.2
15 176.00 34.00 96.56
14 169.00 28.00 93.24
13 307.00 79.00 90.97
52.651

4From reference 34.
YFrom reference 20.
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Table 8. Chi Square per n Values for Target and Projectile Atomic Numbers

Chi square per n for Zp of-—

Zr 5 6 7 8 10 11 12 13 18 26
3 3.0
4 11.0 5.8 2.3
6 6.5 6.2 7.8 7.6 8.1 11.0 | 11.5 5.3 6.8 5.0

13 13.7 3.0 23

16 7.4

18 149

29 23.6 14.2 10.2

47 19.3 12.3 10.7

73 449

82 315 17.2 21.2

92 52.7
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ATOMIC ELECTRON CORRELATION AND PARTICLE AND ANTI-PARTICLE
INDUCED SINGLE- AND DOUBLE-IONIZATION

T. Das* and F. Bary Malik
Physics Department, Southern Illinois University, Carbondale, Illinois, 62901, U.S.A.
*Current Address: Shawnee Community College, Ullin, Illinois, 62992, U.S.A.

1. INTRODUCTION

In a series of experiments, Andersen et al. [1,2] have found that the ratio, R, of double-
jonization of He to single-ionization of He, by incident proton and anti-proton differs substantially
in the incident energy range of 0.3 to 40 MeV. In this energy range one expects the impulse
approximation to be valid and that the ionization probabilities are well described by Lewis-
Merzbacher (noted hereforth as LM) Theory [3] which predicts this ratio to be the same in both
cases. According to this theory, the interaction V (LM) causing the transition is the potential
between the incident projectile and two bound electrons and is given by (minus and plus signs are,

respectively, for incident proton and anti-proton)

2 eZ

e
| =+ +
(M) iR—r1| ]R—r2| (1)

where R, r,, and r, are coordinates of the projectile, electron one and electron two, respectively.
In Born approximation, the scattering amplitude f;,,(©) is simply proportional to the square of the

matrix-element of (1)
S, (8)~ [ Texplitk 7i -k i Y (r, r )V (LM (ryr,)dr dr,dR 12 )

In (2) Y (r,.r,) and Y (r,r,) are final and initial electronic wave functions, respectively. The
incident and outgoing projectile wave functions are represented by plane waves of wave numbers
k ji_ and k7, respectively, 7i, and 7, being appropriate unit vectors. Since the scattering
amplitude is an absolute square of the matrix-element of V(LM), incident proton and anti-proton

should yield the same cross section for single—as well as double-ionization.



Calculations of Reading and Ford {4-6] using forced impulse approximation use (1) as the
basic interaction causing the transition but include correlation in electronic wave functions. Their
calculated R agrees to some extent with the data for incident proton but falls short of the
observation for incident anti-proton.

Das. in his thesis [7] has pointed out that the two electrons in the final channel are far apart
both for single- and double-ionization and hence do not interact anymore. Thus, the interaction
causing the transition is not given by (1) but the interaction between two electrons must be added
to (1). In section 2 we derive the expression for scattering amplitudes starting from the
Schroedinger equation of the systém and then do systematic approximation to examine this point.
We find that electronic interaction must be added to (1). The consequences for the inclusion of
this term in the calculations are that single- and double-ionization of He by p* and p’ should, in
principle, be different. This has been observed in the recent experiements of Hvelplund et al. [8]
and Andersen et al. [9]. In section 3, we apply the theory to both single- and double-ionization
at a few incident energies and find reasonable agreement with the data. Section 4 summarizes our
conclusion.

2. THEORY

The Schroedinger equation for He-atom and an incident projectile in the center of mass

system of incident projectile and He-nucleus is given by

[—ﬁv;——h—z—(vf+v§)—(:ZeZ/R)—Zez/rl—Zez/r2+e2/rn¢ e’ ¥ e’ -E(r,,r,,R)=0
2p © 2m |R-r,| |R-ry]

3
In (3) « and m are reduced masses of projectile and electrons, respectively. r,, r., and R are,
respectively, coordinates of electron one, two and projectile. Minus and plus sign refer,
respectively, to incident proton and anti-proton. One may expand ¥ in the following complete

orthonormal set:

Y(r,ry,R)=Y, F (R, (r,r) @)

where U_(r,, r.) is defined by the following Hermitian equation:



2 72 5
["%(V 2)' : —_.e_]\pn(rl,rz):Enwn(rl,rz) | -

v n

With (wl\’wn\) = 611"1
Equations for F (R) may now be obtained by taking scaler products of (3) with Y.
) 2 Ze! e?
(V;g*’k )F (R)__ [dr drzw (r rz)[ ’_Zi_‘ + - +_e—'] van Fm(R)"pm(rl‘rZ)
A IR-r,|  |R-ry| ry
(6)
One may formally now write down the expression for differential cross section for
transition form an initial state to a state 'n’:
do _4miu’k, BES
- = hz“ —|J_(jfir‘drzdRF,,o(R)wn(rl,rz) )
Hml(rl"r?R)Zm *n Fm(R)wm(rl’ 2)|2
with
Ze? Ze? (8)
(rpR) == T el
o, ) \r,-R| |r,-R| 12

In (7) F.,(R) is the solution of the homogeneous part of (6) with outgoing asymptotic
condition. (7) is exact and clearly the e 2/t,- should be included in the calculation.

In Born approximation, incident and outgoing projectile are represented by plane waves
which is equivalent to neglecting 7e2/R term on the left side of (6). We make further the

following approximation

Zm Fm(R)‘pm(rl’rZ)aFo(R)Zm q”nt(rl’rl) (93)

= F (R (ry.r) (9b)

where F_(R) is the incident projectile wave function and Y, is correlated ground state

electronic wave function in the incident channel. In case F (R) is approximated by plane wave



in the incident channel with wave number ki, the differential cross section is given by

Ze? Ze? e 5
¥ + — r,.,r
Rl 1Rr, rlz]llfg(. )|

20k L (. . .
% = 47;7 211 _k_"H I dr‘drza'Rexpu'(kano—knn)‘R}llJn(rl,rz)[x
(10)
The important thing in (8) and (10) is to note that the interaction responsible for the

transition is not (1) but ez/r1 , term must be added to it. This conclusion does not depend on

approximations (9a) and (9b) but is correct for the most general case given by (8). It is the
consequence of the necessary asymptotic condition that in the final channel the asymptotic
behavior of the wave function is given by a product of scattering amplitude, outgoing plane or
coulomb wave function, intrinsic wave functions of ejected electron and He" for single-
ionization (or intrinsic wave functions of two ejected electrons and wave functions and He™”
for double-ionization).

Another important consequence of (8) is to note that one expects anti-proton induced
single- and double-ionization probabilities to be greater than those by proton, in case matrix-
elements have similar phases. The structure of (10) also implies that single- and double-
‘onization cross sections by anti-proton and proton are, in principle, different from each other,

the extent of which depends on magnitude of matrix-elements of e%r, relative to those of

other two interaction terms.

