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1. INTRODUCTION 

In the original conception of the University of Maryland research 
program, it was envisioned that significant effort would be devoted to 
multiparticle final state nuclear reactions at energies greater than 
50 MeV. The year 1972 has seen a realization of this program because of 
the attainment of long-term stable operation at proton energies of 
100 MeV, and because of the development of the computer facility from 
both a hardware and software point of view to enable accumulation and 
analysis of the complex data present in such experiments. 

The capability to undertake such experiments has already led to 
a number of significant results, which are described in some detail in 
this report. It may be of value, however, to highlight several of these 
results. For example, by performing the (p,2p) experiments at several 
energies (65, 85 and 100 MeV) and on a chosen sequence of simple targets 
2 3 4 

(H , He and He ) we have been able to demonstrate the increased effect 
of the multiple scattering with increasing numbers of targets of nucleons 
and the decrease in the multiple scattering with increasing energy. 
While neither of these results are unexpected, the detailed analysis of 
the data will provide a very detailed check of many of the theories 
currently available to interpret such reactions. (See Section 2.1.) 

A more surprising result was found in the cluster knock-out results 6 6 3 for the reactions Li (p,pa)ot and Li (p,p He)t at a proton energy of 
100 MeV. In this experiment it was found that contrary to most 
expectations the description of Li as an a particle plus deuteron 

3 
cluster structure should be strongly favored over the He -triton cluster 
description. The results of our experiments as analyzed in a relatively 
simple fashion indicate comparable components of each cluster structure. 

1 
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This result clearly illustrates the need for theoretical developments 
enabling both the spectroscopic and reaction mechanism aspects of the 
problem to be treated on an equivalent basis if one is going to be able 
to make quantitative statements concerning the structure of even a 
nucleus as light as Li. (See Section 2.6.1.) 

Another aspect of multiparticle reactions which developed because 
of the ability to accumulate and interpret a broad quantity of data was 

2 3 
illustrated by the study of the reaction H(ot, Hed)n as compared to the 
2 3 
H(a,ap) He reaction. In the latter case one has the usual quasi-
elastic reaction but it vrs found in the former case that the reaction 
proceeds through what appears to be a virtual stripping reaction with 
a large amplitude. The study of such reactions as distinguished from 
quasi-elastic scattering will represent an area of increasing interest. 
(See Section 2.5.) 

While it is clear that the effort in multiparticle reactions has 
been productive there are several other classes of experiments which have 
also been rewarding. The continuing effort on elastic scattering of 
complex particles has enabled the ideas of the removal of optical model 
ambiguities to be futher refined and tested. The ideas developed in the 3 
alpha particle scattering analysis have been tested by He scattering 
experiments and were confirmed, Laving understood the elimination of 
the ambiguities we are now trying to develop further understanding of 
these specific, unique parameters describing th£ optical model. (See 
Section 3.4.) 

Finally one experiment which, while it at present has no positive 
result, represents a clear conflict with theory is the ir° production. 
According to the present estimates of the theoretical group at Maryland 3 12 the cross section for the reaction of He + C 7r° + X should be some 



3 

3 10 greater than that which we have measured. The discrepancy becomes 
particularly interesting when one realizes that the theoretical model 
involved has been moderately successful in explaining the yield in the 

12 + 
p + C IT + X experiments at Uppsala. (See Section 2.7.) 

The experiments reported herein are those for which data had been 
taken prior to September 1, 1972. As many of them are still in a 
preliminary stage, it is important to stress that the presentation of 
the results here does not constitute publication and the results should 
not be quoted without permission of the individual investigators. 



2. NUCLEAR REACTION STUDIES 

2.1 The (p,2p) Reaction on 2H, 3He, and 4He (H. G. Pugh, A. A. Cowley+, 
V. K. C. Cheng, P. G. Roos, G. Tibell++, and R. Woody, III) 

2 3 A The (p,2p) cross sections for H, He, and He have been measured at 
65, 85, and 100 MeV. In addition to providing information on the energy 

/ 

dependence of the (p,2p) reaction, the data also provide information 
about the relative importance of multiple scattering as the number of 
target nucleons is increased. The light elem&ats are particularly 
attractive as targets, because one has the possibility of applying a 
multiple-scattering series analysis to the data. 

