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ABSTRACT

De-excitation Y rays from medium enexrgy proton bombardment
_éf boron, carbon, nitrogen, oxygen, magnesium, and calcium targets
have been investigated with a high resolution detection system.
Good energy resolution allowed investigation of the effects of
Doppler broadening of the y rays owiﬁg to the recoil of the excited
nucleus. The peak shapes produced by inelastic (p,p”) scattering
have been compared to the simple predictions of the plane wave
impulse approximétion. Energies, widths, and cross sections were
determined for all targets with 300 MeV protons incident and for
carbon and oxygen with 600 MeV protons: These results complement
quasielastic (p,2p) experiments of similar incident energies an&

allow comparison with lower-energy pickup reactions.

Max David Holt
Department of Physics

The College of William and Mary
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I. INTRODUCTION

In the early 1960s, Clegg and co-workers 1,2,3,4,5,6,7 did

an extensive survey of the gamma decay of_nuclear states excited by‘
medium energy protons. The 150 MeV Harwell Synchrocyclotron was
-used in these experiments. The de-—excitation Y rays were observed
using Nal crystals. Previous studies involving level structure had
been conducted by measuring the energy spectrum of the particles in
the exit channel. This was not practical at the higher incident
energies because of the poorer emnergy resolution of the incident
beam. The_Clegg experiments thus supplemented the results of the
éharged particle work at lower energies. Several features were
prominent in most of these investigations:

1. the number of states observed was relatively small
with, in gengral, only two or three levels in the target nucleus
excited,

2. reactions in which apparent clusters were knocked
out of the nucleus were frequently observed, and ‘

3. the y-ray angular correlation with respect to the
recolling nucleus were consistent with a direct interaction inter-
pretation.:

The recent development of solid state detectors with reso-

lution far superior to the Nal detectors (roughly a factor of 30 at



1 MeV y-ray energy) has led to a continuance of these experiments.
The superior resolution .of Ge(Li) detectors hég maﬁy &istinct experi—
.mental advantages:

1. the Y—-ray energy i; more accurately determined,

2. the spectral features are much less ambiguous
allowing more definite assignments,

3. since the peak to background ratio is greatly improved,
observance of weaker transitons,shbuld be possible, and

4. the line shaﬁes may give additional information.
‘Photons emitted while the target nuclei are recoiling from the inter-
action will be shifted in energy due to the Doppler effect. The
occurrence of this effect is dependent on:

1. the differential cross section for the interaction,

2. the lifetime of the excited nuclear state, and

3. the angular correlation of the de—excitation y ray
" with respect to the fecoiling nucleus,
If the details of the y-ray line shapes are measured, there should
be evidence of the influence of each of the above.

The work of Clegg indicated that several reactions should be
expected. Prevalent among these are inelastic scattering, single-
particle knockout, and ﬁossible cluster knockout. In the case of
the knockout reactions, the spectrum shape should yield information
about the internal momentumlof nucleons in the target nuclei.

The experiment described was run at the Space Radiation Effects

Laboratory with targets of Boron, Carbon, Nitrogen, Oxygen, Magnesium,



and Calcium. These targeté were chosen with the primary hope of
studying the lowérvexcited states in inelastic scattering and
because of their simple level structure. The proton beams used had
energies of 300 aﬂd 600 MeV.

No attempt was made to detect the particles in the exit
channel. This puts severe restrictions on the y-ray detection system
since all interactions in it will be recorded. Measures taken to
preclude»unwanted background included.

1. careful selection and shielding of target and dector
'location,

2. protection against charged partiglé induced signals
in the Ge(Li) detector,

3. analysis of the time distribution of charge delivered
by the detector (pulse shape discrimination) which improved the peak
to background ratio in the spectra,

4, where possible, acceptance of events only during the
beam pulse, and

5. analysis of neutron induced reactions. .

These measures allowed acquisition of acceptable spectra while not
restricting the reaction to a specific exit channel.

The reactions investigated included inelastic scattering in
the target nuclei, single particle knockout to neighboring nuclei,
and cluster knockout. In the single particle knockout reactions on

even-even target nuclei, analogue states in the mirror nuclei were

observed.



This work complements quasielastic (p,2p) experiments of
similar energies and can be compared to lower energy pickup reactions.
A distinct disadvantage of analysis of pickup type'reactions via
observance of de-excitation Y rays is that transitions to the ground
states of neighboring nucleli are not observed.

At these bombarding energies, the impulse approkimation 8,9,10
should be valid since the wavelength of the incident protonll
(= 10_1é cm) is much smaller than typical nuclear dimensions. The
impulse approximation assumes that the interaétion takes place
between the struck nucleon and tﬁe incident particle with the
remainder of the target nucleus acting as a spectator. The direct
interaction approach assumes that the momentum of the struck nucleon
can be ignored when compared with the energy of the incident
particle 12,13,14,15,16.

Section II will give the experimental arrangement and con-—
diti;ns. Section III gives details of the data analysis and Section
IV is a discussion of the experimental uncertainties. The results
of the y-ray work are presented for each target‘in Section V. A
calculation of the expected line shape due to Doppler broade;ing

for inelastic scattering is given in Section VI. Section VII gives

comparisons of this experiment with the results of other workers.



II.' EXPERIMENTAL METHOD

A. Geometry and Counters

Figureil shows Ehe detector arrangement for the experiments.
Protons from the external beam of the SREL cyclotron impinged on
the targets. The beam layout for this experiment is shown in
Figure 3. The target and detectors were located just upstream of
BM3 (beam monitor). The ion chamber of BM3 waé‘used to monitor beam
intensity and provide a measure of total proton flux. This target
location was chosen to minimize background. It allowed a clear
path of 70 feet for the beam after the target and had the lowest
neutron background of several locations tested. The beam spot size
at the target varied with operating conditions. The best beam spot
obtained was .5cm wide by 2cm high. The most diffuse beam was 2.5
by 2.5cm. After traversing the target, the beam passed undeflected
through the remainder of the transport system and was stopped in the
nérth shielding wall of the magnet hall. The beam traveled in vacuum
to within 3 feet of the target where it exited from the trans%ort
system through a .020-inch aluminum window. As indicated in
Figure 1, lead shielding protected the germanium detector from
protons scattered by the exit window. A 100-gauss field in magnet
M4, 20 feet upstream from the target, removed low momentum particles

(4, I, e) from the beam.



Two distinct proton beams were used with energies of 325 and
550 MeV., Since pulse pilé-up of the linear electronics was of much
concern, the beam extraction was adjusted to obtain the best possible
time duty factor. Thel600 MeV beam was extracted by scattering from
a stationary internal target. This beam showed no observable time
structure. For the 300 MeV beam, careful adjustment of the cyclo-
~tron RF cut-off frequency gave an improvement of about a factor of
five over the usual spill time (= 20 usec). The duty factor was
monitored by looking at the output of detector C on an oscilloscope.
The time structure of the beam consisted of an 80~ to iOO—usec
pulse every 18.5 msec. This structure was imposed by the 54
cycle/sec repetition rate of the cyclotron. Each beam pulse con-
tained micro structure with a period of = 59 nsec due to the radio
frequency (17 Megahertz) of the accelerator at extraction.

Photons from the target passed through a charged-particle,
anti-coincidence detector (A in Figure 1) into the germanium detector.
A was a specially constructed, plastic scintillator which enclosed
the germanium detector on all but the back side. It was in t@e
shape of a hollow cylinder, closed at one end, of diameter 3-1/4-inch
and length 2-inch. The walls and end of the cylinder were of 1/4-inch
thick Pilot B scintillator. Light from the scintillator was col-
lected by a lucite light pipe which encircled the "cup" and was viewed
by an XP-1020 photo tube.

Counter C was a 6~inch by 6-inch by 1/4-inch plastic scintil-

lator which detected protons scattered from the target at small angles.



The output of this counter was used to monitor the beam intensity
and (for the 300 MeV beam) to signal the arrival of the proton burst.

The germanium detector was of planar constructiocn with a
depletion depth of 5mm, The £ront surface area of the detector was
= 10cm? and its active volume was = 4.5cm’. The intrinsic resolution
of this detector was 2.5 keV at 1.33 MeV y~ray energy.

The output of the germanium detector was fed to a special
preamplifier (see Appendix D). In order to gain as much information
as possible from the time distribution of the detector current,
pulse shape discriminétion circuitry was locéted in the experi-
mental area adjacent to the preamplifier. This avoided distortion
of the signal by the long (150-foot) cable run to the readout room.
The voltage attenuation of the cable used (RG-58) at 100 megahertz
" was = 7.5 db while the voltage attenuation at 1 megahertz is
<2 db.l7 This difference is sufficient to obscure the leading edge
of fhe preamplifier output signal and remove information used for
pulse shape discrimination (see Appendix C) and timing (see Appendix
E). This placement of the fast circuitry also avoided noise p?ckup
over the long run. The output from the two charged particle detec~
tors (A and C), the linear signal from the germanium detector, and
?ulse shape and timing information on tﬁe gérmanium signal were trans-—
mitted 150 feet to the counting room.

Figurg 2 shows a bloqk diagram of the counting arrangement.
Standard fast/slow techniques were used for timing the germanium

signal. The slow signal from the germanium detector was fed to a



9
single channel analyéer Wﬁich selected the energy range of interest.
A coincidence was formed between the germanium timing signal (sée
Appendix E), a good pulse shape signal (see Appendix C), the single
channel analyzer and the absence of a veto signal from the charged
particle detector A.

The count rate in the anti-coincidence detector A was high
(instantaneous rate = 1 megahértz). The timing between this counter
and the fast germanium“signal was kept as close as possible to allow
the anti-coincidence signal to be short (= 60 nsec). This reduced
the dead time (the discriminator was dead for an interval of twice
its output width for each output pulse) of the anti-coincidence
circuitry permitting higher count rates while ensuring an effective
charged-particle anti. That the charged-particle detector, A, showed
saturation effects at lower count rates than the germanium detector
may be seen from Figure 4 which gives normalized germanium counts
versus beam rate. The slight (10 per cent over the region of
interest) rise in this curve for increasing beam rate is indicative
of loss of anti-coincidence signals. )

The discrimination Jlevel on counter C was set high enough so
that it saw only scattered protons. For the 600 MeV beam, signals
from this detector were scaled and used as a secondary Beam monitor.
For the 300 MeV beam, the count rate on this detector during beam
bursts was too high to scale and it was used solely to signify the
arrival of the proton burst. The first pulse from this counter

opened a gate which lasted for the duration of the beam pulse ( a
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minimum of 60 usec).
Two pulse height analyzers were used during the course of

the experimént; a 1024 channel Nuclear Data ND-101 and a 1600 chan-
nel Victoreen Scipp (one or the other was used for each run). The
analyzer was gated to convert those signals which met the coincidence
requirements. For the 300 MeV beam, the event was routed to either
the upper or lower half of the memory depending on the state of the
gate initiated by counter C. TFor each 300 MeV run we tﬁus obtained
Y-ray energy spectra (typical range of .5 to 10 MeV) for both beam
on and beam off. The beam off spectra were taken to detect delafed
Y rays and to give information on the ambient background. For the
600 MeV beam, this division into beam off/beam on was impossible
since the beam was extracted by scattering from an internal target
and had essentially a 100 per cent duty factor. Typical count rates

at the pulse-height analyzer were 20 to 200 counts/min.