The Lewis-Merzbacher approximation is obtained by (a) neglecting the e?/r,, term

in the interaction, (b) using products of hydrogenic type of wave functions for

g, (r,.r,) and Y (r.r,). and(c) representing incident and outgoing p* or p wave function

by plane waves.
3. APPLICATIONS
We present here calculations at a few incident energies for single- and double-
ionization by p* and p’ and the ratio R. The details of the calculation along with results for the
entire energy range of 0.4 MeV to 4.0 MeV are presented in ref. [10].
3.1 Single-Ionization

In Fig. 1 we have plotted caiculations done in (LM) approximation, along with the data



of Rudd et al. [9] for incident proton. In LM approximation, the initial ground state wave

function Q(rIrZ) is uncorrelated and is taken 1o be a product of two hydrogenic type wave

functions, each with an effective charge of 1.6875. The final state electronic wave function is
a product of a bound hydrogenic wave function with charge 2.0 and a continuum-Coulomb
wave function in Sommerfeld representation with an effective charge of 1.09. The rational for
using an effective charge is that the ejected electron, being far away, sees a nuclear charge
shielded by the other electron. Although the calculated results are close to the data, there 1s
some significant differences between them at a few tens of keV.

In Fig. 2, we have plotted calculations that include the e-/1,, term in Hy, and correlated
electronic ground state wave function, for which we have adopted the following variational

wave function due to Hylleraas [12]:
P (rry)=Ne-(Y/a)r, er))(1+ryy) (11)

In (11) N and a, are the normalization constant and, Bohr radius, respectively. Y and c are
determined from variational principle and found to be respectively, 1.69 and 0.142. The
variational ground state energy of -78.28 eV is very close to the observed value of -78.62 eV.
The final electronic wave function is taken to be the same as the one in the LM approximation.
Whereas, there is no discernable difference between these calculations and those done in the
LM approximation at high energies, the calculated results at low energies differ. Calculations
done in this approximation are in better agreement with the data compared to those done in the
LM model.

In the approximation that include the e°/t,» term and use (11) as ground state wave
function, the single-ionization Cross sections for incident proton and anti-proton are different
which is the case experimentally [8, 9, 15]. The difference is significant both at a very low
and high energies. In Table 1 we have compared our calculations with the observed data fora

few energies. Thereisa general agreement.
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Fig. I  Single-ionization cross sections calculated in LM approximation (solid dots) are
compared with the data of Rudd et al. [11].

Single Ionization

0 r
® This work
| [_ data of Rudd et al.
< ¢
] [ ]
(X
o -
-:-a 0.1 Py .
o ‘~
e @
ool F ®
%
0.001 L 4 - . 4
10° 10! 102 10° 10? 10°

Energy (keV)

Fig. 2 Single-ionization cross sections calculated using (10) and (11) (solid dots) are
compared with the data of Rudd et al. [11].



Table 1. Calculated single-ionization cross sections by p* (column 2) and p " (column 4) are
compared with the data of ref. [15] for p* (column 3) and of refs. [8, 9] for p~ (column 5).

Energy o(p*) in 10'°cm®__| o(p) in 10"'°cm”
keV th expt th expt
10 0.082 . 0.106
20 0.30 0.20 0.32 0.41

100 0.85 0.85 0.88 0.65

500 | 0.40 0.48 0.38

1000 024 | 023 | 0.26

50000 0.0065 0.0293

In the passing one may note that matrix-elements of e°/r,, calculated by replacing
ejected electron wave function by plane wave do not differ significantly from those calculated
with Sommerfeld Coulomb function but the calculations simplify significantly.

3.2 Double-Ionization

In the LM approximation, double-ionization cross section for the case of incident
proton and anti-proton should be the same but the measurements indicate them to be different
[8, 9] and hence we are not presenting any calculation of double-ionization in the LM
approximation.

We present here calculations using (10) for both cases. Because of the e*/r,, term in
the interaction, we expect the double-ionization probabilities for proton and anti-proton to be

different. The initial ground stage Y (r.r;) is again represented by (11) and the final
electronic state Y (r,,r,) is taken to be a product of two Sommerfeld Coulomb function with

charge Z=2, except for the matrix-elements of e*/1,,, for which a product of two outgoing
plane wave function is used. The latter is justified on the ground that actual calculations done
in the case of single-ionization with Coulomb and plane wave show no significant difference in

numerical values of matrix-elements of this term.
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Fig. 3  Calculated double-ionization cross sections for incident proton (solid dots) and
anti-proton (solid diamonds) and experimental data for incident proton [13,14]
and anti-proton [8,9] are plotted as a function of energy.
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Fig. 4  Calculated ratio for incident proton (solid dots) and anti-proton (solid diamonds)
are compared to respective experimental observations for proton (open squares
[1.2} and triangles [13] and anti-proton (open circles [1,2}).



Data for proton induced double-ionization taken by Shah and Gilbody [13] and Puckett
and Martin [14], along with our calculations, are shown in Fig. 3. The agreement is
satisfactory. In the same figure we also present our calculations for anti-proton induced
double-ionization and compare them with the measurements of Hvelplund et al. [8, 9] and the
agreement is good. Calculated cross sections for incident p’ are larger than those for proton,
as anticipated.

3.3 Ratio

In Fig. 4, we have plotted the ratio of double- to single-ionization cross section, R, for
incident proton and anti-protoh‘fof a few tens of keV and a few tens of MeV. Our calculations
both for incident proton and anti-proton are in agreement with the data of Shah and Gilbody
[11] and Andersen et al. [1, 2]. The key factor responsible for the difference in two cases 1S
the inclusion of e*/r,, term in the interaction which makes double-ionization probabilities for
the anti-proton substantially larger than those for the proton.

4. CONCLUSION

One may conclude that (a) the difference in measured R values for incident proton and
anti-proton can in general be accounted for within the standard non-relativistic atomic physics,
(b) In principle, one is to include two-electronic interaction in the calculation for both single-
and double-ionization, (c) Single-ionization probabilities for incident proton and anti-proton
are in principle different. This difference is pronounced at high energy and (d) double-
jonization probabilities by anti-proton are substantially larger than those by protons from a few
hundred keV to a few tens of MeV incident energies.

Lastly at low energies one expects the cross sections for the p case to exhibit some
structures originating from the quasi bound states in the attrafctive anti-proton-He potential
[16]. These should be absent for incident proton because of the repulsive nature of proton-He
potential. There are some indications of this in the data of [8, 9].
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On the ionization of He by proton and anti-proton: II. Double ionization and ratio
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Abstract. We have calculated double ionization cross section of He by proton and anti-proton in
the incident energy range of 50 keV to 20.0 MeV using a coupled channel approach restricted to
two channels, incident and fmal‘. The projectiles have been represented by plane waves. The
ground state wave function of He is taken to be a variational correlated one, and the final state
wave functions of two ejected electron is taken to be Coulomb functions for calculating matrix
elements of the electron-projectile interaction, and plane waves for calculating matrix elements of
electron-electron interaction. The calculation satisfactorily accounts for the data on double

ionization cross section and on the ratio of double to single ionization cross sections.



I. Introduction
In a series of experiments Andersen et al (1986, 1987) have found that the ratio R, of double

to single ionization of He by proton and anti-proton differ significantly in the incident energy
range of a few tens of keV to a few tens of MeV. Subsequently, measured single as well as
double ionization cross sections of He by proton (Puckett and Martin 1970; Shah and Gilbody
1985, 1982a, b: Shah et al. 1989) are found to differ significantly from those by anti-proton
(Andersen et al 1989, 1990 and Hvelplund et al 1994).