The experiment was performed with proton beams from the University 
of Maryland cyclotron. The beam was focused on a gas target cell in the 
center of a 5-foot diameter scattering chamber. Two detector telescopes, 
consisting of a silicon surface barrier AE detector (500 u for the 65-
MeV run, and 1000 u for the others) and a 2" thick, 1" diameter Nal E 
detector, were placed on remotely controlled arms in the chamber coplanar 
with and on opposite sides of the beam. The detector slits subtended 
approximately 2.5° (in the scattering plane) x 2.0° (out of. the plane). 
Using standard electronics the four linear energy signals were fed to 
an IBM 360/44 on-line computer through 2048-channel analogue-to-digital 
converters. The AE, E addition and particle identification were performed 
in the computer. In addition, a time-to-amplitude converter (TAC) was 
employed to measure the time difference between the two detected charged 
particles using constant-fraction discriminators on the AE signals. The 

t Visitor from C. S» I- R., Pretoria, South Africa, 
ft Visitor from University of Uppsala, Sweden. 

4 
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use of a TAC allowed the storage of both real and accidental coincidences 
simultaneously. The basic experimental information (4 energy signals 
plus the time difference for each event) was written on magnetic tape. 
In addition, numerous live displays such as E^ versus E£ (128 x 128 
channels), particle identification spectra, and binding energy spectra 
were displayed during data accumulation. 

Coincidence data were taken for coplanar symmetric angles such that 
zero recoil momentum was kinematically allowed, thus providing a 
measurement of the momentum distribution of the knocked out proton. 

3 In addition, the He(p,2.p)d reaction leading to the singlet deuteron 
3 

is presented for the 65-MeV experiments. (The analysis of the He(p,2p)d 
reaction at 85 and 100 MeV is presently being carried out.) The 
differential cross sections for the various reactions are presented in 
Figs. 2.1. The error bars in the figures are statistical only. The 
accuracy of the absolute cross section scale is approximately 15%. Due 
to a non-linearity problem in the E detector, corrections to the energy 
scale (<_1 MeV) must still be made for the 85- and 100-MeV data. 
However, these corrections do not invalidate the conclusions reached 
here. 

Calculations of the differential cross section were carried out 
in the plane wave impulse approximation (PWIA); i.e., 

dsdiOET = ( P S F ) Zn | 1 2 1 »p,p 

where the phase space factor (PSF) represents known kinematical 
quantities; ̂  j is the free p-p cross section appropriate for the 

final state of the two protons; N is the number of protons in the 
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target nucleus; and <Kq) is the Fourier transform of the overlap integral 
between the target nucleus and the residual nucleus. For the three 
reactions the following wave functions were used to calculate the overlap 
integral: 

2 a) H(p,2p)n: A Hulthen wave function for the deuteron. 
3 3 b) He(p,2p): An Irving-Gunn wave function for the He overlapped 
with a Hulthen wave function for the deuteron. 
4 2 2 / 2 

c) He(p,2p)t: A Is oscillator wave function (|<J)(q)| ae~q % 
with qQ = 90 MeV/c). 

The results of these FWIA calculations normalized to the experimental 
peak cross sections are presented in the figures. As expected, the PWIA 
calculations are too large and must be normalized by the factors shown 
in the figures. 

For deuterium (Figs. 2.1a, b, c) the theoretical distribution is 
somewhat broader and consistently larger than the data at all three 
energies. As the incident energy increases the normalization constant 
increases. The discrepancy between theory and experiment is as expected 
when neglecting multiple scattering effects, and is consistent with 
measurements at other energies^. 3 

For the He(p,2p)d reaction (Figs. 2.Id, e, f) we again find that the 
theoretical curve is somewhat broader than the data, and that the theory ranges 
from a factor of 4 too large at 65 MeV to approximately a factor of 2.6 too 
large at 100 MeV. A comparison of the same PWIA theory with the 
3 
He(p,2p)d measurements at other energies shows that the theory is a 

2) 
factor of ̂ 6 too large at 35 MeV and a factor of ̂ 2 too large at 

3} 155 MeV '. These data show the reduction in multiple-scattering effects 
as the incident energy is increased. The 65-MeV results for the singlet 

0 
state are presented in Fig. 2.1^. We find the cross section to be about 
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1/5 the ground-state cross section, which is the same ratio found at 155 
3) MeV . 