B. Proton Beam Flux

The proton beam passed through an argon ionization chamber
one meter down stream from the target. The output of.this chimber
was monitored on an Elcor {(model A310B) current meter. The inte-
grated current from this unit gave the total proton flux for each
run. The ion chamber was calibrated at least once during each
target run by comparison with a 12¢ irradiation. For these

calibrations a polystyrene target was irradiated by the proton beam

under running conditions for 10 minutes. The polystyrene was then
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removed to a counting station and the annihilation radiation from
induced 11C.was monitored for several half-lives. The counting
station consisted of a 2-inch Nal crystal feediné a 400 channel
pulse height analyzer. The intensity of the 11¢ annihilation
22

radiation was determined by comparison with a a source of known

strength, The proton flux could then be determined from the known18
IZC (p,n) '!C total cross sections at 300 and 600 MeV. The results
of several of these runs are shown in Table 1. These calibrations
were consistent to within 15 per cent and agreed with an indepeﬁdent
calibration of the ion chamber.l”? The final column of Table 1 gives
the number of protons per current integrator step (3 X 10~?
coulombs) and these figures were used in all cross section
calculations.

A probable source of error in the cross section measurements
was pulse pile-up due to the duty factor (< 1 per cent) of the 300
MeV proton beam. This effect was checked by monitoring the total
number of events in the y-ray spectra versus beam current. The
results of these tests for two targets (carbon and caléium) are
shown in Figure 4. It can be seen that in the region at whiéh the
data were taken (.5 to 1 X 10=% - coulombs on Figure 4) the effects
of pile—~up are less than 14 per cent. No correction was made for
this effect, but it is included in thé overall error specification

(see section IV).
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c. Detector Efficiency and
Energy Calibration

The efficiency of the Ge(Li) detector system (including
pulse shape discrimination) was determined withwcalibrated
sources.20 The sources used are listed in Tabie 2. TFigure 5 shows
the total éfficiency of the detector for the geometry used in the
experiment. No correction was made for the finite ﬁeam size at the
target (= 1 square inch) as it was assumed that the y rays originated
from a point source.

The energy calibration was based on radioactive sources
below 4.44 MeV y-ray energy and extended to higher energies with a
precision mercury pulser. A series of pulser peaks corresponding in
energies to .5 to 10 MeV were least squares fitted to gaussian line
shapes to determine center channels. These centers were then fipted
to a system response function of the form

E = Ax + Bx2 + =+ D

where:; E is the pulser amplitude and x is the channel number.
Typical ratios of B/A were = 107° MeV/channel? and the value of C

was = 2 X lO-—2 MeV channel. After the shape of the response function
was determined by the pulser data, the curve was normalized by the

best fit to the radiocactive source lines.

D. Neutron Contamination
Several possible sources of Yy rays other than those from

prompt proton-induced reactions are possible in an experiment of
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this type. These include heutron—induced nuclear excitations and
neutron and proton induced beta active nuclei which subsequently
décay‘to excited levels of interest. Residual room background was
also present. There are two types of neutron sources expected:

" 1. neutrons generated upstream of the target which
follow thé general line of the proton beam, and
2. nmneutrons generated in the target by various X

(p,xn} Y reactioms.
The neutrons generated upstream (1 above) are assumed to originate
from (p,xn) reactions in components of the proton tranéport system.
Since this system has a clear aperture of six inches, the neutron
"beam" is of at least this diameter. This should be compared with
typical proton beams of less than l-inch by l-inch and target con-
tainers of 3-inch diameter. <y rays produced by these neutrons were thus
reduced (by at least a factor of 4) by making the targets as small as
practical. The effects of the second source were investigated by
placing lead between the target and y-ray detector to ensure that
all y rays of interest were suitably attenuated. .

One interesting line can be attributed to neutron inter=-
action in the detector exciting the first excited O+ state of
72Ge. This line (at .692 MeV) persists in the spectra of all tar-
gets and also was not attenuated when lead was inserted between the
target and detector. Chasman;'gg;gé,Zl have studied the interactions
of neutrons (1.2 to 16.3 MeV) on germanium. They obtain a cross

section of = 80 mb for the excitation of this line by 1.2 MeV
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neutrons. Several statements are possible from the shape and
intensity of this line. This state decays by internal conversion
and thus is detected with 100 per cent efficiemcy. When the energy
of the incident neutron goes above the threshold for production of
this O+ state, the energy observed in the detector is greater than
the excitation energy (.692 MeV) of the lirne. This is due to summing
in the detector of tﬁe energy of the conversion electron with the
recoil ene?gy of the germanium atom. Chasman, gg;gl,zz have
ﬁeasured the broadening of this line and compared the results to
predictions of Lindhérd; gg_gi.zs on nuclear and electronic stopping.
The magnitude of this broadening was found to be about 100 keV for
2.2 MeV neutrons. Thus, the width and area of the .692 MeV line can
be used to give estimates of the energy and number of neutrons
present at the detector location. None of the spectra showed any
broadening of the .692 MeV line and it is therefore assumed that
the majority of the neutrons were of energy < 1.5 MeV. 1In two of
the targets (0 and B) a second line was in close proximity to the
72Ge line. In both cases, however, this line disappeared on ipsertion
of lead beﬁweeu the detector and target and was thus attributed to

a prompt Yy ray from the target. Table 3 gives the results of the

investigation of the number of neutrons at the detector location.

E., Targets

The targets used in this experiment were of natural isotopic

abundances. Table 4 gives the details of each target. The liquid
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and powdered targets were enclosed in thin wall (.OOS;inch) brass
cylinders 3 inches in diameter. The 1iquid nitrogen was contained
in a similar thin (.005~inch) brass target chamber which was
attached to a 2 liter reservoir. This whole assembly was insulated
with I-inch of styrofoam on all sides. This comstruction maintained
the liquid nitrogen target for periods of uﬁ to 12 hours. Runs were
made with empty target containers to insure that they made no con-

tr¥ibution to the <y-ray spectra.



ITI. DATA ANALYSIS

The energieé, widths, and cross sections of the transitionms
studied were all determined by standard non-linear least squares
fitting procedures. These fits were performed on The College of
William and Mary 360/50 computer. In general, the function used
was a sum of gaussians with an exponential background. The region
of fitting thus included the peak pf interest and as large an
interval of background as practical. This was to allow as accurate
a determination as possible of the background. To insure that
background subtraction did not introduce iarge errors into the
analysis, several lines were fitted with several different'ranges
of background channels included in the fit. The results showed
only siight variation of the final parameters with wvarious channel
cut-offs and the errors overlapped in all cases. The errors shown
are the statistical errors obtained from the covariance matrix used
in the fitting procedure. From these results it can be seen that
the exponential background is very adequate over the energy ‘
intervals required. The peak areas were then determined from the
parameters of the gaussian curves.

In all the spectra (Figures 6 to 13) the solid curves

indicate the fitting region and the best fit obtained.

If the line of interest was well resolved, the three gaussian

16
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parameters (center, width, and amplitude) were allowed to vary to
obtain the best fit. For some lines which were not prominent or
in order to obtain limits on unobserved cross sections, one or two
of %he gaussian parameters were held constant. In almost all of
‘these cases only the width was held constant. An estimate of the
width based on the lifetime and spin of the level, the reaction
process, and the system resolution was used in thesélcases. In the
tables giving the results of analysis, any line in which parameters
were held constant is indicated by the absence of error speci-
fications on the appropriate parameter.

For a few cases in which the presence of two lines com—
plicated the fitting, a stripping procedure was used. These
instances involved the 4.44 MeV, 2+ level of '2C. The procedure was
to obtain a standard lineshape using the 4.44 MeV 12C y ray from a
PuBe source., This line was then smoothed and broadened to the
width of the experimental line. The lineshape (including Compton
spectrum) was then subtracted from the data. This procedure
allowed extraction of information from the energy region of the
Compton edge of the 1%C 4.44 MeV line. Instances of use of this
procedure are indicated in the discussions of experimental results

(section V).



IV. EXPERIMENTAL ERRORS

All uncertainties listed in Tables 7 to 14 are one statistical
standard deviation errors obtained from the fitting procedure and are
the diagonal elements of an error matrix. These are quoted to'allow
comparisons of lines within the same run. These must be combined
with nonstatistical and/or systematic errors to obtain absolufe
errors. The sources of these errors are enumerated in the following
paragraphs and are tabulated in Tables 5 and 6.

Errors in the calculated energies could arise from two
‘sources:

1. error in the calibration lines used, and

2. errors at energies outside the range of the
calibration sources introduced by the procedure of pulser extension
of the ADC linearity curve.
The enérgies of all calibration lines were known to less than one
keV (see Table 2) and should, therefore, not contribute substantially
to the uncertainties. The second source of calibration errogs could
be considerable in the energy intervals from 2.5 to 3.5 MeV and
above 3.5 MeV. Tabie 5A and 5B give the error from various sources
at several energies. These were obtained from the fitting procedure
used in constructing the ADC linearity curve.

Several sources of error exist for the cross section

18
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measurements. The error due to pile—up losses (see section ITA)

in the detector is estimated from Figure 4. The detector efficiency
curve (Figure 5) is used to estimate inacéuracies due to source
calibrations. Above 4.4 MeV, the detector efficiency was obt%ined
by comparison with Monte Carlo calculations24 for a similar detector;
this technique results in a large uncertainty at high energies.
Calibration of the ion chambers depends on the total cross section

for *2¢ (p,pn)*lC as given by Cummingsl8

and on the accuracy of
the 11¢ activity determination. Table 1 was used to estimate an
error from variations in the ion chamber used to monitor the beam
current. These errors are tabulated for several energies in Table
6A and 6B.

A possible source of error in the calibration of the ion
chambers is due to nmultiple coulomb scattering in the target since
the target was not in place during the irradiation runs. Based on

25 . e P
the maximum variation in ion current

the article by Sternheimer,
in the monitor chamber for target in versus target out is < 1 per
cent. These figures were based on the target parameters (see Table
4), a target to detector distance of 30cm, and a sensitive rédius
for the ion chamber of 7.5cm.

Below 1 MeV, absorption of Y rays in the target required
corrections of up to 15 per cent. Lines below 1.2 MeV were corrected
for this absorption assuming all Y rays to originate at the center

of the target. This effect was ignored for lines above 1.2 MeV.

Since some of the targets used were not homogeneous, variation in



thickness should also be considered., Table 4 gives errors due to

variations in target thickness along the proton beamline.

20



V. EXPERIMENTAL RESULTS

The experimental data were presented in Tables 7 to 14,
Also listed in these tables are the characteristics of the various
levels and transitions. This information was taken from the com—
pilations of references 25, 27, and 28. The cross segtions quoted
are 47 times the differeﬁtial cross section for observing the y ray

o) ..
at 90 to the incident beam.

A. Boron Target

Table 7 presents the results of the analysis of the boron
data along with some characteristics of the various levels. Three
lines were identified as inelastic excitation of the three lowest
levels in 11B. These three levels decay to the ground state by Ml
emission of a y ray. The lifetime of each of these states is less
than 10_14 sec and they show the expected Doppler broadening.