These findings are important because, within the framework of theories that represent
projectiles by plane waves in the iﬁcident and outgoing channels and considering only electron-
projectile interaction as perturbation, these ionization cross sections for incident proton and anti-
proton and the ratio should be the same.

A number of theoretical approaches have been used to understand these phenomena. The
relevant theories for single ionization are summarized in Das and Malik (1996) (This paper is
termed as I).

Meng et al’s (1993) calculations of single and double ionization cross sections of He for 500
keV incident proton and anti-proton using classical trajectory Monte Carlo method (Olson 1987)
that includes electron-electron interaction approximately (noted henceforth as dCTMC) do not
adequately explain the data. Reading and Ford (1987, 1988 and 1994) have calculated the
double-ionization cross sections by incident proton and anti-proton only at three energies namely
at 300, 1000 and 6000 keV and estimated them at 500, 3000 and 10000 keV using a time
dependent approach termed as forced impulse approximation or FIM. Their calculated results for
the 300, 500 and 1000 keV incident proton energies are in good agreement with the data of Shah
and Gilbody (1994) taken at 326, 500 and 1000 keV/amu. However, their calculated cross
sections for the 300 and 500 keV incident anti-proton differ about 10 to 20% from the data taken
at 270, 326 and 503 keV incident energies (Andersen et al 1986, 1987 and Hvelplund et al 1994).
No calculation has been reported for lower incident energies in the FIM. For a proper
understanding of the underlying reaction mechanism associated with the ionization process, it is
important to understand the low energy data at least in the 100 to 300 keV region.

Das (1994) in his thesis has calculated double ionization cross sections for incident p” and p”in



the energy range of 100 keV to 20 MeV using coupled channel approach but restricting it to two
channels only. A few of these calculations at low and high energies have so far been reported
(Das and Malik 1995). In this paper we present calculated results for the double ionization and
the ratio in the energy range of a few tens of keV to 20 MeV and compare them with the
observed data for both incident proton and anti-proton. .The theoretical ratios have been obtained
by using the calculated single ionization cross sections within the frame work of the same theory
in I. The outline of the theory, which is discussed in details in I, is presented in the following

section. Results and discussion, conclusions, and acknowledgment are presented in subsequent -

sections.

2. Theory

In the coupled channel theory the equation governing the motion of proton or anti-proton

incident on He, is given by (Mott and Massey 1965 and I)

2 2
gtk 20 E Ry
2u R |7

nt

=T f drlerZanw;m(’.l ’rZ)H (R‘rl ’r2) Zm ‘n'en /Fn /(rz)wm 'n '(rl’rl) (1)

In (1) p 1s the reduced mass of the scattered particle with respect to He nucleus and R, r; and r,
are, respectively, radius vectors of the projectile, electron 1 and electron 2 in the center of mass
system of incident projectile and He nucleus. F, (R) is the wave function of the projectile in
channel n. Minus and plus sign refer, respectively, to incident proton and anti-proton. k, is the
wave number of the nth channel and related to total energy of the system E and the non-
interacting electron energies E,, by ¥’k *=2u(E-E,,). ¥..(r,, 1) in the above expression is a
product of two hydrogen like wave functions in the states n and m including continuum states and

is eigenfunctions of the following equation:
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The interaction energy in (1) is given by

Ze? , Ze? . e?
|"1'Rl |rz—R| lrl—rzx

H (Rr,r)== (4)

nt
For single as well as double ionization, both electrons in the final channel are far apart from

each other and represented by hydrogen-like eigenfunction of (2).

One may obtain the expression for differential cross section by imposing the asymptotic

condition

5 e Wk R-ninR)

limF (R) = Py

im F(R) = ,(8.6)— )
[R|=

where n=uZe'/rk,.
In (5) £(6,) is the scattering amplitude at angles (0,y) defined with respect to the direction

of incident momentum of the projectile. The expression for differential cross section is given by

(Mott and Massey 1965)

do _ 2
o = V(0.9
(6)
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Total cross section, o, is then calculated by integrating over the solid angle dQ. F, (R) in (6)



is the solution of the homogeneous part of (1) with outgoing boundary condition (5).

The expression (6) is exact but represents an infinite set of coupled equaﬁons and
approximations are to be made for numerical evaluation. Since the incident projectile energy of
10 keV to 20 MeV is considerably higher than the double ionization energy of Hé, it is reasonable
to consider only two channels and use Born approximation in which the projectile in the incident
and outgoing channels is described by plane wave. In this two-channel approximation, the

summation over n’ is replaced by one term denoted by ‘o’. Hence

Zn fenan’ Fn ’(R)wn ‘m = Fo(R)Zm 'luom (rl’rZ)zFo(R)wg(rer) (7)

In (7) Y (ry, r,) is fully correlated wave function of the ground state of He. The differential

cross section in this two channel plane wave Born approximation, denoted as 2cCPWBA, is given

by

do AT\ e R exp Gk i ik AW (ror) H (rorR ?
—(,1{_2_ h4 I l l. rl r2 exp (l o"o_l nnn)wn(rl’rZ) ml(rl’rz )q”g(rl’rZ) (8)

In (8) fi, and fi, are, respectively, unit vectors in the directions of incident and outgoing wave
numbers k, and k,,.

It is important to note that the e*/r,, term is to be included in Hy, in principle This conclusion
does not depend on the two-channel approximation and the approximation (7) but is correct for
the most general expression (6) and is a consequence of the boundary condition that two electrons
in the final channel do not interact asymptotically and each is represented by a one-body wave
function of hydrogenic type in the final channel. This term does not cause any transition in the
absence of projectile-electron interaction because in that case, the projectile wave functions are
zero and hence the matrix elements of the term e’/r, are zero. In the single ionization case, the
contribution of the matrix elements of the e%/r,, term to the total cross section is not significant for
incident energies greater than a few hundred keV.

The He-ground state wave function s, is taken to be the following (Hylleraas 1930)



Y (ryry)=Nexp (-y(r, +ry)fa, )] +""'122) : 6

where N is the normalization constant and a,, the Bohr radius . Parameters y and ¢ have been
determined from the Raleigh-Ritz variation principle to be 1.69 and 0.142, respectively. The
variational ground state energy of -78.28 eV is very close to the observed value of -78.62 eV.
The electronic wave function in the final channel, ,(r,, r,), is taken to be a product of two
continuum Coulomb wave functions having two units of charge in the Sommerfeld representation
(Bethe 1930; Lewis and Merzb‘acher 1958: Sommerfeld 1931) for calculating matrix elements of
electron-projectile interaction and a product of two outgoing plane waves for calculating matrix
elements of e¥/r,,. The latter approximation is motivated by the fact that in the case of single
jonization, matrix elements of the e’/r,, term calculated with the plane wave and Coulomb wave

functions for the ejected electron yield about the same numerical value (Das and Malik 1996) in

the entire energy range.

3. Results and Discussion

(a) Proton induced double ionization and the ratio

In Table 1 and Fig. 1 we have presented our calculated results for double ionization cross
section in the incident proton energy range of about 50 keV to 20 MeV and compared them with
the measurements of Shah and Gilbody (1985), Shah et al (1989) and Puckett and Martin (1970).
The measurements extend from about 16 keV to 2400 keV, although the data below 50 keV have
not been plotted. The calculation can account for the energy dependence and magnitude of
observed cross section from 80 keV to 2400 keV very well. Below 80 keV the calculated values
for the cross section seem to be slightly higher than the data which, however, have large errors.
The observed cross section seem to be rather flat from 40 to 100 keV incident energy but not the
calculated values.