4 
The data for He(p,2p)t are presented in Figs. 2.1g, h, and i. 

Unfortunately, at these energies very little of the wave function in 
momentum space can be measured, and the primary comparison is to the 
peak cross section. PWIA calculations using a Is oscillator wave function 4 4} 
with the size parameter taken from the 600 MeV He(p,2p)t data are shown 
in Figs. 2.lh and 2.1i. From the normalization of the theory to the peak 
cross section, we find that the PWIA theory is a factor of ̂ 40 too large 
at 65 MeV, decreasing to a factor of ̂ 13 too large at 100 MeV. Part of 
this large discrepancy (a factor of ̂ 2 at 65 MeV) arises from the use of 
the final energy prescription to obtain the two-body cross section, rather 5) than a proper calculation of the off-shell cross section . The correct 

4 
treatment is quite important for He, since the reaction is far from the 
energy shell. The proper off-shell cross sections will be calculated 
using the procedure of Ref. 5). 

The results presented here show two characteristic features: (1) The 
reduction in multiple-scattering effects as the bombarding energy is 
increased, and (2) the increased importance of multiple scattering as 
the number of target nucleons is -increased. The results indicate the 
need for a proper theoretical treatment of the (p,2p) reaction at these 
energies in order to extract nuclear structure information. 

1) See, for example, J. L. Durand, et al., Phys. Rev. C6 (1372) 393, 
• 

and references cited therein. 
2) Ivo Slauss, et al., Phys. Rev. Lett. 21_ (1971) 751. 
3) R. Frascaria, et al., Nucl. Phys. A178 (1971) 307, 
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4) C. F. Perdrisat, et al., Phys. Rev. 187 (1969) 1201. 
5) Edward F. Redish, G. J. Stephenson, and Gerald M. Lerne.r, Phys. Rev. 

C2 (1970) 1665. 
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Figure 2.1a 

Figure 2.1b 



10 

5,0b 

201-
U* 

0.5r 
% 
3 

> J 
i <o 02b 

0.1b 

009)-

002f-

0 <p,Zp) n E.'IOOMiV Q, -O. "43.57* 

| \ J PWIA x .67) 

-sir _i J-25 40 SO E,(M«V) 5 5 6 0 65 70 75 

Figure 2.1c 

Figure 2.Id 

3 
152 ill T> M C •o 
3 

0.5b 

0.2f 

o.iF 

0.0 5 h 

He(p.2p) d 
Eo - 85MeV 
9-, » -© a «42 5° 

..{PWIA x 0.33) 

20 25 30 35 4 0 
E,(MeV) 

4 5 5 0 55 60 

Figure 2.1e 



11 

E, (MeV) 

Figure 2.If 

?a, t 
s i 

} * 

i r— SHe(p,2p)tf E0=65 MeV 0, = -fî4l.8 
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Figure 2.1h 

Figure 2.1i 
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2 ^ 2.2 The H(p,pn)p and He(p,pn)2p Reactions at 65 MeV (V. K. C. Cheng, 
P. G. Roos, and A. A. Cowley) 

9 
Measurements of the H(p,pn)p reaction made last year at this 

laboratory at 85 MeV have been continued at 65 MeV in order to study 
the energy dependence of the reaction. The measurements were made using 
a 5" diameter gas target cell with deuterium gas at vl atmosphere. The 
proton detector consisted of a 500-v Si surface barrier AE detector and a 
1" diameter, 2" thick Nal E detector. The solid angle of the proton 
detector was approximately 3° from the target. Gamma rays in the neutron 
detector were eliminated using pulse-shape discrimination. The neutron 
energy was determined by measuring the flight-time difference between 
the proton and neutron using constant-fraction discriminators on the AE^ 
and the neutron pulses in conjunction with a time-to-amplitude converter 
(TAC). The range of the TAC was set to include ̂ 3 beam bursts to allow 
the simultaneous storage of real and random coincidences. 

For each event AEp, Ep, neutron time of flight (TAC), and the 
neutron pulse height were sent to ADC's interfaced to an IBM 360/44 computer. 
Particle identification was done by computer software and the neutron 
energy calculated from the time of flight. Various displays such as E^ vs. 
E^ (128 x 128 channels) were used during the data accumulation for analysis 
of the data. 