Several levels in 10B were identified. Due to the high
(20 per cent) isotopic abundance of 9B in natural borom, it is
impossible from the present results to determine if these levels are
excited by inelastic scattering from 108 or from neutron knockout
in 11B. The figures given in Table 7 assume thét the total cross
section lies in the knockout reaction. The lifetime of the 1.739
MeV level is short enough (1.4 x 10_13sec) so that its decay y ray
should show Doppler broadening; however, close analysis of this line

21
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showed a definite contribution with no broadening. 'This was resolved
by fitting the lineshape for the y ray with the sum of two gaussians.
The centers of both gaussians were held fixed at the accepted energy
(1.092 MeV) of this line26 and the width of'one was held at the
instrumental resolution (16 keV). The amplitude of both gaussians
and width of the second gaussian were allowed to vary to obtain the
bestvfit to the data. This gave the division shown in Table 7 where
the cross section labeled "direct" 1s the broadened line and that
labeled "cascade" is the unbroadened one, The narrow contribution
can in this way beAattributed to a cascade from the long lived
(1.4 x 10—11 sec) state26 at 2.152 MeV. The various decay modes of
this level observed in this experiment are not inéonsistent with-
the published26 branching ratios.

The line at .717 MeV is very close to the level in Germanium
(.692 MeV) which is excited by inelastic neutron scattering (see
section IID). These two lines were resolved by holding the width and
position of the 72Ge line constant and fitting the{total lineshape
to a sum of two gaussians. The shape and position of the 72Ge line
were obtained from spectra taken under conditions identical to the
boron run except that 2 inches of lead between the detector and tar-
get attenuated the boron y ray. Since the 72Ge line is generated
by neutrons in the detector itself, it was not attenuated.

Thus, the five y rays observed originating from 18B can be
attributed to the excitation of three levels, The resulting cross

sections for the excitation of these three levels are:
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3.42 + .85 mbarns

2.152 MeVjo

Ii

1.739 MeVi;o = 2.13 + 2. mbarns

1.68 * 2.3 nharns

I

.717 MeV;o
The branching ratios of reference 26 were used to calculate the
level cross sections. The cross section from observation of the
individual lines was taken as 4n times. the differential cross
. 0
section at 90 .
Only one line was seen which could be attributed to 19Be.
This was the decay of the 3.368 MeV state to the ground state. No

evidence was obtained for other than direct excitation of this level.

B.. Carbon Target

Figures 7 and 8 show the spectra obtained for carbon at
300 and 600 MeV, respectively. The only inelastic line seen was the
2+ first excited state at 4.44 MeV. This level is short lived and
shows: Doppler broadening (see section VIC). The single particle
knockout reactions to 11B and 11¢C could only be observed for the
600 MeV run. The first excited states of these two nuclei, both of
which are near an excitation energy of 2 MeV, have been identified.
As indicated by Figure 4, 2 MeV corresponds to the energy of minimum
efficiency for our detector. The lack of observation of these lines
in the 300 MeV data is therefore reasonable since the statistics on
this run were much poorer., Tables 8 and 9 show the energies, widths,

and cross sections of the lines identified.
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C. Nitrogen Target

Only one transition was seen using the Ly target. This was
the excitation of the 120,2+ level at 4.44 MeV. Limits were obtained
for several inelastic levels in 1“N by fitting the spectra with the
energies and widths of the expected lines constant. The results are
shown in Table 10.

The 2.311 MeV, 0" level in 2N could be excited directly or
by cascade from the 5.104 or 3.945 levels. Since the lifetime of
the 5.104 level is long, we would expect no Doppler broadening of
the 2.311 level when a cascade from the 5.104 level occurs.

Detailed analysis of the lineshape of the transition could not rule
out excitation of the 5.104 MeV level. (The procedure used to
separate these transitions was discussed in referénce to the 10B

line at 1.092 MeV.) The best limit we were able to establish

(< .43 mbarns) for this transition was a factor of 6 greater thaﬁ

the limit (< .07 mbarns) for the 5,104 MeV to ground state transition.
The cross section of 1.4 * 1 mbarns for the 5.104 MéV to 2.312 MeV
transition is inconsistent with the ground state transition of the
5.104 MeV level and the error quoted (one statistical standard
deviation) is probably too small.

The '2C 4.44 MeV line was subtracted to allow more accurate
determination of the limits for the 5.104 and 4.910 lines in l1*N.
The "standard" was the *2C lime from a PuBe source broadened to the

width of the experimeﬁtal data.
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D, Oxygen Target

Figures 9 and 10 show the spectra obtained for'a water
target at 300 and 600 MeV, respectively. Tables 11 and 12 show the
cross sections, widths, and energies obtained from the fitting
procedure. The only inelastic line identified in 180 was the 3~
level at 6.13 MeV. Since this level has a lifetime of > lO“‘12 sec,
there is no Doppler Broadening.

Your lines were attributed to single particle knockout
leading to excited states of 150 and 15N. The 3/27 levels at 6 MeV
showed Doppler broadening implying lifetimes for these states of
< lO_12 sec. While the 5/2+ levels at 5 MeV showed no broadening. -
This is in agreement with the accepted”lifetimes of these states.
That we did not identify the 1/2+ levels at 5 MeV is not surprising
since these levels have lifetimes of < .5 x 10_13 sec27 and should
be Doppler broadened. In this case a cross section for the 1/2+
levels of the same order as that for the 5/2+ levels would have been
unobservable above the background.

Other lines of interest from thenoxygen target are attributed
to multiparticle (or cluster) knockout reactions to states in l2g,
14N, and 108, 1In this target (in contrast to the nitrogen target),
the decays of levels excited in 14y were consistent with the pub-
lished 26 branching ratios--in particular with retard to decay of
the 5,104 MeV level. We did -not observe the 2.792 MeV line cor-

responding to the 5.104 MeV to 2.312 MeV transition. The limits

obtained for the 2.792 MeV transition (< .09 mbarns and < .13 mbarns
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at 500 and 600 MéV, respectively) were, however, consistent with
cross sections of .06 * .03 and .17 * .06 mbarns which we would
expect based on the cross section obtained for the 5.104 MeV to
ground state transition and a 2 to 1 branching ratio for the
crossover to cascade transitions. There is also good evidence for
direct excitation of the 2,312 MeV level siﬂce the transition 3.945

to 2.312 MeV was not observed.

E. Magnesium Target

The very large numBer of possible states excited using mag-
nesium of natural isotopic abundance (arising from the three iso-
topes——qug, 25Mg, 26Mg) and density of states in neighboring nuclei

makes the analysis subject to large errors. The high background and

its irregularity may indicate the presence of many unresolved states.
Several lines were also established for which an unambiguous assign-
ment could not be made.

Figure li shows the spectrum for the magnesium target and
Table 13 shows the cross sections, energies, and widths for those
lines which could be identified.

In 25Mg, the only level definitely identified was the 172"
state at .584 MeV. We obtain a relatively large (20 mbarns) cross
section for excitation of this state. This cross section was
calculated assuming the line came solely from inelastic scattering
in the minority isotope 25Mgm The level could also be excited by
neutron knockout from 28Mg. Excitations of a few millibarns for

the levels at 1.96 and 1.61 MeV cannot be ruled out by the present



experiment in view of the close proximity of all the tranmsitions
involved to other established leyels. (The lines due to the 1.369
MeV level in-Z“Mg, the 2.078 and 2.641 MeV levels in 23Na, and the
2.770 and 2.042 MeV levels in 23Mg.) There is some evidence for the
1.96 » ,585 transition: however, this lies on the Compton edge for
the 23Né, 23Mg lines at 2,078, and 2.042 MeV, respectively, and a
determination of the amplitude would require a much more detailed
knowledge of the Shépe of the Compton spectrum than we have at this
energy.

In the single particle knockout reactions to 23Na and 23Mg,
six lines have been identified. The experimehtal low energy cut—off
prohipited observation of two lines in 23Na the analogues of which
were identified in 43Mg. The decays of the 23Na 2.08 and 23Mg 2,04
MeV, 7/2+ levels to the first excited stateé showed no Doppler
broadening confirming a lower limit on the lifetimes of 5 x ILO_IL+
seconds.28 The 1/2+ state at 2.64 MeV in 23Na and its supposed
analogue at 2.77 geV in 23Mg both showed Doppler‘broadening implying
lifetimes for these tramsitions of < 1072 seconds. Only the iso-
topic abundance of 24Mg was taken into account in the quoted cross
sections for the 23Mg and 23Na levels. The possibility of exciting
these levels from the minority isotopes (2%Mg, 2®Mg) was not considered.

Table 14 gives the cross section for excitation of the
various levels in 23Mg and 2“Na based on the observed y-ray cross
section and published28 branching ratios.

In order to confirm the 80, 37 level at 6.13 MeV,
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comparisons Wefe made with 160 data of the same run at 6 MeV Y-ray
energy. By comparing amplitudes of the 6.13 MeV line and obtaining
limits on the excitation of the 150 and 15N levels (which were
observed with the oxygen target), the oxygen contamination of the
magnesium target could be obtained. This analysis showed that less
than 7 per cent of the observed cross section could be attributed to

direct excitation of oxygen contaminants.

F. Calcium Target

Figure 12 shows the spectrum obtained with a natural calcium
target. Here, as in magnesium, the large number of final states
possible and the shape and magnitude of the background indicate the
possibility of many unresolved lines. Table 15 gives the cross
sections, energies, and widths of the lines identified. Five lines
which were observed could not be unambiguously identified. Imn Table
15, cross sections are given for the unidentified lines. Values are
quoted for both possible energy assignments (observation by photo
effect or double escape). Assignment of some of these lines as photo
peaks of = 2 MeV would correspond to lines quoted by other authors
(see section VII); fhe large cross sections (relative to other
definite assignments in this target) so obtained make these assign-—
ments unlikely.

Only one line was identified as produced by inelastic
scattering in %9Ca; this was’ the long-lived 37 level at 3.74 MeV.

The low-energy experimental cut-off prohibited observation of y rays
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from the 4.48 - 3.74 transition.
Eight lines were.identified as resulting from single particle
knockout to excited states of 3%Ca and 39K. The energies of the

levels at 6.13 and 6.35 MeV are in slight disagreement with quoted
28

values,



VI. THEORETICAL CONSIDERATIONS

A. 1Inelastic Scattering

Tﬁe shape of the.Doppler broadened y-ray spectrum is depen-
dent upon the angle of emission of the y ray Wigh respect to the
recoiling'nﬁcléus and upon the velocity of the recoiling nucleus.
For convenience of later calculations, these effects may be divided
into the usually measured quantities; namely, the differential
cross section for the inelastic scattering, and the angular cor-
relation of the de—excitationly ray with respect to the recoiling
nucleus.

The angular distribution mL(G) of de-excitation y rays with

respect to some arbitrary Z axis is given by several authorsSo’Bl’32
as
W)« I P Gmm) F o (® (1)
L m, i f7 "L
m, ,m i
i>7f

where:

m.m are the Z components of the magnetic sublevels of

the initial and final nuclear states,
L,M are the angular momentum quantum numbers of the y ray

with M+mf = m,

. th .
P, 1s the relative population of the m; magnetic sub-
i

level of the initial state,

30
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G(mimf) is the relative probability of Y decay from the
mith sublevel of the initial state to the mffh sublevel of the final
state, and

FiM(G) is the angular distribution function for a photon
of angular momentum described by L,M.

‘We will be interested in studying the y decay of nuclear
levels to a ground state of zero angular momentum. Frauenfelder and
Steffen31 show that the G(mimf) is given by the square of the
Clebsch—Gordan coefficient <IfmeM|Iimi> for expressing the initial
state as products of the final nuclear (Ifmf) and electromagnetic
(L,M) states. For the case of If,mf = 0, angular momentum con-
servation allows only one such term with L = Ii’ M= m. and the
coefficients G(mi,o) = 1.