Meng et al (1993) have calculated double ionization cross section in the dCTMC method at

two energies. Their calculated values are 7.3 x 10"° cm?and 4.1 x 10"® cm” for 300 and 500 keV



and are considerably larger than our calculated values and
ading for the 300, 500, 1000 and 3000

incident energies, respectively,
observed data. Calculations and estimates of Ford and Re
keV incident energies are about 10% lower than our results and slightly lower than the observed
values but their calculations for the 6.0 and 10.0 MeV agree with our results. '

In Table 3 and Fig. 3 we have presented our calculated and the observed ratios of double to
single ionization cross sections for incident proton using the values of single ionization calculation
done in I in the 2cDWA, in the energy range of 50 keV to 20 MeV. The calculation reasonably
accounts for the measured ratio in the entire energy range.

(b) Anti-proton induced double ionization and the ratio

We present the calculated double ionization cross section by incident anti-proton along with
the observed data in the incident energy range of 40 keV to 50 MeV in Table 3 and have plotted
them in Fig. 3. The calculation does account for the data in this large energy range and the
observed fact that double ionization cross section by incident proton systematically lie lower than
that by incident anti-proton in the energy range of 100 to 500 keV. The calculation predicts this
trend to continue right up to 50 MeV. This is the consequence of the fact the three terms in (4)
have the same sign for the anti-proton case but not for the proton case.

The ratio of double to single ionization cross section for incident anti-proton is calculated
using the results of the single ionization cross section calculated in I in the 2cDWA. The
calculated ratio is presented and compared to experimental observation in Table 3 and Fig. 3. The
data cover a very large energy range from a few tens of keV to 20 MeV. The theoretical
calculation can satisfactorily account for the data essentially in the entire energy range.

In I, the possibility of resonances or the formation of virtual (p’ - He) system has been raised.
Such a physical situation would also influence double ionization cross section of He by anti-
proton and hence the ratio. This process is estimated in I to occur at a few tens of keV. Kimura
et al (1994) have incorporated such processes in their calculation of the ratio of incident energies
below 50 keV and found them to be important. This process is absent for incident proton for
which, on the other hand, the charge transfer channel becomes available. Kimura et al’s
calculations seem to explain the observed difference in R, for the two cases at energies below 50

keV. Incorporation of such phenomena is beyond the scope of our investigation which is,



therefore, restricted to incident energy grater than about 80 keV. At very low incident energy,
Fermi-Teller effect (1947) might influence significantly the double-ionization cross section of He
by anti-proton.

Satisfactory explanation of the observed data for double and single ionizations and their ratios
for the incident energies above 80 keV indicates that the coupled channel method is a suitable one
for describing ionization process. Because the perturbed potential (4) is different for double-
ionization cross section for the two cases, theoretically, one predicts that the cross section for
incident anti-proton will be higher than that by incident proton at incident energies greater than
those used in current experimer‘lts‘ It would be interesting to verify this.

Theoretically, ionization cross sections by electron impact should have the same perturbation
(4) for anti-proton, but has the additional complication of incorporating the Pauli principle which
is important at lower incident energy (Malik and Trefftz 1961, Trefftz 1963). For He target, the
effect of the Pauli principle on the cross section may not be critical for incident electron energies
greater than 10 keV and the situation is then similar to that for incident anti-proton, except for the
difference in masses. Hence, the energy dependence of the ratio should be qualitatively the same
in both cases which is indeed the case, experimentally.

Within the framework of the 2cPWBA, alpha-induced ionization cross section should be
similar to that by incident proton, except that the masses of two projectiles are different. This
difference would cause the key features of the energy dependence of the cross sections such as

maxima to occur at a different energy in the two cases but the general pattern should be the same,

which is the case experimentally

4. Conclusion

The observed single and double cross sections and their ratio for incident proton and anti-
proton can be well accounted for in the energy range of a few tens of keV to a few tens of MeV
by the coupled channel method. It is important however to incorporate proper asymptotic

condition in the incident as well as final channel.
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Table 1

Table 2

Table 3

Table Caption

Comparison between the calculated double ionization cross section of He by
proton, o (this work) and the selected observed ones, o (Shad et al) and o (puckett
et al). Shah et al refers to (Shah and Gilbody 1985, 1982a, 1982b)-and Puckett et

al refers to (Puckett and Martin 1970).

Comparison between the calculated double ionization cross section of He by anti-
proton, o (this work) and the selected observed data noted as o (Aarhus). ©
(Aarhus) refers to data in (Andersen et al 1987a, 1987b) and (Hvelplund et al

1994).

Comparison between the calculated ratio of double to single ionization of He by
proton and anti-proton noted in columns 2 and 5, respectively, and the
corresponding data for incident proton and anti-proton noted in columns 3 and 6,
respectively. Aarhus group refers to the selected date of (Andersen et al 1987a,
1987b, 1989a, 1989b) and (Hvelplund et al 1994). Shah et al refers to the selected
data of (Shah and Gilbody 1985) and (Shah et al 1989).
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Fig.

Fig.

Fig.

b2

(VS )

Figure Caption

Calculated double ionization cross section of He by proton noted as this work (p")
is plotted as a function of proton incident energy and compared to the selected
data. References to the data are given in the caption of Table 1.

Calculated double ionization cross section of He by anti-proton noted as this work
(p’) is compared to the selected data. The references to the data are noted in the

caption of Table 2.

Calculated ratio of double to single ionization cross sections for incident proton,
noted as this work (p~) and incident anti-proton, noted as this work (p’) are
compared to the corresponding incident proton data, as noted Shah et al (p”) and
incident anti-proton data, noted as Aarhus group (p’). References to these selected
data are noted in the caption of Table 3.
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Table 1: Double [onization cross section by proton.

Energy o (This work) o (Shah et al.) o (Puckett et al.)
(keV) (108 cm=) (10-18cm?) (10-18 cm?)
50.00 1.49580
58.46 0.920 + 0.240
60.00 1.25340
70.00 1.07890
70.56 ' 0.910+0.190
80.00 0.94707
80.67 1.057 = 0.101
84.67 0.870+0.180
90.00 0.84403
100.00 0.86345
100.79 0.890 = 0.180*
150.00 0.970
200.00 0.65856 0.678
201.59 0.560+0.017
300.00 0.35672 0.356
322.54 0.315 £ 0.022
400.00 0.19341 0.242
403.18 0.236 £ 0.012
500.00 0.15492 0.176
503.97 0.172 £ 0.008
600.00 0.12921 0.146
645.08 0.127 £ 0.001
700.00 0.11082 0.114
800.00 0.09701 0.0977
806G.35 0.096 = 0.0051
900.00 0.086264 0.0828
1000.00 0.075660 0.0732
1007.90 0.0745 + 0.0027

1612.70 0.0454 = 0.0037



2000.00
2015.90
2398.90
3000.00
4000.00
5000.00
6000.00
7000.00
8000.00
9000.00
10000.00
30000.00
40000.00
50000.00

0.037883

0.025934
0.019455
0.015566
0.012973
0.011121
0.0097309
0.0086501
0.0077853
0.0025956
0.0019468
0.0015574

0.0365 = 0.035
0.0300 £ 0.021



Table 2: Double Ionization cross section by anti-proton.