In order to compare the knockout cross section to the free p-n cross 
2 

section, the H(p,pn)p cross section was measured at a number of angle 
pairs for which the proton was kinematically allowed to have zero recoil 
momentum. Preliminary absolute cross sections have been obtained using 
the neutron detector efficiency code of Kurz^, modified for the carbon to 
hydrogen ratio appropriate to NE213. Figure 2.2a shows the square of the 
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momentum distribution of the deuteron extracted using the plane-wave 
d3c impulse approximation, i.e., the knockout cross section ^ 
p n p 

divided by the phase space factor and the free p-n differential cross 
2) 

section . The curve is the Fourier transform of the Hulthen wave 
function. As expected, this curve fits the shape of the data quite well. 
Because the experimental cross section depends critically on the neutron 
efficiency, further analysis awaits a measurement of the neutron detector 
efficiency including the effects of the scattering chamber wall. This 
measurement will be performed in the near future. 

In addition we have measured the differential cross section for the 3 4 3 He(p,pn)2p and the He(p,pn) He reactions using the coplanar symmetric 
3 geometry. The results for He are presented in Fig. 2.2b. The peak 

3 
cross section for the "He(p,pn)2p reaction is approximately an order of 
magnitude smaller than that for deuterium. 

1) R. J. Kurz, UCRL-11339. 
2) J. P. Scanlon, et. al., NP 41(1963) 401-423 
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2.3 The (p,2p) Reaction on 12C and 19 F (G. Tibell, H. G. Pugh, D. A. Goldberg 
H. D. Holmgren, P. G. Roos, S. M. Smith, and N. S. Wall) 

As a preliminary investigation of the (p,2p) reaction, we have mea-
12 19 

sured (p,2p) cross sections on . C and F with 85 MeV protons. The 
outgoing particles were detected with 1" diameter, 2" thick Nal detectors 
placed coplanar with and on opposite sides of the incident beam. As a 
result, no particle identification was possible. The solid angle of each 
of the detectors was approximately 4° x 4°. The time difference between 
the two outgoing particles was measured using zero-crossing discriminators 
in conjunction with a time to amplitude converter (TAC), allowing simultaneous 
measurement of real and random coincidences. The three linear signals, 
the energies of each of the particles and the TAC, were fed to three 2048 
channel ADC's interfaced to an IBM 360/44 on-line computer. The events 
were written on magnetic tape, as well as stored in computer analyzers 
for on-line analysis. Data was taken for several pairs of symmetric angles 12 19 using a CD^ target for the C runs and a Teflon (CF2) target for the F 
runs. 

Typical binding energy spectra of real coincidence events, assuming a 
(p»2p) reaction, are shown in Figs. 2.3a and b. Both spectra show the excita-

11 18 
tion of low lying states in the residual nucleus ( B and 0). At higher 
excitation energies the spectra appear to contain contributions from the 
(p,pd) reaction. The region corresponding to the knockout of a Is proton 
is indicated in the figures, and shows no pronounced peak. Further measure-
ments will foe carried out using particle identification so that the regions 
of high excitation energy can be investigated. 
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3 2.4 The He(p,pd)p Reaction at 65, 35, and 100 MeV (A. A. Cowlay, 
V. K. C. Cheng, H. G. Pugh, P. G. Roos, and R. Woody, III) 
3 The He(p,pd)p reaction has been studied at 65, 85, and 100 MeV in 

3 
conjunction with an investigation of the He(p,2p)d reaction., The purpose 
of this experiment was to study the (p,pd) reaction mechanism. Previous 
experimental work at 35 MeV^ indicated that the reaction mechanism 
differed signficantly from the quasi-free? knockout mechanism. As in the 
previous experiment, we have chosen to study the reaction mechanism by 3 3 comparing the He(p,pd)p data to "He(p,2p)d data taken simultaneously. 

The simple first order diagrams for the two knockout reactions are 
shown in Fig. 2.4a. The two diagrams differ only at the upper vertex. 
If the two reactions are dominated by these knockout processes, the plane-
wave impulse approximation (PWIA) leads to a differential cross section 
of the form, 

d3c da . „ i, , % 12 

da where (PSF) is a known kinematic factor; is the free cross section 
1-2 

for particles 1 and 2; N is the number of particles which can be knocked 
out leading to the same final state; is the Fourier transform 
of the overlap between the target and residual nucleus; and p^ is the 
momentum of the spectator particle. Since |<Kpg)| is the same for both 
the (p,pd) and (p,2p) reactions on He and the other quantities are known, 
a comparison of the two reactions should be one test of the validity of 
the PWIA treatment, or, more correctly, the factorization of the cross 
section expression. 