The angular distribution F(O) is calculated32 by considering
the energy flow or Poynting vector on a large spherg of radius r

such that kr>>1 and both the electric and magnetic waves are trans-

verse. In this case

rM0) « 85 5 1 = 1y, TP o1 S en1 @
where:
E & H are the electric. and magnetic fields
YMP(L’l)(e¢) are the vector spherical harmonics, and
y L1 <IALp|IM> y.. (99) X
M g JA M
where (e¢)vare the spherical harmonics, and

ij
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‘xﬁ is the vector describing the spin 1 photon.
FM0) = I, <iALu|I<iAtiut e v, (08)y, ¢ 08) Gy 4)
L LT ' b Ja T
since
5
(Xuxuv) = 6]-1]—"
M Sy T4 2 2
F, (@) z <jAlp|iM> fyj}\(ecp)l \
where: M= yu + A,
Evaluating the Clebsh-Gordan coefficients explicitly gives:

(L+M) (L-M+1)

PO = S @D VL wy @1 +ml ¥ 09) |2
O (LM) (TAMHL)
* 71, (I+1) L e O 12 (3)

The distribution of equation (2) assumes a pure multipole. If we had
not restricted ourselves to decays to the ground state of spin zero
nuclei, competing multipolarities would be possible and equation (3)

would involve interference terms from products such as:

[Y L(L, l)] Y L'(L',l)

with the restriction of m. = 0, equation (1)

£
becomes
W.(0) =% Pi - F o) an
L m L ‘
and the angular distribution of the de—excitation y rays is simply

determined by the population ratios for the various magnetic sub=-
. . ..o 11,14
levels of the excited state. A simple case frequently given
as a first approximation assumes only the m, = 0 substate is popu-—

lated. This can be seen most simply by choosing the z axis to lie

along the recoil direction. In this case, the orbital contribution

> -> >
(L = R x P) can have no z projection. Since we are studying states
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excited by proton bombardment of a spin zero nucleus, the initial
state has. J = 0 and any z projection of the angular momentum must
come from the projectile spin. Assuming the projectile spin is
unchanged by the interaction leaves only the m = 0 subétate popu~
lated. TFor Ij = 2 and m, = 0 only, 1"can be written (the subscript
j here is the final nuclear state for the inelaétic scattering which

is the initial state for the y decay)

« sin? 2
WL(O) POFZ(O) sin“0 cos<0

sin? 20. (4)

1

%—(l—-cos2 20) =

£

This form for the y-ray angular distribution was used in the calcu-
lation for figure 15.

The following description of the inelastic scattering process

12,13

is due to Banerjee and Levinson and ignores exchange and anti-

symmetrization effects. Let us represent the target nucleus as a
core surrounded by n extra-core particles whose degrees-~of-freedom

are given by Si for the first extra-core particle, S, for the second,

2

et cetera. The coordinates of the projectile will be represented by

Sp. In this case, the total Hamiltonian can be written as

. .
=V T+ ) : ) (T, + Vv, + j i Vgt vpi 5)
where:
V_ is the interaction potential of the 2™ particle with
the core, |

Tn is the kinetic energy of the nth particle, and



34
-vnm is the interaction of the nth with the mth

particle.

Within this framework, the Hamiltonian of the target nucleus, H

t’
is given by
n
B = % (T.+V,+ & V..) (61
t i=1 i i 544 ij
The Schroedinger equation for the target is given by
Htlpm(sl,s2 . sn) = emwm(sl,s2 cee sn) ()

where:
lpn(sl,s2 .o Sn) are the wave functions of the target
n
nucleus, and

. th . . :
e, 1is the energy of the m  excited nuclear state.

The Schroedinger equation for the total scattering process is

HW(sl,sz ces sn,sp) = E‘lf(sl,s2 .en sn,sp) (8)

where:

.W(sl,s ces Sn’sp) is the total wave function of the

2
target and projectile, and .

E is the total system energy.
Since the wm's form a complete set, we may expand Y in terms o% them,
viz,

‘P(Sl,s2 ven sn,sp) =1 wm(sl,s2 - sn) Qm(sp) (9)

Using equations 5, 6, and 9, the Schroedinger equation for the total

system (8) becomes

Mg
<l
~

(Ht + Vp + Tp + ¢QO = EY (10)

i
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Multiplication of (10) on the left by wf and integration over

all coordinates of the extra-core particles gives

k2 | 4 1 5
(VP + Tp - Eﬁf) Qf = ¢f . E . Vpi ¥ dslds2 cee dsy 1)
k2
where Eé%-= E = e is the kinetic energy of the scattered particle.

If we restrict the expansion of ¥ on the right-hand side of
equation (11) to the sum of two terms (the initial and final states)
thus ignoring virtual transitions to all other states of the target,

we write ¥ as

TS Qv

*
The integral, f wf

S pap

Lo Vpi waf dslds2 v dsn; representing the
interaction of the projectile with the final nuclear state may be
interpreted as an effectiveKelastic potential between the pro-
jectile and the excited final state. It may then be brought to the
left-hand side of equation (11) and combined with Vp to form an

average interaction potential of the projectile with the nucleus Vé.

Equation (11) may now be written

k + n

The solution of (12) by CGreen's functions is given by Tabacman15

and yields for the inelastic scattering amplitude
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—
1

(s_,k.)

_ T fu . % _ %
FO) = g5y [ b (Spskbdig b3®58p0%y

i

I M

v,
i =1 P*

x dslds2 ve dsndsp (13)
where:

ki and kf are the initial gnd final projectile momenta,

¢n are the solutions of the homogeneous form of (11)
and may be identified as the wave functions of the projectile, and

W is the reduced mass of thé projectile in the pro-
jectile~nucleus system.
If we now write the projectile wave function as a product of a
spatial and a spin part,

¢j = Fj(kj,rp)x(GPTP)

where: |

Fj contains all the spatial degrees of freedom, gnd

X reflects the spin and isospin functions; edquation (13)

may be written

* *
f‘”foJFf

If we assume that the nuclear wave functions are antisymmetric for

I a3

) Vpi Fi osp wixi dslds2 . dsn. (14)

i
exchange of any two particles, then since the integral over dsP is

a function of xr, only, each term in the sum makes an identical con-
tribution and the summation over i may be represented by N, the number
of extra-core particles. To further simplify the derivation, we
approximate Vpi by a delta function in the spatial coordinaté, viz,

Vpi = VOG(rpwrm)
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where:
v, is the scalar magnitude of the delta function, and
o is the radius to the struck particle.

This gives for (14),

NV f ¢f*x;Ff*(rm,-kf)Fi(rm;ki)wixi ds ds, ... ds_ (15)
" where:

N is the number of-extra—core'particles and, as mentioned
previously, reflects the summation over‘i, and

r is the radius of the mth extra—core'patticle and
comes from the delta function and integration over the projectile
coordinates. If we now write the spatial portibn.of the projectile

wave functions as plane waves, equation (15) becomes
> >
% iq-r .
NV f Ve xp e U Tmoyx; dsids, ... ds_ (16)

> > -
where q = ki—kf is the momentum transfer.

s

If we now choose the z axis to lie along q, we may expand

.

the exponential as
(o] R O

m = % Jz(q rm)YK ©)
=0

where j, is the spherical Bessel function of order £ and

“do _ 2
0 " |f(9)|
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e ()2 ou o] [ ¥ FyE B 0
= ET.[EEJ N Vo 1pf Xg L, E (Jﬂcqrm) YK ©)
i v flL=o
m, , ,
X in Xiwi dsld32 .o dsn[

where: ' contain the radial dependence of the nuclear states and
the angular portions of the nuclear states have been written as
spherical harmonics. Due to the orthonormality of the spherical
harmonics, the only term surviving will be for ji + L = jf. Thus,
if we ignore the spin of the projectile, the cross section can be

written as

do _ “f (u)? o0 1. 2 2
2 =5 (5" wvllsgtory Plecey) an

%*
where G = f wf', jﬂ(qrﬂ) wi' drldr2 cee drn, is a form factor depen-

dent on the radial wave function w‘ (rl,r2 vee rn). Thus, in the
simplest case of plane waves for the projectiles and a delta function
interaction, the differential cross section for scattering from a
spin zero nucleus is given by the square of the spherical Bessel
function of order £, where £ is the spin of the excited state. Also
in this simple case, since V contains no operator in the spin space
of the projectile, the z component of the angular momentum cannot
change and for an initial state with J = 0, only the m = 0 substate
of the final state can be exéited.

The theory of direct interactions has been elaborated by
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several authors.12’14,15,33

Banerjee12 and Sétchler14 have extended
the approach by using distorted waves for the projectiles. Recently,
Bassel and Wilkin33 have calculated the differential cross section for
inelastic scattering to the first 2+ state of 12¢ using Glauber theory.

All of the calculations detailed in section VIB assume that
the + m states for a given m are equally populated. This is pos-
sible in the plane wave case with an unpolarized incident beam since
the classical recoil direction is well definedrby the momentum trans-
fer and gives an axis of symmetry about which the * m components will
be equal. As Banerjee and Levinson13 point out, when distorted waves
are used a symmetry axis still exists but it is not necessarily the
recoll direction.

A more realistic nucleon~nucleon potential would include
terms coupling the spin of the projectile and nucleus. This would
allow spin flip of the projectile and population of the m = + 1
substates of the final state.

Figure 14 shows the differential cross sections used in
section VIB. Shown are the square of the second order Bessel
function, Ijz(qro)[2 where r_ = 2.96 F; the differential cross section
calculated by Bassel and Wilkin33; and a smooth line representation
of the data obtained at 185 MeV proton energy by Clegg.l All are

arbitrarily normalized and plotted versus momentum transfer, q.
B. Doppler Broadened Y—rayé—
Spectrum Shape for Inelastic

Scattering

The energy spectrum for y rays from inelastic proton scattering
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is expected to show effects due to the recoil velocity of the excited
nucleus. The detailed spectrum shape is dependent on:

1. the ratio of the slowing down time of the recoil
nucleus to the lifetime of the excited state,

2. the.protqn differential cross section, and

3. the y-ray angular correlation with respect to fhe
incident proton.

In the two lines for which comparisons were possible, the

lifetimes of the excited states (5.63 x 10_lqsec and .144 x 10-14
sec)26 are much shorter than slowing down times of nuclei in matter

13 sec).34 The effects of (1) above were therefore ignored.

(= 5 x 10
A semi~random method was used to calculaté the y—ray emnergy
spectrum which involved calculation of the y-ray energy at the
germanium detector for all possible proton scattering angles. This
was not a true Monte Carlo calculation as the various parameters

were incremented by fixed amounts rather than being chosen at ran-

dom. The procedure can be represented by the following equation:

Ny

1 do .
3wl v (8Y,¢y) dap J (cmrL) 6y ¢y (18)
1 P
Ny. ' .
where: AEl is the number of y rays in the energy interval AE,,
i

8p,¢p are the polar angles of the scattered proton with respect to

the incident beam, dﬂp is the incremental solid angle into which the

proton scatters, dg is the differential cross section for proton

dag
P

scattering into dﬂp at op, ¢p, w (6y,oy) is the probability of gamma
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decay at angles Gy,‘¢§éwith.respect to the recoil nucléus,
J (cm+L)ey, ¢Y”is the Jacbbian for transformation of the y-ray
cross section from the center of mass to the lab, and the summation
extends over all op, op, Oy, ¢y for which the energy of the
de-excitation y ray was in the energy interval AEi.

The calculation was carried out on the William and Mary iBM
360/50 computer and proceeded as follows:

1. A proton scattering angle was seleéted in the

P-nucleus center of mass system and the point was weighted by %%—-dﬂi.
i

2. A transformation was made to the laboratory system
where the angles 9y, ¢y compatible with experimental conditions were
calculated. The point was also weighted by the probability of
Y decay into eyi, ¢Yi.