Energy o (This work) o (Aarhus data)
(keV) (1018 cm?) (10-'8cm?)
50.00 3.5223
53.90 2.011 = 0.205
60.00 2.9594
67.10 ) 1.923 + 0.156
70.00 2.4612
80.00 2.2260
80.40 1.543 +0.139
90.00 1.9555
91.20 1.657 £ 0.145
100.00 1.8366
101.60 1.577 £ 0.123
200.00 0.87739
227.90 0.720 £ 0.039
270.10 0.696 = 0.035
300.00 0.68717
400.00 0.49127
403.60 0.447 + 0.023
500.00 0.36346
503.60 0.410=:0.021
600.00 0.29580
700.00 0.25284
800.00 0.22134
900.00 0.19682
1000.00 0.17019
2000.00 0.088013
3000.00 0.059670
4000.00 0.045388
5000.00 0.036515
6000.00 0.029799

7000.00 0.025372



8000.00
9000.00
10000.00
30000.00
40000.00
50000.00

0.023202
0.019736
0.017763
0.0059220
0.0045416
0.0035534



Table 3: Ratio of double to single ionization cross sections.

Energy Thiswork Aarhusgroup. Shahetal. This Work  Aarhus group.

(keV) (p*) (p*) *) (p) (P
(x 1073) (x 1073) (x 10°3) (x 10°3) (x1073)
50.00 20.2300
67.10 ' 28.70 +2.30
70.00 28.5910
80.67 ‘ 12.70+1.20
100.00 10,1039 - * 21.0229
102.00 2310+1.10
200.00 13.2250
227.90 14.46+0.78
300.00 6.3632 11.7990
326.30 13.00 = 0.66
400.00 5.2785 10.9873
403.18 5.2072 5.36+0.28 10.5294
403.60 11.32:0.58
500.00 47762 9.9972  10.00+0.60
50397 47153 4.65+0.27 8.5462
667 00 8.50+0.30
700.00 3.5231 7.5163
800.00 3.4275 7.2449
806 35 3.4144 3.60 =0.20 7.2074
900.00 3.2343 6.9946 '7.1520.25
1000.00 3.1818 3.22-0.10 6.5322
1007.90 3.1627 3.29+0.16 6.5243
1200.00 2.9642 3.12x0.20 6.2312
1370.00 6.40 +0.19
1612.70 2.9263 2.86 +0.21 6.0021
1900.00 2.8859 2.80 +0.20 5.8296 5.80+0.25
2000.00 2.8419 276 =0.06 5.6404
2015.90 2.8326 2.82+0.26 5.6212
2100.00 2.8201 5.4923

2260.00 5.10+0.41



2398 90
2000 G0
3200 00
110,30 00
4300 00
"0 00
1(2000 00
20000 00

2.8189
2.7759
2.6925
2.6473
2.6001
2.5230
2.5148
2.4498

264014
2.50=020
2.50=015
2.50+0.10
2.51=007
2.49+0.10

266018

5.3642
5.1364
5.0044
47049
4.5488
3.8582
3.3233
2.3021

5.00=0.25
4.50=0.25

410041
2.90=0.20
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On the ionization of He by proton and anti-proton: L. Single ionization

Tirthanath Das* and F. Bary Malik _
Physics Department, Southern Illinois University, Carbondale, IL 62901

*Presently at division of mathematics and science, Shawnee Community College, Ullin,
IL. 62922, US.A.

Abstract. We have presented here calculation of single ionization cross section of He by
incident proton and anti-proton within the framework of a coupled channel theory
restricted to two channels. The incident energy range considered is from 10 keV to 50
MeV. Projectile wave functions in initial and final channel are taken to be plane waves.
The initial ground state wave function of He is taken to be a correlated variational one
and the final channel electronic wave function is represented as an antisymmetrized
product of a hydrogen-like bound (ls) and continuum Coulomb functions. The calculated
results are in reasonable agreement with the observed data and explain the observed
difference in cross sections for single ionization by incident proton and anti-proton.
These results have been used in calculating the ratio of double to single ionization cross

section by proton and anti-proton in a subsequent paper.



1. Introduction
In a series of experiments Andersen et al (1986, 1987) have revealed that the ratio, R,

of double to single ionization cross sections of He by incident proton, p~ differs
substantially from that by incident anti-proton p. Subsequent measurements of anti-
proton induced single and double ionization cross sections of He by Andersen et al
(1990) and Hvelplund et al (1994) indicate these to differ from those measured for
incident p~ (Shah and Gilbody 1981, 1985 and Shah et al 1989).

Before the series of invesﬁgations of single ionization by proton impact done by
Shah and Gilbody using crossed-beam coincidence technique, there have been many
previous measurements of proton induced single ionization of He using condenser plate
technique which are referred to in the 1985 article of Shah and Gilbody. In particular,
Rudd et al (1983) have measured single ionization cross section of He by incident protons
in the energy range of a few keV to 4000 keV. Their measurements are in general
agreement with those of Shah and Gilbody (1985) for energies above 200 keV. It is,
therefore, well established that single ionization cross section of He is different for
incident p~ and p. These findings are significant because, within the framework of
Lewis-Merzbacher’s theory (henceforth denoted as LM) using plane wave Born
approximation (Lewis and Merzbacher 1956) and considering only projectile-electron
interaction as perturbation one expects single ionization cross section of He by p* and p’
and ratio, R, to be the same.

In Coulomb-Born approximation, used by Trefftz (Trefftz 1963) to study ionization
of OV and OV1 by electron impact, the wave function of projectile in the final channel
for the single ionization case should be represented by Coulomb function. In that case
one expects, in principle, a difference in ionization cross section by p* and p” because of
the difference in signature of their charges in Coulomb function in the final channel.
Similarly, in a distorted wave approximation used by Malik and Trefftz (1961) to study
single ionization of OV by electron impact, the single ionization cross section of He by p*
and p’ should, in principle, differ. In fact, the study of Fainstein et al (1987) using

distortion of electron wave function due to incident projectile in eikonal approximation
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and Coulomb wave function for ejected electron as well as projectile in the final channel
(termed henceforth as CDW-EIS: Continuum-distorted-wave-eikonal-initial-state model)
indicates different single ionization cross sections for incident proton and anti-proton,
because of the difference of signature for charge of the projectile wave function in the
final channel in the two cases. Their calculations fqr incident anti-proton reasonably
account for the data from about 15 keV to 3000 keV (Hvelplund et al 1994). Their
calculation for incident proton could reproduce the general trend of the observed cross
section as a function of incidenf proton energy (Shah et al 1985, 1984) but differs by as ‘
much as 25% quantitatively (Andersen et al 1990). Unfortunately, no calculation of
double ionization cross section of He in this approximation has been reported.