The experimental details of this study have been presented in the 
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o report on the (p,2p) reactions. The He(p,pd)p reaction was measured 

for two angle pairs: (1) 9 = -6, corresponding to the symmetric quasi-P ^ 3 
free angle s of the He(p,2p) reaction which was measured simultaneously, 
and (2) the same 0^ as in (1) but such that the spectator proton is 
kinematically allowed to have zero momentum. At present only the data 
at 65 MeV has been completely analyzed, and only these data will be 
discussed here. 

For comparison purposes the data from the two reactions have been 
treated in the spirit of the PWIA. We have divided the measured cross 

2) 3) 

section by the phase space factor and the free p-p or p-d cross 
sections appropriate for the final state of the two detected particles. 
In the PWIA this division results in a |<j)(p̂) | distribution which often 
referred to as the distorted momentum distribution. The results for the 
two reactions are presented in Fig. 2.4b, plotted as a function of the 
momentum of the spectator or undetected particle. 

One can see from the figure that the (p,pd) data taken at the two 
angles are in very good agreement with each other. At 35 MeV measurements 
at dii-i-ryat angles did not produce the same |<f>(p̂ )| . Not only was the 
shape of the extracted j<|>(Pg)| dependent on angle, but the magnitude 
varied by as much as a factor of 5. 

To facilitate the comparison between the (p,pd) and (p,2p) reactions 2 
we have plotted the theoretical |<f>(p̂ )| obtained from the overlap of an 

3 
Irving-Gunn He wave function and a Hulthen deuteron wave function, 
normalized by a factor of 0.25. For the (p,pd) reaction the theoretical 
curve has been shifted by 20 MeV/c. This shift presumably reflects the 
fact that other processes besides the diagram in Fig. 2.4a are contributing 
to the reaction. From Fig. 2.4b we see that both reactions give essentially 
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the same momentum distribution except for the shift. The widths of the 
distributions are essentially the same, and the magnitude agrees to 
within 20%. This is in contrast to the measurements at 35 MeV where both 
the width and magnitude of Î Cp̂ )I extracted from the two reactions 
differed significantly and also depended on the particular pair of angles 
used. 

At 65 MeV both reactions appear to be dominated by the quasi-free 
knockout mechanism, and are in good agreement with each other in contrast 
to results at 35 MeV. However, it is obvious that multiple scattering is 
very important. First the PWIA calculation must be divided by a factor of 
4 in order to obtain agreement with the experimental data. A correction 
of this magnitude is certainly not the result of inadequate wave functions. 
Second, the (p,pd) distribution is shifted by ̂ 20 MeV/c from the zero 
recoil momentum. 

Figure 2.4c shows the preliminary projected energy spectrum for the 
3 

100-MeV He(p,pd)p experiment along with the PWIA calculation normalized 
to the data. As in the 65-MeV measurement, the agreement between the 

« 

(p,2p) and (p,pd) is quite good (to within ̂ 20% in magnitude, and the 
widths agree although the spectrum still appears to be shifted). The 
final analysis of the 85-MeV and 100-MeV data is presently being carried out. 

1) Ivo Slaus, et al., Phys. Rev. Lett. 27 (1971) 751. 
2) Obtained from interpolation of the results compiled in R. Wilson, 

N-N Interaction, Experimental and Phenomenological Aspects (Inter-
science, N. Y., 1963, John Wiley). 