3. A transformation was made to the center of mass of
the recoiling nucleus where the energy of the emitted y ray was
calculated.

4, A final transformation was made back to the laboratory
to obtain the final y-ray energy and Jacobian. .

‘A5. The previous value of the eneréy bin appropriate to
the final y-ray energy was incremented by the weight of this point
times the final transformation Jacobian. The energy bin width (AEi)
was made slightly smaller than the instrumental resolution. The
Jacobian was included in the weigﬂf of the point to correct for the
change in solid angle subtended by the y-ray detector introduced by

the transformation in step 4 (the proton solid angle, dﬂp, was not
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corrected since the proton was not observed). A reliable "spectrum"
could be generated in thiS—fashion by considering # 30K proton,
interactions. This procedure treats the (p,p'y) interaction as two
iﬁdependent events in which Doppler effects are calculated to all
orders (the ratio of first to second order Doppler shifts is = 30>to
1). The proton differential cross section and the y-ray angular
correlation~¢ou1d be fed into the calculation.

The second method used to calculate the y-ray energy spectrum
followed the procedure of Kolata, EE;E;,BS which considers‘the Doppler
energy shift to first order, This shift; AE, is, given by

AE = E 8 cosa (19)

where:

Eo is the unshifted y-ray energy,

B is the velocity of the recoiling npéleus with respect
to c, and

a is the angie between the recoil direction of the
nucleus and y—-ray detectot.
In the coordinate system in which the % axis lies along the incident

beam direction, the number of y rays reaching the detector is

a2y = w(a) G(8) sind dé do (20)
where:
w(a) is the probability for y decay in direction o, and
o(8) is the cross section for nuclear recoil at 8,
(assuming an unpolarized incident beam and cylindrical symmetry about

the incident beam direction), and
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the coordinate system is shown ih the diagram below.

X
¢
\\\ ’/,;7Recoil'Nucleus
. ~N
Incident N ) 7
Beam -
- o .
’ ¥
Gamma Detector
The energy shift of this y ray is given by
AE = Eo B cos a = EOB sin® sing. (9"
For constant 8 from (19'")
d(AE) = (E0232s1n2e - AE2)1/26¢ (21)

where: (21) is valid for detection at right angles to the incident
proton beam direction.

The equationg (21) and (20) gife for the enefgy spectrum of
the vy ray

42Ny _ o (8) sin® d6 w'(0,AE) o
d(8E) (g 2825502 g-pp2)l/?
’ o]

where the independent variables in the angular correlation function

have been changed (w(a) = m'(e,AE)): Equation (22) must now be

integrated over 6 to obtain I(AE) This integration Was'performed

numerically after calculating the.relevant kinematical variables.
A comparison of the two computational methods is shown in
Figure 15. The proton cross section used was the square of the

second order Bessel function (Ijz(qro)lz) and the y-ray angular
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distribution was calculated assuming only the m =-0 substate was
populated. It can be seen that the two methods agree quite well
with slight nonsymmetry occurring in the semi-random calculation due

. to higher order Doppler effects and to the solid angle transfor-
mation.
C. Comparison of Line Shapes

with Experiment

The transition of the 12C 4.44 MeV level to the ground state

was compared with calculationé of the Doppler line shape. Figure
16 shows the energy spectrum calculated using the square of a
second order Bessel function for the proton differential cross
section and various population ratios of the mégnetic sublevels.

and/or P, = P Four cases are shown in

In all cases P, = P 2 _9*

1 -1
the figure:

i
(@)

1. population of the m substate only (PO = 1),

1l
+

2. population of the m 1 substates only

Pxl=1),

3. population of the m = * 2 substates only
(P £2=1), and

4. equal population of the m =0 and m = + 1 gsub-
statés .

The calculations were carried out for tem values of relative popu-

lation of the m =0 and m = * 1 substates from Po =1, P = 1=0
to PO = 0,P + 1 = 1. These showed a smooth variation between the

P0 =1and P+ 1 =1 limits. As can be seen by comparison with the
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12¢ spectrum of Figure 7, all distributions in which the m = 0

contribution dominates show too pronounced a dip at AE = 0.

If the curves of Figure 16 are compared with the 12¢

spectrum of Figure 7, the greatest discrepancy is seen around

AE (the Doppler shift) = 0. The theoretical curves which are
dominated by an m = 0 contribution (predicted by plane wave impulse
approximation with no spin flip of the incident particle), go to
zero at AE = 0 whereas the data show only a slight dip. The data
of Figure 7 are shown, after subtraction of an exponential back-
ground, in Figure 15 along with calculations using Ijz(qro)fz as a
proton differential cross section. The value of r ﬁSed was 2.96
fermis and was chosen as the Eest fit to the data; It agrees
reasonably well with the value of 2.3 fermis used by Blair and
Sherif36 in optical model fits to elastic scattering. The calculated
curve for excitation of only the m = 0 substate shows much too pro-
nounced a dip at AE = 0. If spin flip of the incident proton is
allowed, we may alsc excite the m = & 1 substates. Schmidt and
Brownll find a spin f£lip component in excitation of the 2+, 4.44
MeV level of 12¢ which varies from 20~ to 40-per cent with proLon
scattering angle. This was measured at a proton energy of 10 MeV
and may not be wvalid at our higher energies, _Rowe;‘g;igé,4 find a
spin flip component which varies from 6- to 50-per cent for proton
scattering angles from 15° to 45°. The work of Rowe,‘gg;§1:4 was
done at 150 MeV proton energyland is more applicable to our situation.

The cufve shown in Figure 15 for Po = ,5, P + 1 = .5 fits the data
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much better. In addition to spin. flip, if we allow distorted waves,
it is also possible to e#cite the m = ¢‘z substates.  This further
reduces the AE = 0 dip in the line shapé;

In addition to the effects of'the m state population ratios,
the curves will be effected by the form of the proton differential
cross section. Since the AE = 0 contribution must come from forward
scattering (or scattering in the plane whose perpendicular is in
the direction of the y-ray detector), our data favors cross sections
which have a larger relative contribution at smaller Angles; From
Figure 14 we are in best agreement with the cross section obtained
by Bassel and Wilkin.33

Figure 17 shows the data from the 4.59 MeV line in  B.

The solid curve was calculated using a Ijl(qro)l2 (an M1l transition)
and an isotropic y-ray distribution. Hefe, also, the calculated
width of 145 keV agrees with our experimental value of 147 + 27 keV.
The y-ray distribution can only be isotropic 1f spin flip of the
incident proton is allowed (in order to popul?te the m = * 5/2 sub-
states from the spin 3/2 ground state). If spin £lip of the incident
ﬁarticle is not allowed the distribution is given by Fl(e) « 2 + sin?6

which is only 33 per cent nonisotropic. This assures equal popu-.

lation of the m = * 3/2, * 1/2 substates.



VII. COMPARISONS WITH OTHER EXPERIMENTS

Tables 16 through 21 show the cross sections obtained in
this experiment and the‘results'of other authors. The experiments
most similar to the present one are those by Clegg;'ét;éi.l’3’6537
and Zobel et.al.38 In addition, the results of lower energy pickup
reactions are shown. Where possible spectroscopic factors from
these experiments are given as the ratios of these within a target
should agree with our ratios.

In general, the cross sections we obtain are less than those
found by Zobel and Clegg. This 1s to be expected at the higher
energies of our experiment due to absorption of the incident beam
and lower nucleon~nucleon cross section.

For two of the targets (oxygen and carbon) spectra were
obtained for both 300 and 600 MeV. The large error on the absolute
cross sections, however, rules out any quantitative information on
energy dependence..

The previous data on boron are in general agreement with
our results, In particular, the cross sections obtained by Clegg7
for a separated 103 targetrand a natural boron target seem to bear
out our assumption of excitation of these levels by neutron knockout
rather than inelastic scattering in the ﬁinority isotope. If the
108 1ines originated from inelastic scattering, we would obtain a

47
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'cross section for observation of the .717 MeV line of about 28
mbarns. This is incompatible with Clegg's result of 1.8 % .9 mbarns.
Our nonobservance of the levels at 6;7 and 6.8 MeV is reasonable
considering the efficiency of our detector at this energy.

Much experimental work has been done on carbon; the data
shown in Table 17 are intended as representative. Notably absent
from our results are higher excited states in 11B and 11C seen in
‘the (p,d) and (p,2p) experiments at lower energies. waaver, cross
séctions of the same order as the 2 MeV levels cannot be ruled out
by our results. In particular, the second excited states of these
nuclei at 4 MeV could be obscured by the relatively large cross
section for the 12C 4.44 MeV line (for equal excitation of the 2 MeV
and 4 MeV knockout lines, we would see a peak amplitude for the 4
MeV knockout reactions of about ome-tenth the inelastic peak for the
120 4,44 Mev line). The intermediate coupling model for 11¢ and
113 allows excitation of these states by single particle knockout.39’40
The tables of Cohen and Kurath62 giﬁe a ratio of 2 to 1 for excitation
of the 1/2° level at 2 MeV to the 3/2  level at 5 MeV.

For the oxygen target, the resolution of the germanium
detector allowed us to separate the three levels near 4 MeV into
contributions from the 3~ level in 60 and the 3/2  levels in 15N
and 450, Comparison with the pickup reactions suggest that we should
have seen the 1/2+ levels at 5 MeV in 150 and 15N as well as the 5/2+

levels, As Warburton, et.al.27 showed, however, the l/2+ levels

are short lived and, thus, in our case, will exhibit Doppler
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broadening. A cross section of the same order as. that for the 5/2+
level would, therefore, be lost in the background in this experiment.
In the simple shell model picture, the 3/2  levels at 6 MeV inllSO
and 5N correspond to knockout of a P3/2 particle from the filled
p shell of the 169 ground state, The simple impulse approiimétion
single-particle knockout on a simple jj coupling, filled P 1/2
shell ground state for 160 cannot explain excitation of the 5/2+

: : 49
levels. Recent experiments and calculations show,Al’ 2,43

however,
that the ground state of 180 includes a large percentage of 2
particle--2 hole configurations. Purser, EE;El:43 find for the !0
ground state ”

ves(180) = .82| (3/2)8(p1/2)" > + .54] (p3/2)8(1/2)2(d5/2)* >

+ .20 (3/2)8(p1/2)2(s1/2)? >
The statistical factor for extraction of a single particle from
160 is unity63; and the two d5/2 particles Will; on the average, be
one proton and one neutron. Lf we now look at the above wave function
as a sum over components of various two particle—two hole states, the
cross section for exciting a specific level in the A-1 nuclei.by
single particle knockout is given by the square of the amplitude of
each component times the number of particles in the state summed
over all components which contain the.state. This would predict a
ratio of about 13 to 1 for excitation of the 3/2° levels as opposed

+ , : , .
to the 5/2° levels in 1°N and 150. Our results for this ratio are:
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300 MeV protons 600 MeV protons
15, 5+ 2.3 (p,2p) 5.1+ 1.7
15, 9.4 + 3.4  (p,pn) 7.4 £ 2.4

In Magnesium (see Table 2Q0), we were able to resolve several
mirror levels in 23Na and 23Mg. The large (20 mbarns) cross section
we obtain for excitation of the .584 MeV level in 25Mg is not con-
sistent with either inelastic scattering in 25Mg or neutron knock-
out in ZGMg since we see no other lines from 2°Mg. In the 2%Mg
(p,p") 25Mg work by Miura, 33:32,45 ' This line is seen but with a
lower cross section than the 1.611 MeV to ground stgte transition.
The .584 MeV level is also observed in the 28Mg (3He,a) ZSMg work,
but once again not as the most prominent line., Our cross section
is certainly due to both reactions and nmust include some con—
tamination. Our lack of observation of lines other than from the
1.369 MeV level in 2L‘Mg agrees with the work of Miura, EE;EE"45
who observed the 1.369 MeV level with an intensity thirteen times
- greater than the next most intense line.