The theoretical calculation based on classical-trajectory-Monte Carlo (termed as
CTMC) method (Olson 1987, Shultz 1989) does not provide satisfactory agreement with
the data (Hvelplund et al 1990) for proton induced single ionization of He. Calculations
of single ionization cross section, based on an improved version of this model
(Montemayor and Sciwietz 1989 and Meng et al 1993) that includes correlation between
two electrons in terms of screening potentials (the model is termed as dCTMC), give
0.404 and 0.293 A? for 300 and 500 keV incident proton, respectively, and 0.327 and
0.251 A*for incident anti-proton, respectively. The observed data for incident proton
energies of 260, 320 and 500 keV/amu are, respectively, 0.587+0.011, 0.516+0.09 and
0.370+0.015 A? (Shah and Gilbody 1985) and for incident anti-proton energies of 270.1,
326.3 and 503.6 keV are, respectively, 0.471+0.08, 0.437+0.08 and 0.354+0.08 A*
(Hvelplund et al 1994). Calculated double-ionization cross sections in this method
overestimate significantly the proton induced double ionization data at these energies and
slightly under estimate the corresponding anti-proton data.

Ford and Reading (1987a, b, 1989, 1994) have approached the problem from time-
dependent view point. Their model, termed as forced-impulse method or FIM, breaks up
the time development in small segments. Within a given segment, the electrons are
treated in an uncorrelated fashion but between the segments the correlation is considered.

Their earlier calculations done for incident energies higher than a few hundred keV
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including s and p electron orbitals are in qualitative agreement with the proton data but
falls short on the ratio of double to single ionization by p.. However, their latest
calculation done only at 300, 500 and 1000 keV incident energies (Ford and Reading
1994) estimating the contributions of 9d orbitals to both single and double ionization are
in reasonable quantitative agreement with the data around these energies. For example,
their estimated cross sections for single ionization for incident proton are 0.498, 0.346
and 0.203 A at incident energies of 300, 500 and 1,000 keV, respectively, which are
close to the observed values of 0.516+0.009, 0.370+0.015 and 0.226+0.008 A’ measured
(Shah and Gilbody 1985) at incident energies of 320, 500 and 1000 ke V/amu,
respectively. Similarly, they estimate single ionization cross sections by incident anti-
proton of energies 300, 500 and 1,000 keV to be 0.458, 0.331 and 0.188 A2, respectively.
These are close to observed values (Hvelplund et al 1994, Andersen et al, 1990) of
0.471+0.02, 0.437+0.02, 0.354+0.02 and 0.195+0.01 A? at incident energies of 270.1,
326.3, 503.6 and 1130 keV, respectively. So far, calculations at other energies,
particularly lower ones have not been reported, although the measurements are available.
The early calculations of Bell and Kingston (1969) using plane wave Born
approximation that approximates the electron-projectile interaction as dipole or the
corresponding velocity operator (so called Bethe (1930) approximation) and uses a
correlated ground state wave function do not agree with the data. In particular, the
maximum of the cross section is not accounted for (Shah and Gilbody 1985). Of course,
the anti-proton induced single ionization cross section is equal to that by proton in this
approximation, and the observed difference in data in the two cases cannot be explained.
Toburen et al (1978) have calculated single ionization cross section at 300, 500 and
1000 keV incident proton energies in the LM approximation, except replacing initial
hydrogenic He ground state wave function by Herman-Skillman’s (1963) parameterized
Hartree-Fock wave function and the Sommerfeld Coulomb wave function for ejected
electron by a distorted wave (Manson et al 1975). Their calculated result agrees with the
data of Rudd et al (1983) at 300 keV but is slightly higher than the data at 500 and 1000
keV, and differ significantly from the 100 keV data. Lewis and Merzbacher (1958) have
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done calculation in the LM approximation up to about 200 keV incident proton energies,
with limited agreement with the data. '

Das and Malik (1994, 1995) have analyzed single and double ionization of He by
proton and anti-proton using coupled channel approach (Mott and Massey 1965 or Malik
and Trefftz 1961) restricting it to two channels, initial and final, and representing
projectiles in both channels by plane waves. Their calculations for a few very low and
very high energies are in very good agreement with the data for single and double
ionization. In this paper we exfend the calculation from 10 keV to 50 MeV for proton
and anti-proton induced single ionization of Helium and compare them with the available
data. We also present calculation in the LM approximation in this energy range. Ina
subsequent paper calculations for double ionization cross section and the ratio R for
incident p~ and p~ will be presented for incident energies ranging from a few tens of keV
to 20 MeV.

We present the theory in the following section and discuss the results in section 3.

The conclusion and acknowledgment are presented in sections 4 and 5.

2. Theory

The Schroedinger equation for an incident projectile and a He-atom in the center of

mass system of the incident particle and the nucleus of He may be written as

h* -[13 2 2 - PR A o e: e:
- Ny - (V7 + V) - (s2e-/R) - Ze-lr; -Ze-Ir relr, i —— 1 - EN(Rr,r) =0
2”. R Im ( 1 _) ( e ) e-ir e r.. 12 |R"'1| lR_rzl }y( rl rz) (1)

N

In (1) u and m are reduced masses of projectile and electrons with respect to He-nucleus,
respectively. r,, r, and R are coordinates of electrons 1 and 2 and the projectile,
respectively. Minus and plus sign refer, respectively, to incident proton and anti-proton.
In (1) r, =|r, - r,, the interelectronic distance.

One may expand ¥ (R, r,, r,) in the following orthonormal set

w(erprz) = En[Tn(R)Emll‘lmn(rl’rz) (2)



In view of the fact that the two electrons are far apart in the final channel and do not

interact, we define the orthonormal set to be the eigenfunctions of the following hermitian

Hamiltonian:

h? Ze* Ze?
HOW,,,,, =l (V? + Vg) - ¢ - ‘ wnm(rl’rZ) = Emwmn(rl’rz) (3)

The above Hamiltonian represents accurately the asymptotic situation in the final

channel where the ejected electron is far away from the He ion and hence e*/r,, term is |

negligible.
One may obtain the following equation for F,(R) by taking a scalar product of (1)

with respect to |, and integrating over the coordinates r, and r,,

2m

{”_2 Vi (E-E)+ %F"(R)} F (R)

7 2 7 2 2
- —fdrld’zz,;,ll’,,,n(rl’rz) ¥ ¢ ¥ ¢ + _9__ Zn ’:nFn ’(R)Zm 'wm 'n '(rlr2) (4)
IR-r| |R-r] 1y,

The orthogonality condition on {_, has been used in deriving (4). Using

2m

/(n2 = -},—2 (E-E) (5)

one gets

Ze?
(V; + kg £ =20 (R)

2m . Ze? Ze? €2 |
= -=—[drdr,) ¥ (r.ry,X= F +—% . FAR)) A . Ar,,r.
hzf 1 22»1 m( 1 2){ lR‘rz| |R_r2| rlz Zn 0 n/( )Zm m n’( 1 2) (6)



The equation (6) represents an infinite set of coupled channel equations and suitable
approximations are needed before actual calculations could be carried out.

The above equation is now to be solved with the following boundary condition in the

final channel

¢ l(k“jé—nQnR)
lim F,,(R) _f,,(evtp)—R—— )
[R|-e

with 1 = pZe*/rk,, Z being the projectile charge. f,(8,¢) is the scattering amplitude in the
channel n at angles (6,¢) defined with respect to the direction of incident momentum.