3) Obtained from interpolation of p-d elastic scattering data using the 
references compiled S.. N. Bunker, et al., Nucl. Phys. A113 (1968) 461. 
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2.5 Studies of (a^p) Reactions (S. M. Smith, H. G. Pugh, and P. G. Roos) 
One of the earliest experiments performed involving multiparticle 

final states was the study of the (a,ap) reaction at 140 MeV on several 
2 12 19 

different targets including H, C, and F. Several experimental 
difficulties (e.g., poor energy resolution and particle discrimination) 
at that time limited the amount of data suitable for further analyses. 
However, much of the data acquisition program and electronics system logic 
now being employed successfully in other multiparticle experiments was 
developed during these investigations. One interesting result was obtained 
from an examination of the CD^ target data. We found that the cross section 

2 3 2 3 for the H(a, Hed)n reaction is comparable to the H(a,ap) He cross section 
at quasi-free angles for the latter reaction. Further study of these two 
reactions is planned to determine the appropriateness of the impulse 
approximation for these different types of knockout reactions - quasi-
elastic vs. quasi-stripping. 
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2.6 Cluster Knock-Out and Related Reactions 

2.6.1 The 6Li(p,pct)ct and 6Ll(p,p3He)t Reactions at 100 MeV 
(D. A. Goldberg, H. D. Holmgren, W. Reichart, P. G. Roos, 

and R. Woody,III) 
These reactions have been studied at a variety of quasi-free angle 

pairs, i.e., angle pairs at which the recoil particle is left with zero 
momentum in the laboratory. The principal purpose of the experiment was 

3 to examine the relative amounts of (a 4- d) and ( He + t) cluster substructure 
in ̂ Li. The (p,pa) reaction was studied at the angle pairs (8 ,9 ) • p ot 
(-60°, 52.36°), (-75°,44.50°), (-90°,-36.83°). In plane-wave impulse 
approximation (PWIA), a single angle pair for each reaction is sufficient 
to determine the momentum distribution, and hence the cluster percentage; 
data at additional angles permits the study of the reaction mechanism in 
more detail, and therefore may lead to an improvement in the extraction of 
spectroscopic formation. 

For each reaction, a single angle pair was selected for an extended 
run in order to obtain satisfactory statistical accuracy. The choice of 
each pair of angles was determined by considerations of counting rate, 
uniformity of phase space, and expected validity of PWIA, the latter 
including separation of the quasi-free knock-out peak from sequential 
peaks. Count rate considerations favor smaller 8 due to the variation P 3 
in the free p-a and p- He cross sections, whereas the other considerations 
favor larger 6^. (One expects the validity of PWIA to be better with 
increasing energy in both the entrance and exit channels; the latter 
condition is presumably optimized when the two outgoing particles have 
equal energy, which occurs at 8^ 90° - 100°.) Moreover, in the case 
of (p,pa) reactions the separation from sequential groups improves with 
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increasing proton angle. The angle pairs chosen represented a compromise; 
they were (0 .9J = (-90°,36.85°) for (p,pa) and (6 .0.) = (-60°,30.86°) p U r 
for (p,ph).. 

Figure 2.6.1a shows the two-dimensional spectrum obtained at counter 
angles = (-60°, 30.86°). The spectra shown here were taken without 
particle identification (since identification requirements could be 
imposed when the data was replayed), and hence one sees kinematic lines 

6 6 6 3 corresponding to Li(p,pa)d and Li(p,pd)a, as well as Li(p,ph) H. A 
6 2 preliminary analysis of this data, compared with that of Li(p,pa) H at 

(0p,0a) = (-90°, 36.85°) appears to indicate a moderately substantial 3 
( He+t) component relative to the (ot+d) component. 
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9 5 2.6.2 The Be(p,pa)"Tie Reaction at 100 MeV (D. A. Goldberg, 
H. D. Holmgren, W. Reichart, P. G. Roos, and R. Woody,III) 

9 5 The Be(p,pa) He reaction has been studied at two angle pairs 
corresponding to quasi-free knock-out of an a particle by a proton for 
which it is kinematically possible for the residual "*He nucleus to be 
left at rest in the laboratory system.', The principal motivation for this 
study was to measure the three-body breakup cross section in order to be 
able to deduce the effective number and the momentum distribution of a 

9 
particles in Be using PWIA. This information will be of assistance in 
the completion of the study of the energy dependence of this reaction since 
measurements have been previously reported at 156 MeV, 57 MeV, and 35 -
46 MeV. 