In calcium, general agreement is obtained with other
experiments (see Table 21). In particular, observation of only the

3.73 MeV level in 40Ca is consistent with Clegg's work andl’37 th

e
long lifetime of the state. The single~particle knockout reactioné
to 3% and 3%Ca are in general agreement with the pickup results

(see Table 21). The high cross section for excitation of the 7/2°

levels at 2.8 MeV canmot be explained by the simple shell model and,

indeed, would require a very large admixture of 1F7/2 in the ground
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state of ”QCa.AG As our cross sections for these levels are higher
than those obtained in the pickup reactions, we may be including
some events in these lines which are due to other reactioms.

Evidence was also seen in most tafgets for cluster or
several particle knockout. Since no exit particles were detected
it is not possible to'say what particles were in the exit channel;
however, the state or the residual nucleus is estabiished in most
cases. It is possible that the states seen were excited by multiple
interactions in the target. Deuteron knockout was seen in %% to the
4.44 MeV state of 12C and in 180 to the 5.104 MeV state inhthi
Alpha particle knockout was evidenced by the occurrence of the 2+,
4.44 MeV level of 12¢ being excited from the 280 farget. Two alpha
(or 8Bé) knockout was seen with the qug target in which the 3,
6.13 MeV level of 1%0 was excited. There was also evidence for 611
knockout of 260 as lines in 108 were identified. In these cluster
knockouts, the 2+, 4,44 MeV state of 12C, the 37,6.13 MeV state of
16O, and the l+, 2.152 MeV state of 10B seem to be strongly excited.
The unidentified lines in the calcium target may be due to cluster

knockout; however, definite assignments could not be made even though

elements down through;szs were searched.

/
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VIITI CONCLUSIONS

The features seen by Clegg, et.al. at 150 MeV proton energy
are, in general, reproduced at our energies. That is, only the
lowest one of two levels are excited strongly in the target nuclei;

‘with even-even target nudlei, the lowest two or three levels of
neighboring mirror nuclei are excited by single particle knockout;
there are several cases of multiparticle knockout to excited states
of A-2, A-4, A-6, or A-8.

The cross sections we observed for all types of reactions
were lower than those of Clegg by factors of from 2 to 3. This
discrepancy can be explained as a characteristic of the higher pro-
jectile energies we used. Absorption effects should become m;re
rimportant at higher energies because of the increase in the number of
exit channels open; in particular, the meson production channel is open
at our energy. Further, -the nucleon-nucleon cross section is decreas-
ing with increasing energy in the region of interest.

The data on the Doppler broadened energy spectrum of the

2+

, 4.44 MeV level in '2C has been compared to the simple pre-
dictions of the plane wave impulse approximation. In the case of a
spin-independent interaction potential, the curve obtained for the

Y-ray energy spectrum has the proper width but fails to conform to

the details of the experimental energy distribution. This

52
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disagreement occurs for energy shifts of zero. Since most of the
contribution to the energy spectrum at AE = 0 comes from forward
scattering (a contribution is also possible from scattering in the
plane whose perpendicular points to the y-ray detectox), our data
favor proton differential cross sections which havg a greater
relative contfibution for momentum, transfers near zera than ddes
|j2(qr0)]?; indeed, our data are in closest agreement with the dif-
ferential cross section calculated using the high energy approxi-
mation df Bassel and Wilkin.33 Secondly, m state population ratios
other than the simple no spin flip, m = O approximation will change
the shape of the energy spectrum. If spin flip of the incident
proton is allowed, the m =.i'l substates are populated. Spin flip
fractions of .5 would be required to explain our data. In addition,
if distorted waves are allowed, the m = * 2 components can be
excited. A 30 per cent admixture of m =+ 2 would suitably explain
our line shape. Nonsymmetric population of the % m components about
the classical recoil direction is also possible using distorted waves.
No investigation was done of this effect.

Single particle knockout reactions to analogue states ;n the
neighboring mirror nuclei were seen for the even—-even targets. In
particular, the levels in 150 and 15N excited with an 460 target
showed a difference in cross section for knockout of a proton as
opposed to a neutron. Excitation of the 5/2+ levels in 150 and 1°N,
which requires a deformed 16O‘ground state wave function to be

explained in a particle knockout model, showed a higher cross
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section for knockout of a proton (by about 30 per cent) as opposed
to knockout of a neutron. This increase is in the ratio of the ratio
of 5/2+ excitations to the e%citation of the 3/2° leyels, so it
should not be due to differences in the nucleon-nucleon cross sections.
It may, therefore, be a final state interaction in which either of
the two exit protons more likely e%cites the 5/2+;state than do the
proton-neutron pair. If this were to be due to a Coulomb effect in
the ground state of 160, then, the 2-proton part of the
two particle-two hole component would have to be large. Since
- there atre more bound states in Jsﬁ than in 150, the discrepéﬁcy may -
occur from unobserved y decays which preferentially populate the
5/2+ levels. |

We also see several lines corresponding to knockout of
several particles from the target nucleus. While it is experimentally
impossible to determine whether these are individual particles or
clusters, we see the effect when the exit particles could form a
nucleus with A = 2n; that is, one or two alpha particles, a deuteron,
or a Li nuclei. We do not see states which would correspond to
knockout of 3He, T, et cetera. Tﬁere are also specific states which
are strongly excited. The 4.44 MeV, 2+ state of 12C is seen with
both nitrogen and oxygen targets, the 6.13 MeV, 3~ state of 160
is seen with the magnesium target, and the 10B 2,152 MeV level was
excited in the oxygen target.

While not attempted in the present investigation, the pro-

cedure developed here can be utilized with particle knockout reactions
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to determine nucleon momentum distributions in the nucleus. This
would be possible since;'in the‘impulse'app;oximation, the momentum
of the residual nucleus after knockout will be equal in magnitude
to the momentum of the struck particle before impact. This momentum
distribution will add Doppler effects to the lineshapes of subsequent

Y-ray decay lines.
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APPENDIX



TABLE 1

BEAM INTENSITY CALIBRATION

of Protons

Run_No. Proton Energy (per 3 X 1072 Coulombs)
3319 300 MeV 3.38 x 10/
3318 300 MeV 2,92 x 107
3150 300 MeV 3.46 x 107
3153 300 MeV 2.82 x 107
3159 300 MeV 3.24 x 107
1026 600 MeV 3.32 x 107
3221 600 MeV 4.46 x 107
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TABLE 2

SPECIFICS OF CALIBRATION SOURCES

62

: Intensity
Source Calibration Line (MeV) (Disintigrations/Sec)
PuBe 4.438% (2nd escape) 7.98 x 10°
Th228 2.61447 (2nd escape
photo peak) 2.68 x 10°
2?8 0.859 322 x 106
228 - .
Th 0.510 (Not used for efficiency)
0.582 2.33 x 108
Co®0 1.17323 (photo peak) 3.85 x 10°
1.3325 (photo peak) 3.85 x 10°
Naz2 1.2746 (photo peak) (Not used for efficiency)
0.511 annihilation  rays (Not used for efficiency)
cst3’ 0.661595 3.30 x 10°
y88 1.84 (2nd escape 4
photo peak) 8.66 x 10
0.8975 7.96 x 10




TABLE 3

NEUTRON BACKGROUND AT DETECTOR

63

Number of Neutrons/CM2
(per 107 Protons)

TARGET ENERGY (KeV) LEAD IN LEAD OUT
Boron 693.6%2 3.32+.63 1.52£.13
Carbon 694.0%1 3.24%.32

Nitrogen 694.421. 4 6.14%.77 1.38z%.1
Oxygen 699.422 4.,06x.45 .782%.07
Magnesium 692.4%1.3 b,42%,34 .36+,08




TABLE 4

SPECIFICS OF TARGETS

64

Thickness

Target Form (gm/cmz) Isotopic Abundance
Carbon graphite 4.8 l?‘C 98.9%
i 16, . 5
Oxygen water 7.37 0=100 %
Nitrogen liquid X, 5.6%.7 Jin=100 %
Calcium granules 10.5x1.2 4OCa 97 %
Magnesium granules 5.1%.8 24Mg 78.8%
25 10.1%
26y 11.1%
Boron granules 2.2%.3 0 15.8%

1lp 81,27
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TABLE 5A

UNCERTAINTIES ON ABSOLUTE ENERGY MEASUREMENT AT
300 MeV PROTON ENERGY

(Energies and Uncertainties are in keV)

Energy 500 1000 2000 3000 4000 5000 6000
Pulser
Nonlinearity .6 1.2 1.0 2.0 2.0 3.0 3.0
Interpolation
Error .2 A .9 2.0 4.0 6.0 8.0
TABLE 5B

UNCERTAINTIES ON ABSOLUTE ENERGY MEASUREMENT AT
600 MeV PROTON ENERGY

(Energies and Uncertainties are in keV)

Energy 1000 2000 3000 4000 5000 6000.
Pulser

Nonlinearity 1 3.3 4.2 5.3 6 6
Interpolation

Exror 1.6 3 5 6.5 8 10




TABLE 6A

UNCERTAINTIES ON ABSOLUTE CROSS SECTIONS FOR
300 MeV PROTON ENERGY

Energy (MeV) 2.0 4.0 6.0

Pile Up Losses L&7 4% 147

Detector Efficiency 10% 15% 407

12C(p,)llC Cross Section  10% 10% 10%

Ion Chambers 10% 10% 107
TABLE 63

UNCERTAINTIES ON ABSOLUTE CROSS SECTIONS TFOR
600 MeV PROTON ENERGY

Energy (MeV) 2.0 4.0 6.0
Pile Up Losses "5% (5% 57
Detector Efficiency 10% 15% 40%
12ce )t c cross section  13% 13% 13%

Ton Chambers 15% 15% 15%
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TABLE 14
CROSS SECTIONS FOR EXCTTATION OF LEVELS IN 2oMg AND > Na
FOR NATURAL MAGNESIUM TARGET
Cross Section Cross Section
Level (mbarns) Level (mbarns)
23%a  2.080 7/2F  1.7%.7 23vg  2.040 7/27 2.2+1.0
+ +
2.64 1/2 3.242.2 2.77 /2%y 2.3+1.1
439 5/2% 449 5727 1.442.3
3.8 3/27 .9%.6
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TABLE 18

NITROGEN TARGET

89 .

411do /a9 (a)

ELEMENT LEVEL THIS EXPERIMENT ®,)
L4y 2.311+0 <.5 6.2

3.945%0

3.945+2.312 <47 4t 1

4.910%0 <.37

5.100 <.07

5.10+2.312 1.431.0
12¢ b 4b>0 9.5%.6 202.5
10y .720 3%.5

1.74>,72

7(a); 150 MeV protons, Yray observed, o(mbarns)
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TABLE 22

CHARACTERISTICS OF PULSE SHAPE DISCRIMINATOR

Linear stages
Rise time 15 ns
Gain 20

Noise (referenced to

input of pre-amplifier) 30 KeV rms
Overall
Sensitivity .5 MeV (10 MV)
Dynamic range 20 to 1.
Rejection ratio 100% for 57 slow

component over entire range




TABLE 23

CHARACTERISTICS OF CHARGE SENSITIVE PREAMPLIFIER

97

Qutput range t 10 V.
Input capacitance range 20-70 pf.