Following Mott and Massey (1965), one may obtain the expression of the differential

cross section

—:;% - Vne 2 47T !’1 k" fffdr‘ dr dRF h(R)Zrannm(rl’rZ)

o F AR, ATy 1) P

nm

(8)
H_ (R, rl,rz)z

int

with

Ze? Ze? e’
H (Rr,r,)=7 F +— 9
A "R, -R g ®)

k, in (8) is the incident channel wave number and F,,(R) is the solution of the
homogeneous part of (6) compatible with asymptotical boundary condition (7), i.e.,
outgoing Coulomb wave function for p* or p".

The total single ionization cross section, 0*, is obtained by integrating over the solid
angle dQ.

It is important to note that the expression (8) is exact and the e’/r,, term is to be
included in calculating matrix elements. In case electron-projectile interaction is
switched off, the projectile wave function is zero and hence matrix elements of e’/r,, and

cross section are zero, i.e., there is no transition, as it should be.
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Since the energy interval considered in this work is significantly larger than the
ionization energy, we consider explicitly only two channels, the initial incident and the
final. In this two-channel approximation the summation over n in (2) has two terms, the
initial channel denoted by F (R) and final channel noted F,(R). The summation over n’

in (8) reduces to the following term:

Zn m ! Fn /(R)wn ‘m (R’r]’rl) = FO(R)ZIH ! wOI" /(rl’rz) =F0(R)¢g(rl’r2) (10)

¥, in (10) is the correlated ground state wave function of He.

In this approximation the differential cross section is given by

aQ pf (11

H, (Rr.r)F (R (r,r)|

2,2 k . |
do _4my 2 [ drdrdRE (R (r,.r)

In case F, (R) and F (R) are taken, respectively, to be Coulomb and plane waves this
approximation is equivalent to Coulomb Bomn approximation (CBA) used by Trefftz

(1963) for single 1onization of oxygen ions by electron.
The two channel plane wave Born approximation (2cPWBA) 1s obtained by
replacing F_ and F, with plane wave function in respective channel. The differential

cross section in the 2cPWBA is given by

do _4miy? k, A LA
EU___ 7;’411 k_o| f drldrzdRexp[l(kono—knn)-R]

Ws(rr) H (R U (rr)P

int

(12)

Total cross section is obtained by integrating over dQ. In (12) fi, and fi are unit vectors in
the direction of momenta in incident and final channels, respectively.

The LM approximation is obtained by (i) replacing s, with a product of two
hydrogen-like (Is) wave functions, and (ii) neglecting e*/r,, term in H,, (R, r,, 1,).

The Bethe approximation or sometime denoted as zero-order or lowest-order Born



approximation is obtained by (i) omitting e’/ from H,,, (i1) replacing {, in (12) with a
product of two (Is) hydrogen-like wave functions and (iii) keeping only terms up to dipole
in the expansion of electron-projectile interaction. |

Because H,, (R, r,, r,) given by (9) is different for incident proton and anti-proton,
the calculated single ionization cross section in the 2cPWBA for the two cases differ, in
principle, from each other. On the other hand, in the LM and Bethe approximations, they

should be the same.

In the next section we presént calculations in the LM approximation and the
2cPWBA.

Calculations in the LM approximation are done taking electronic wave function in
the initial state to be a product of two hydrogenic (Is) functions, each having an effective
charge 1.6875 and final state electronic wave function to be a product of a hydrogenic (Is)
wave function with effective charge 2.0 and a continuum Coulomb wave function in
Sommerfeld representation (Wentzel, 1929; Bethe, 1930; Sommerfeld, 1931) with an
effective charge of 1.09.

The initial state wave function used in the 2cPWBA is the following correlated wave

function due to Hylleraas (1930):

Y (ryr) =Nexp(~(y/a,)r, +r))(1 +cry3) (13)

In (13) N and a, are, respectively, the normalization constant and the Bohr radius. y
and c are determined from the Raleigh-Ritz variational principle to be 1.69 and 0.142,
respectively. The vanational ground state energy is -78.28eV which is very close to the
observed value of -78.62 eV. The finale state wave function in the 2cPWBA is taken to

be the same as the one in the LM approximation.



3. Results and Discussion

(a) The LM approximation
In table 1 we present our calculated results in the LM approximation in the incident

energy range of 10 keV to 50 MeV for both incident proton and anti-proton. In the
energy range of 10 keV to 200 keV, our calculations are in agreement with those of Lewis
and Merzbacher (1958) which also serve as a check to our numerical code. In Fig. 1 the
data of Shah and Gilbody (1981, 1982, 1985 and 1989) and Rudd et al. (1983) for the
single 1onization cross section c">f He by proton have been presented as a function of
incident energies and compared to our calculation in the LM approximation. The theory
can account for the data satisfactorily for incident energies greater than a few hundred of
keV. At lower energies there is room for improvement.

(b) 2cPWBA for incident proton

In table 1 we have also presented our calculation for single ionization cross section of
He by incident protons in the energy range of 10 keV to 50 MeV in the two channel plane
wave Born approximation. In general the calculated cross sections in the 2cPWBA are
lower than those in the LM approximation. The difference is about 10% below 50 keV
and above 30 MeV and only a few percent at other energies. In Fig. 2, we have compared
our calculation with the data and the agreement is excellent in the entire energy range. In
particular, the agreement between the theory and experiment has improved significantly
at lower energies compared to those calculated in the LM approximation.

(c) 2cPWBA for incident anti-proton

In table 2 we have presented our calculation in the 2cPWBA for incident anti-proton
in the energy range of 10 keV and 50 MeV. They are compared to the observed single
ionization cross section in Fig. 3. The calculation reproduces the general energy
dependence of the cross section and the data quite well. However, the calculated values
between 80 keV and 300 keV are somewhat higher than the data. Calculated cross
section for incident anti-proton is always higher than those for proton but the difference is

insignificant in the energy range of 70 to 2000 keV.
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(d) General discussion

For the proton induced single ionization of He, our calculation can account for the
observed cross section in the entire energy. The agreement between the data and our
calculation is slightly better than the one between the data and the calculation of Fainstein
et al. (1987) particularly below 150 keV and above 1000 keV. The Bethe approximation
used by Bell and Kingston is inadequate at lower energies. The calculated values in the
2cPWBA agree with the data somewhat better than the calculations in the JCTMC (Meng
et al 1993) and in the FIM appfoximations (Ford and Reading 1994). The LM |
approximation used by us is very similar to the method of Toburen et al (1975, 1978),
except for the use of wave functions for initial electronic states, and the numerical
numbers in the two cases are very close.

The contribution from the matrix elements of e*/r, term to cross section for the
proton is only significant at low energies, i.e., below 100 keV. In Table 3, we have
compared calculations in the 2cPWBA done using plane wave for the ejected electron
instead of Coulomb wave function to compute matrix elements of the e%/r,, term and they
do not differ significantly. It is, therefore, sufficient to evaluate its matrix element using
plane wave for the ejected electron, instead of Sommerfeld representation of Coulomb
wave function. The use of plane wave for the ejected electron simplifies the calculation
considerably.

For incident anti-proton the observed data agree very well with our calculation for
incident energies greater than about 200 keV. At lower energies, the calculation of
Fainstein et al (1987) are in somewhat better agreement with the data compared to ours.
The data are in better agreement with our calculation compared to those done in the FIM
(Ford and Reading 1994) and in dCTMC (Meng et al 1993).