For the detection of protons, a AE - E telescope, consisting of a 1000-IJ silicon surface-barrier AE detector and a 1" diam. x 2" Nal E 
detector, was used. Separation of protons, deuterons, and tritons was 
made with good resolution. For a particles the AE - E telescope consisted 
of a 100-p silicon surface-barrier AE detector and a 3-mm Si(Li) E 
detector. Separation of Z • 1 and Z » 2 particles was excellent, but 

3 4 
separation of He and He was not satisfactory. In the reaction under 
study, however, this poor separation was of little consequence because the 
reactions of interest occur in well separated regions of phase space. The 
angle pairs studied were (6 ,6 ) * (90°,-36.63°) and (105°,-29.54°). A P ^ 
continuation of this study will include more angle pairs in order to 
obtain an angular correlation and to see how well the quasi-free cross 
section follows the free p-a cross section. 

Good statistical accuracy was obtained at both angle pairs in order 
to be able to deduce the momentum distribution and the cluster percentage 
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with a high degree of confidence. Figure 2.6.2a shows the two-dimensional 
spectra obtained at the proton angle of 90°. (The horizontal axis is 
proton energy and the vertical axis is a particle energy.) The data 
shown are from a replay of data (analyzed on-line) with proton and alpha 
windows on the particle identification spectra of the respective axes. 
Figures 2.6.2'c and 2,6.2d show the spectra summed over the kinematic line 
and projected onto the proton energy axis. In the spectrum at 90 

9 
evidence is seen for sequential alpha decay of a state in Be at 6.76 MeV 
excited by inelastic scattering. The evidence for decay of other states 
is not strong at these angle pairs and the reaction appears to be dominated 
by the quasi-free knockout mechanism. 

In Fig. 2.6.2b the two-dimensional energy spectrum of a competing 
9 4 

reaction, Be(p,da) He is shown (the uppermost kinematic line). This 
spectrum was obtained by replacing the proton window by a deuteron window. 
The statistics are not good enough to allow the extraction of any detailed 
information concerning the reaction mechanism except that there seems to 8 9 8 be good evidence for some sequential decay of Be after the Be(p,d) Be reaction has taken place. 



Figure 2.6.2b 
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2.7 The (d,d'), (d,p), and (d,t) Reactions on 12C, 4°Ca, and 9°Zr 
at 69 MeV (G. H. Harrison and P. G. Roos) 
In the course of measuring deuteron elastic scattering at 69 MeV 

(see Section 3.2) differential cross sections were obtained for the 
following reactions: 

1 2 c 40Ca 90_ Zr 

(d,d») 4.43 MeV 2+ 

9.62 3~ 
3.73 3" 2.18 2+ 

2.75 3" 

(d,P> gs 1/2" 
3.09 l/2+ 
3.85 5/2+ 

gs 7/2" 
1.95 3/2" 

gs 5/2+ 
1,2 l/2+ 

(d,t) gs 3/2" gs 3/2+ 
1.47 l/2+ 
5.0 5/2+ 

gs 9/2+ 

We have compared these experimental inelastic and single-particle 
transfer cross sections with DW&A calculations using the deuteron elastic 
scattering data which were obtained simultaneously in the same experiment. 

All of the reaction angular distributions vere analyzed using the 
distorted wave Bom approximation (DWBA) code JULIE1^. For each inelastic 
state, the collective excitation model was used and the deformation 
parameter was obtained from normalization to the experimental data and 
compared to other inelastic scattering measurements. The effect of 
deforming the full optical model potential (complex) versus deformation of 
only the real well was studied for the present data. 

An example of the fits to the data is shown in Fig. 2.7a for the case 
40 of the 3 state in Ca, Here the DWBA calculations are normalized to the 
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dati at 15°. The resulting defomation parameters 3 are listed in Table 
Xr 

2.7a. In general, the predicted curves for both real and complex deformations 
fit the data fairly well. However, the normalization results leading to 
the deformations listed in Table 2.7a show significant differences, and 
comparison with other results indicates that the complex deformation gives 
the best results. 

Preliminary DWBA calculations have been carried out for the (d,p) 
and (d,t) reactions. In addition to zero-range (ZR) calculations, we have 
included corrections for the finite range of the n-p interaction and the 
non-locality of the optical potentials by means of the local-energy 

2) approximation (LEA) , and a correction for breakup in the deuteron 
3) channel by means of the adiabatic approximation of Johnson and Soper (JS) . 