Rise time (30 pf. input capacitance) 10 n sec.

Noise contribution 10 KeV F W.H.M.
Output 20mv/MeV into 50
Output impedance 50 - 1250

Decay time constant 8.2 ﬁ sec

Supply voltages * 24 v

- 12 v




10.

11.

12.

FIGURE CAPTILONS

Layout of experimental area. A is the charged-particle,
anti~coincidence detector and C is the monitor counter.

Block diagram of logic and linear electronics. The five
signals on the left origionate in the experimental area.

External proton beams of the SREL synchrocyclotron. The
target was located just upstream of BM3 (monitor ion
chamber).

Count rate as a function of beam current. The count rate
is for all "'good" events between 1 and 6 MeV.

Total efficiency of the Ge(Li) detector. The sources used
are indicated on the figure and in Taeble 2. The data were
obtained by placing the sources at the location of the
center of the target. The solid line is an eye fit to the
data points extended based on Monte Carlo efficiency cal-
culations of reference 24,

Y-ray spectrum obtained for a boron target of 300 MeV proton
energy. The solid lines are the best fit over the indicated
region.

Y-ray spectrum obtained for a carbon target of 300 MeV proton

energy.

Y-ray spectrum obtained for a carbon target of 600 MeV proton

energy.

Y-ray spectrum obtained for a liquid nitrogen target at 300
MeV proton energy. The Xs give the spectrum shape after
subtracting out the contribution from the 12¢ 4,44 MeV line.

The y-ray spectrum obtained for a water target at 300 MeV
proton energy.

The y-ray spectrum obtained for a water target at 600 MeV
proton energy.

The y-ray spectrum obtained for a magnesium target at 3Q0
MeV proton energy.

98



13.

14,

15,

16.

17.

18.

19.

20.

21.

99

The y~-ray spectrum obtained for a calcium target at 300 MeV
proton energy.

Proton differential cross gections used in calculating the
Doppler broadening of the 12¢ 4.44 MeV line. The curve
labeled A is reproduced from Bassel and Wilkens3l and that
labeled C from Clegg, et al.ld

Comparison of Monte Carlo and first order Doppler
iglculations with the data obtained for the 4.44 MeV line of
C. The bar gives the statistical error on the data. The
abscissas gives the deviation of the Yy-ray energy from 4.44

MeV. The theoretical curves were normalized to the data.

Y-ray spectra calculated for various populations of the
substrates for the 2%, 4.44 MeV level of 12¢ assuming a sin

2 n>y, where n>y is the angle between the recoiling nucleus
and the vy ray. 1In all cases Pyq = P_y or P p = P_p where

P31 = 0 or Pyyp = 0 respectively.

Comparison of the Monte Carlo calculation with the data
obtained for the 4.49 MeV level in 11B. The error bar
represents on statistical standard deviation. The proton
distribution used was [jl(qR)lzand the y-rays were assumed
isotropic.

Planar lithium drifted germanium detector, a is the highly
conductive surface, b is the compensated, intrinsic region,
and ¢ is the uncompensated or dead region.

2 shows a block diagram of a double delay line amplifier.
Signals at points 1, 2, and 3 are shown in b. The abscissas

of b is time while the ordinate shows the voltage at the
indicated point.

Wave forms out of the preamplifier for detector inputs in
which different fractions of the total charge was released

in the dead region of the detector. Also shown (curves
labeled TTIA, IIIA, IVA) is difference in voltage between each
dead region event and the corresponding intrinsic region
event. The cross hatched area indicates the noise level of
the fast amplifiers used.

a shows a block diagram of a proposed pulse shape discriminator.
b gives the response for a good event and ¢ for a bad event.



22.

23‘

24,

25,

26..

27.

28.

29.

100

a gives a block diagram of the pulse shape discriminator
actually constructed. b gives its wave forms for a good
event and ¢ for a bad event. d shows how the same circuit
discriminate against pulse pileup.

Schematic diagram of the fast amplification stages of the
pulse shape discriminator.

Schematic diagram of the discriminator section of the pulse
shape and compensated timing discriminators.

Improvement in peak to background ratio as a result of pulse
shape discrimination.

Charge sensitive feedback loop configuration.
Schematic diagram of the charge sensitive, FET preamplifier.
a shows the simple circuit used in analysis of timing

compensation. b gives a typical, linearly rising inmput
signal. The times and thresholds are explained in the text.

¢ shows the wave forms at various points in the circuit and-
d is a block diagram of the completed compensated timing

discriminator.

The timing circuit of a standard univibrator. The similarity
between this circuit and that of Figure 28a should be noted.
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APPENDIX C

The use of lithium drifted germanium detectors for hizh
energy Y-ray spectroscopy results in some special problems. This is
because the path length of the ionizing particle(s) (e~ (and e™)),
which is of the ovrder of one mm fcr a 1 MeV electron, becomes an
appreciable fraction of the sensitive depth (2 5mm) of the detector.
When the ioniziag particle exits from the sensitive volume, energy
determination is no longer insured. .% . behaviour of the detector
under these conditions, however, lends itself well to discrimination
methods. This appendix will give the physical basis for the y-ray
interaction and describe the method of discrimination used in this
experiment to minimize the effects of events in which some of the
energy information was lost. Appendix D gives the details of a
preamplifier necessary to allow this discriminatiom.

The construction of a simple planar detector56’ 57, 58
is shown in Figure 18. The y-ray interacts in the germanium via
photo-electric absorption, Compton scattering, or pair producéion.
The energy of the initial Yy ray is thus related to the kinetic energy
of the electron created in the interaction (total energy of the
electron-positron pair in the case of pair production). These
ionizing particles then lose their energy by the generation of

electron-hole (eh) pairs in the germanium. For accurate energy

128
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determination, all these eh pairs must be collected and delivered to
the external circuitry for integration. The detector is divided into
three principle regions which are:

1. A highly doped, highly conductive front surface
(2 in Figure 18).

2. A junction region in which the carries have been
compensated by the lithium-drift procedure (b in Figure 18); this
process ideally gives the junction region the conductive properties
of pure, intrinsic germanium.

3. An uncompensated region of P-type germanium (¢ in
Figure 18).

In operation a high reverse bias is applied across the junction
region to collect the eh pailrs created by the interaction. This
field appears across the intrinsic region (see 2 above). In
practice the highly doped region (see 1 above) is made as thin as
possible and it will be ignored in the remainder of this discussion.

The eh pairs created in the junctlon region are thus swept
out in a time given Dy

£, = W/UE c{L)
where: 4§ is the carrier mobility,

W is the thickness of the junction region, and
E is the electric field,
For a detector operated at 1000 V/em, with a depletion cdepth of Smm,

and a carrier mobility of 3 X 10" cw®/Vsec, t. = 17 nsec.
L
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However, if carriers are created in the nondepleted region (see 3
above) they must diffuse to the junction region to be collected.
This process is much slower, being given by
L 32p
t, = d*/& C(2)
where: ¢ is the diffusion constant, and

d is the diffusion length.

2
cm
sec

For a mean diffusion length of lmm and diffusion constant of 39

>

= 2 i
tn 250 usec.

This difference in collection times for the two regions will yield a
corresponding difference in pulse shape, i.e., an interaction which
occurs solely in the intrinsic region will have ~11 the eh pairs

"oood" event while

collected in a very short time and will thus be a
an interaction which has some or all of the eh pairs created in the
nondepleted region will have a slowly collected component. This slow
component is undesirable for two reasons:

1. Since the diffusion time is of the same order of
magnitude as the minority carrier lifetime in germanium, some of the
eh pairs will be lost to trapping centers and by recombination.

2. Subsequent band-passing stages of amplification
(which must have ec¢linping times = 1 usec in order to sustain the
required instantaneous counting rate) will remove the slow component
and tne linear signal will thus not de simply related to the energy
of the original v ray.

In order to study these points in more detail, the charge

-
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distribution from a Ge(Li) detector for a Y ray which interacted in
the nondepleted region was put into the response equation for a
charge sensitive preamplifier and the resulting equation was
integrated to yield the voltage signal out of the preamplifier.

The assumptions made in this calculation were:

1. the charge collection time in the junction region
is negligible,

2. the diffusion component will be considered in one
dimension only, that is, the eh pairs will be assumed to diffuse
along the path of the ionizing particle (which is the direction of
the electric field) back to the depleted region, and

3. dE/dx for the ionizing particle is constant.

The first assumption need not be considered since we are looking for
effects with times = usec; however, the second emphasizes the
contribution from nondepletion carriers. With these assumptions,
the charge distribution for nondepletion region pairs is given by
the current which flows over the boundary between the depleted and

nondepleted regions.

i (e) = &4 = ca dx
0 dt  dx dt
i (t) = do e”t/T.; vV i/t Cc(3)
n dx 2

where: & is the diffusion constant for germanium and
T is the lifetime of the minority carriers in germanium.

The exponential factor is to account for loss of carriers on trapping
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centers and through recombination.
From Appendix D, the voltage signal out of the charge

sensitive preamplifier for an input current source i(t) is given by

e—t'/RC [t

V() = - i(e'yet /re D(1)

0
where: RC is the time constant of the preamplifier,
R is the preamplifie% feedback resistance, and
C is the preampiifier feedback capacitance.
Tnis equation is for the feedback loop of Figure 26, Putting i(t)

from C(3) into equation D(l) gives

-—~t/RC o /T -
Vp(t) = -~ & _ f t l_gg E/t' e L‘/RCe —t/Tdt: )
C 2 dx
o
Equation C(4) was integrated nuncvically to obtain the

voltage waveforms out of the preamplifier. The results of this
integration are shown in Figure 20 which gives a set of curves for
difference amounts of charge being released in the nondepleted region
of the detector. The parameters of the preamplifier and detector
used in the calculation are shown in the figure. For comparison,

the curves have been normalized to the same initial amplitudé, i.e.,
the 50 per cent curve (labeled IV) has been multiplied by 2, the 25
per cent curve (labeled IIT) by 4/3, et cetera. The acceptability of

each pulse is indicated by the difference between it and the pulse

4

from a similar interaction wnhich occurved totall e depleted

3
«
Hs
(]
ct
)

region. These differences are shown in Tigure 20 as ITA, IIIA, and

IVA. That is
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IIA = II-T,
signals for a ''good" and a '"bad" event, respectively.
The method of pulse shape discrimination used in this
experiment is a modification of the system first used by Tann,

59
et al. in which the initial amplitude is compared to the later

(a3

amplitude at a specific time. A block diagram of this system is
shown in Figure 22a. The preampliifier outplt signal is clipped

to 600 ns to allow high count rates and is then divided to three
paths. 1In path II the signal is delayed and clipped a second time
to a width of 50 nsec. The amplitucde of this signal is an indica-
tion of the dnitial charge collected by the detector. This delaved
and inverted signal is added to the preamplifier signal in path IIT.
Proper adjustment of the gain in path II will cause the output of

the adder to follow the input for the first .5 usec and then return

rJ

to the baseline at .5 to .6 yusec for a '"good' event; in contrast,
for a "bad" event, the output of the adder will remain above the
baseline for the duration of the input pulse. This adjustment of
the linear portion of the pulse shape discriminator made the circuit
independent of input pulse amplitude (assuming perfect lineafity in
paths II and III); however, it also puts severe restrictions on the
behaviour of the discriminator which follows the adder. This dis-
criminator was operated as a bi-stable device with its threshold and
hysteresis adjusted so that it triggered just above the system noise
level and reset at the baseiine. This adiustment of the system was

the principal improvement over tne orisinal design of Tawm, et al.
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The reset transition of the discriminator is thus used to discriminate
events. For a good event, the time of reset comes .5 usec after the
beginning of the pulse. This time correlation is assured by the
discriminator in path I which opens the final "and" circuit for the
duration of the input pulse thus rejecting those signals in which
the reset occurs at theeend of the input signal. The waveforms for
a "good" and "bad" pulse are shown in Figure 22b and c¢, respectively.