The 2cPWBA theory predicts that at very high incident energies i.e., energies above a
few MeV to non-relativistic energy the single ionization cross section of He by anti-
proton should be higher than that by incident proton. This is the consequence of the
difference in the perturbed potential, (9), in two cases. The data are available up to about

2.5 MeV for incident proton (Shah et al 1989) and 3.0 MeV for incident anti-proton
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(Andersen et al 1990) and seem to borne out this theoretical calculations. It would
certainly be most interesting to have data at higher incident energies. |

At incident energies lower than about 100 keV, our calculated cross se_ction for
incident anti-proton lie a little higher than those for protons, whereas the data indicate the
situation to be the opposite. At this incident energy region, the difference in Coulomb
distortion in the two cases is likely to play an important role. In addition, the possibility
of resonances for the anti-proton-Helium system may have to be considered. In the first
approximation the location of such resonances is determined by the eigen-energies of the
homogeneous part of (4) (Malik 1992). Clearly, there should be no resonance for the
incident proton case since the (p” - He) system is unbound. On the other hand, the (p -
He) system has bound states, the energies of which are given by E = -(20.0 keV)Z*/n® in
the hydrogen-like approximation. Hence, the resonances could contribute to the cross
section in the region of a few tens of keV for the anti-proton case and the spacing of these
resonances should be from about a tenth to a few keV. It is interesting to note that the
measured single-ionization cross section for the incident proton in the energy range of a
few tens of keV is a smooth function of energy (Shah et al 1989) which is expected in the
absence of resonances but the same for incident anti-proton seems to exhibit some
structure (Hvelplund et al 1994) as expected in the presence of resonances. It would be

most interesting to establish whether such structures are actually present for the anti-

proton case.

4. Conclusion

The 2cPWBA can reasonably account for the energy dependence of the observed
single ionization cross section of He by proton as well as anti-proton in the incident
energy range of 10 keV to 3 MeV. The calculation has been presented up to 50 MeV
incident energy with a view of using these results to calculate the ratio of double to single
ionization in a subsequent paper. The data on the ratio are available in the MeV region.

The inclusion of e*/r,, term is not critical at energies higher than a few hundred keV and
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lower than a few MeV but important at lower and higher energies. The success of the
LM approximation, 2cPWBA and CDW-EIS in reproducing the data réasonably implies
that the Coulomb distortion for the ejected electron must be included in calculation.
Inclusion of ground state correlation in the initial electronic state of He is important at

energies below a few hundred keV.
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Table 1

Table 2

Table 3

Table Caption

Comparison of calculated single ionization cross section of He by proton in
the LM approximation (column 2) and the 2cDWBA (column 3) with the
selected observed ones in experiments of Shah and Gilbody (1981, 1985),

Shah et al (1989) and Puckett et al (1970).

Comparison of calculated single ionization cross section of He by anti-
proton in the 2cDWBA with the selected observed data of the Aarhus group
(Andersen et al, 1990 and Hvelplund et al 1994).

Comparison between calculations of single ionization cross section of He
by p~ done in the 2cPWBA (column 2) and the approximation where the
plane wave function is used for ejected electron in evaluating the matrix

element of e*/r,, (column 1).
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Fig. 1

Fig. 2

Fig. 3

Figure Caption

Comparison between the calculated single ionization cross section of He by
proton done in the LM approximation and selected data. Shah et al refer to
data reported in (Shah and Gilbody 1981, 1985 and Shah et al 1989). Rudd
et al and Puckett et al refer to data from (Rudd et al 1983) and (Puckett and

Martin 1970), respectively.

Comparison between the calculated single ionization cross section of He by
proton done in the 2cDWBA with selected data referred to in the caption of

Fig. 1.

Comparison between the calculated single ionization cross section of He by
anti-proton done in the 2cDWBA and selected data of the group primarily
based at Aarhus. Aarhus group data refer to (Andersen et al 1990) and
(Hvelplund et al 1994).

17



Table I: Single ionization cross section by proton.

Energy o (LM) o (This work) o (Shah et al.) o (Puckett et al.)
(keV) (10-16cm?) (10-16cm?) (10-1cm?) (10-1cm?)
10.00 0.087826 0.08098 )
11.09 0.067 +0.003
19.15 0.192 =+ 0.006
20.00 0.31223 , 0.29868
28.22 T 0.340 £ 0.014
30.00 0.51242 0.49882
50.00 0.75246 0.73939 ‘
64.51 0.750 = 0.023
70.00 0.84746 0.83285
100.00 0.85942 0.84991
100.79 0.845 £ 0.046
131.03 0.809 £0.012
150.00 0.880
200.00 0.70243 0.69203 0.718
200.59 0.693 x0.017
300.00 0.57224 0.55834 0510
400.00 0.429
403.18 0.441 = 0.009
500.00 0.41026 0.40160 0.350
503.97 0.370 £ 0.015
600.00 0.314
700.00 0.32354 0.31343 0.273
900.00 0.227
1000.00 0.24879 0.23698 0.207
1000.79 0.226 £ 0.008
2000.00 0.14394 0.13287
2000.79 0.1295 = 0.0011
2398.90 0.1125 +0.0013
5000.00 0.061243 0.058680

7000.00 0.044078 0.042975



9000.00
10000.00
30000.00
40000.00
50000.00

0.039741
0.032416
0.016347
0.0099929
0.0072450

0.033956
0.030742
0.010692
0.0080732
0.0064851



Table 2:

Energy
(keV)

10.00
12.80
20.00
24.20
30.00
34.60
50.00
53.90
70.00
100.00
101.60
194.40
200.00
270.10
300.00
326.30
500.00
645.00
700.00
1000.00
1130.00
2000.00
2470.00
2918.00
3000.00
5000.00
7000.00
9000.00
10000.00
30000.00
40000.00
50000.00

o (This work)
(10-16 cm?)

0.10570
0.32337
0.5;‘2567
0.76732
0.86083
0.87632
0.71770
0.58235
0.42529

0.33639
0.26054

0.15604

0.11617

0.081557
0.065762
0.056724
0.053450
0.033468
0.030741
0.029239

Single lonization cross section by anti-proton.

o (Aarhus data)
(10-16cm?)

O.lgé +0.037
0.473 £ 0.038
0.591 £ 0.027
0.741 + 0.030
0.645 + 0.026
0.528 £ 0.020
0.471+0.019
0.437 £0.017

0.310+£0.022

0.185 £ 0.014

0.105 £0.012
0.099 £ 0.012



Table 3:

Energy O (plane wave) O (Sommerfeld)
(keV) (1016 cm?) (10-16 cm?)
10.00 0.08195 _' 0.08098
20.00 0.30163 0.29868
30.00 - 0.50312 0.49882
50.00 - 0.74468 0.73939
70.00 0.83808 0.83285
100.00 0.85457 0.84991
200.00 0.68506 0.69203
300.00 0.56060 0.55834
500.00 0.40255 0.40160
700.00 0.31455 0.31343
1000.00 0.23779 0.23698
2000.00 0.13330 0.13287
3000.00 0.093427 0.093131
5000.00 0.058862 0.058680
7000.00 0.043107 0.042975
9000.00 0.034059 0.033956
10000.00 0.030835 0.030742
30000.00 0.010723 0.010692
40000.00 0.0080959 0.0080732

50000.00 0.0065040 0.0064851
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