The complete schematic diagram of the unit is shown in
Figures 23 and 24, The linear stages were based on circuilts by

60

Millard. The discriminators were tunnel diode units due to Huam

and Smedsdal.®l These units were modified to operate as bi-stable
devices by removing the reset circuitry oﬁ the original design. The
"and" gates and pulse forming circuits were RCA CD2150 integrated
circuits and their use and details of connection are described in
RCA ICAN-5025. The characteristics of the discriminator circuitry
are enumerated in Table 23,

The performance of the unit under actual run conditions is
shown in Figure 25. These data were tzaken with 600 MeV protons
incident on an oxygen target. The graph shows the ratio of signal
to background for PSD IN/PSD QUT. The error bars are due to
statistical fluctuations. From tuis figure it may be seen that the
pulse discriminator provides a factor of two reduction in background
over the energy range of .5 to 6 MeV,

An additional adva;téye of this method of pulse shape dis-

N -

crimination Is that it rejects analysis of events in which two Yy rays
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occur with .05 to .5 usec of each other, thus elimirnating another
source of background, i.e,, pulse pile-up. The details of this
rejection may be seen in Figure 22d which shows the waveforms for
two pulses occurring within the previously stated time interval.

"oood" event signal is presented by the pulse shape

Even though a
discriminator, it occurs with the wrong time relation to the leading
edge of the input signal. Both signals will thus be reiected; the

first by the pulse shape discriminator, the second by subsequent

timing stages.



APPENDIX D

The charge sensitive preamplifier constructed for this
experiment had three main design objectives:

1. to make a minimum contrivution to the noise of the
linear signal,

2. to maintain a large high-frequency bandpass in order
to accurately determine the time distribution of charges delivered
by the y-ray detector, and

) 3. to involve relatively short integration times so as
to withstand high instantaneous rates.

These objectives were met with a single charge-sensitive
feedback loop amplifier with a high-gain, high-bandpass field effect
transistor (FZT) in the first stage.

In comparison to other units, tine final preamplifier
exiiioited a relatively large noise contribution limiting the
resolution of the linear signal (see Table 23). Tor the present
application which involved Doppler broadened lines, this resglution
proved sufficient. The short integration time and fast rise time this
loss of resolution permitted, allowed effective pulse shape dis-
crimination (see Appendix C) and sustainment of much higher
instantaneous data rates. Tac final design was thus a compromise

with background suppression and count rate being stressed,

136
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Figure 26 shows the feedback configuration used. The response

function of this circuit for large open-loop gain is given by
t
-t /RC t
(B) e t £ /RC t
v = - i it 1
out C it ) e at D(1)

o)

where:
i(t') is the input current signal, and
R and C are the feedback resistance and capacitance,
respectively.
Equation D(1) is obtained from the loop equations for Figure 26.
For the case of a current signal whose time duration t' is << RC this

reauces to the familiar form:

~t/RC
e

MO

g
out C
RC

where ( . .
q = j i(t ) dt
0

A detailed schematic diagram of the complete preamplifier is given in
Fizure 27.

The first stage {region enclosed in dashed box in FiguFe 27)
of the preamplifier was enclosed in a separate removable housing
to provide shielding and to allow cooling of the FET if this became

necessary. The first gain stage is a boot-strapped cascade stag

®

for good high~frequency response. This is followed by a predriver

(¢3, ¢4) and a symmetric cavle driver (c¢5, 6, 7, 8). The AC feedback
consists of L1 (to supniess his

requoncy oscillations) and C. The

DC feedback is accomplished Dy birasing sistor g9 as a constant

[
s
m
ot
]



ey
lex)

+
+

current source. The variable resistor RZ allows adjustment of the

[a

DC operating point of the FET. The output is series terminated an

resistor Rl allows matching to various cable impedances. ZParasitic

suﬁpression resistors were includad in all appropriate transistor

leads and supply voltages were isolated upon entry into the circuit.
Tests were made of prcamwlifier noise versus intezration

time constant. These indicated that our relatively short integration

time doubled the best figure obtained (5 keV FWM for an integration

3

time constant of 10 sec). The value chosen was thus the best

LI S

compromise to satisiy design objectives. The large high-frequency
bandpass made the preamplifier sensitive to input capacitance. It
showed Instabilities when the input capacitance was not properly
matched. In practice a range of 20 to 75 pI could be tolerated
with no degradation in performance. his range could be altered by
changing in value of L1 in the feedback loop.

The final specifications for the preamplifier are glven in
Table 23.

The circuit was constructed on a printed circuit base and

housed in an 8-inch section of 3-1/2 x 1-1/4~inch aluminum wave

zguide,



APPENDIX E

The derivation of accurate timing signals from the charge
delivered by lithium drifted germanium detectors is complicated by
two factors:

1. statistical variations in the charge collection
process, and
2, wvariation in risc time due to the location of the

Y-ray interaction in the detector and differing mobilities for

Fh

electrons and holes. This second factor leads to variations in
rise time of from 20 to 60 nsec for a typical detector (see
equation C(1)).

Due to the variations in rise times the zero-crossing tech-

nique of timing is not advisable since the zero-crossing time of a
doubly differentiated signal corresponds to the half amplitude point
of the input signals. 7This can bc seen as follows:

Figure 19a shows a tvpical double delay line clipping

(o)

circuit. With the input signal of Figure 195, i.e., a monotonically

increasing signal f(t) from t = 0 to ¢t = ¢., £(t) = 0 for t < o and

f(t) =1 for t > tl the output of the clipping circuit is
o) = £{(c) - (A1) £{e-D1;

where: A is the gain of the second stage and DI is the delay period

of the delay lines (DI > tl)

—t
(OS]
O



g(t) is shown as 3 in FTigure 19 and £(t) by 1

- . - s .
ihe timwe of interest is whea g(t) crosses zero and this occurs for
Dl < t < 2D1 during which time ecuation E(1) is valid. Thus, for

tile usual case of A = 1, the time for zerq cressing, ©_, is given oy
- :

r(t ~Dpl) 3
= = =
() 2
W,
Since tl < D1 and £, > DL, £{t * = 1 and the time of zero crossiagz

corresponds to the half amplitude point of the invut function. This
timing method is thus accurate only for signals which have constant
rise times.

For accurate timing, the timing discriminator threshold
should be as low as possible and the timing of this discriminator
should be independent of Input pulse rise time. The circuit

described here is a leading edge discriminator compemnsated to first

s
order for rise time variations. This also eliminates time slewing

due to amplitude variations. Compensation is accomplished by using
two discriminators with dissjcvent thresholds. The time difference

between these discriminators is used as a measure of the pulse rise
time to adjust the timing signal which is referenced to the lowest

threshold discriminator.

Consider the simple circuit of rigure 28a where V is a

constant voltage and v(t) is a voltage source. I the switch iz

T eapo o= chen the voitage at 1 (u. (&) 1s given b
closed at ctime £ = O, then Cae vo.ocage &dco \)l\")l ERS R L Y
- eC 4 ¥ 7‘1(‘
-t /20 n ! ot [CEANGIE v
c/R (1 - &0 vit ) 2 d= ) E(L)

vl(t) = Ve



where:

R and C are the resistance and cavacitance of the circuit
elements in Figure 28a,

V is the coastant voltage, and

v(t) is the voltage source.
Equation L(1l) is obtained by solving the circuit equations fox

Figure 28a.

I

- [ SN . - t
1f now v(t ) takes the Fform v{t ) V., for o <t < t

1 1

=0 for ¢t > t,
L

wiere Vl is a constant veltage (v(t) is just a scuare pulse of

anplitude V

1 and width tl), and if tl << RC then vl(t)
\ t
t/RC 1 71
— 7 —_ B i N
vl(t) Ve (1 T 2(2)

for t > t,.

1
Figure 29 shows the timing elements oi a typical univibrator.
Note that except for the absence of the voltage source, v{t), the

circuit is icentical to Figure 28a with the collector of gl replacing

the switch and the base of ¢72 sampling v1(t). If v(t) is dinclided

£
S

in the univibrator of Tigure 29, its perioa, T, bccomes

where: VT is thne reset threshold volitage o ;2- The time difference,
|

ndard univibrator (v{t) = o) is then

o,
£3
Ui
rr
)
]

AT, between this circuit an

te =T (02 = o) = T (o))
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For linearly rising signals proper adjustment of V. and t. will make
the fall time of a univibrator fired at fixed threshold independent
of its rise time.

With refererence to Figure 28b, consider a linearly rising
signal F(t) = a (t -+ tz) which fires a discriminator with threshold
A. For input signals with differing slopes, a, there will exist a
difference in the time the discriminator fires. LI we consider that

the pulses originate at time t = - tz, then t, may be considered the

timing "error." This discriminator starts the compensated uni-
vibrator and turns on v(t). The second discriminator, with thresholad

NA turns off v(t), thus,

t2 = Afa
and
£ = AC=1)
L a

£ is the time between disc. 1 (threshold A) and disc. 2 (thréshold
NA) =—{same as tl of equation E(2)) and t, is the time from origi-
nation of signal to disc. 1 (threshold A). Since €y is the timing
error of the basic univibrator and At is the change in its width, if
the falling edge of the univibrator is to be properly compensated

1

., = At

[



which gives

Vl
v -1 =1 L(3)

In the circuit shown, Vl V and the thresholds are thus A and 2A.

i

3

Note that the slope, a, of the input signal does not occur in

equation E{3); the circuit effecrti

<

ely calculates a for each input
signal and properly compensates the timing of its output pulse.
Tigure 28d shows a block diasram of the circuit and Fizure
28¢c shows waveforms at vavrious locations. Discriminator 1 is set
to fire at = 15 mv and return to its initial state after a time
siightly less than the positive poriion of tue input signal. This
discriminator starts the compensated univibrator. Discriminator 2
fires at = 30 mv and reseits at the zero-crossing time of the input.
A coincidence is formed in C1 between {(disc 1) (disc 2) the output
of which is the correction voitage v(t). The outnut of discriminator
2 is delayed slightly in D1 to aliow for the finite rise time of CIL.
The output of €l is delayed slightly in D2 to allow the compensated
univibrator to stavbilize and is thon applied as the correction
voltaée v(t). v(t) is thus a sguave nulse whose amplitude is Eon—
stant and whose width varies depending on the rise time of the imput
signal. This variation allows compensation ol the timing signal
assuming a lincarly rising input signal. A standard pulse is Iormed

the univibrator which Iis then put into a

H
ri
e

on the trailing edge o
Ffinal coincidence with tus ouvinit of discriminator 2 to assure that

o - PO S, . N T oy e At
both discriminators fired and that the nulse was prover.iy compensated.
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The complete schematic diagram Zor the circult is shown in
Figures 23 and 29. It should be notad that the fast amplification

stages and ciscriminator 2 were shared with the

i

e shape dis-—

)]
o)

UL

g

crininacor and all comments in Apvendix C concerning them are

relevant.
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