90 
With the possible exception of Zr, improvements on the ZR fits to 

the data for (d,p) reactions are observed with the use of the LEA, and 
then LEA plus JS. These improvements are not evident in the case of the 
(d,t) reactions; both because the trlton optical potentials were extrapolated 
rather for from low-energy parameters and because the LEA has its major 
effect in the interior of the nucleus, where the reaction is inhibited 
due to the strong absorption of the triton. Examples of the LEA and JS 
corrections are shown in Figs. 2.7a, b, c, with absolute normalization 
except for the spectroscopic factor. 

1) R. H. Bassel et al., 0RNL-324Q (1962) and Supplement (unpublished). 
2) J. K. Dickens et al., Phys. Lett 15,337 (1965); F. G. Perey and 

D. S. Saxon, Phys. Lett. 10, 107 (1964). 
3) R. C. Johnson and P. J. R. Soper, Phys. Rev. CI 976 (1970). 



Table 2,7a 

Deformations measure by deuteron elastic scattering at 69 MeV. 

Deformation 
Nuclear state real complex 

4.43 2 + 0.62 0.47 

1 2 c 9.62 3~ 0.36 0.27 

40Ca 3.73 3" 0.36 0.30 

Zr 2.18 2 + 0.12 0 .11 
90„ Zr 2.75 3" 0.18 0.13 
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Figure 2.7a 
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2.8 Production of TT° Mesons (N. S. Wall, H. D. Holmgren, J. Craig, and 
D. Ezrow) 

In previous reports under this contract we have described a system of 
Carenkov detectors to detect TT° mesons produced in the interaction of 
complex particles with nuclei. During the past year we have had one run 

3 
with this set-up to search for ir° mesons produced by 180-MeV He ions 

12 
incident on C. 

Estimates of the yield of ir° have been made by several members of 
the Maryland theoretical group and they predict a cross section of the -31 2 -32 2 order of 10 cm or a differential cross section of order 10 cm /sr. 3 12 
In the He + C -*• IT® + X reaction we estimate that the cross section for 
TT° production in the forward direction over the energy range from 0 to _3 about 20 MeV is less than 10 of the predicted value. This is a major 
discrepancy and indicates either an experimental problem or an incorrect 
theoretical formulation. In the near future we expect to have another 

12 208 
run using C and also Pb; in the latter case there is much less recoil 
energy and therefore considerably more phase space available for ir° 
production. 



3. SCATTERING EXPERIMENTS 

4 4 4 3 3.1 Elastic He - He and He - He Scattering (P. Frisbee, H. D. Holmgren, 
'and H. G. Pugh) 

4 3 
The elastic scattering of. 140 MeV a particles from He and He has 

been measured*^. The angular distributions were measured over as wide an 
angular range as possible. A 5-inch diam. gas target cell permitted 
measurements to be made at angles down to Ô ab ̂  Tiie particles 
were detected using a 1000-yi Si surface-barrier AE detector and a 4000-y 
Si(Li) E detector turned at 60° to double its effective thickness. Particle 
identification was performed on-line using the IBM 360/44 computer using 
the formula2̂  F « (E+AE)n - En. The 3He and *He spectra were stored in 4 separate analyzers, allowing the detection of both the scattered He and 

3 4 3 the recoil He from the He - He scattering. 
4 4 3.1.1 He - He Analysis 

The data and the phase shift fit are shown in Fig. 3.1.1a. This 
angular distribution appears as a smooth extrapolation frcm those at 

3) 
energies up to 120 MeV . There is no significant difference between the 
cross sections generated by the three sets of phase shifts listed in 
Table 3.1.1a. These phase shifts are in good agreement with values 3) 
extrapolated from the lower energy phase shifts of Darriulat et al • 
These three sets of phase shifts were obtained using different starting 
values for the search program. Fits 1 and 2 used values extrapolated from 
the phase shifts of Darriulat et al. Fit 3 used the phase shifts generated 
by the best fit potential as starting values. This latter set of phase 
shifts differs from Fits 1 and 2 by (1) a more smooth decrease to zero 
for the high-£ partial waves, (2) smaller A « 4 and 6 real phase shifts, 
and (3) an absorption peaked about Jl.= 4 rather than H = 6. 
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Table 3.1.1a 

» 

Fit 1 Fit 2. Fit 3 

% RsOlj) R e ( V Re(nA) Re(V Re(n£) 

•• 0 191.0 0.599 178.9 0.654 181.7 0.580 
2 157.9 0.453 159.4 0.490 156,2 0.306 
4 134.3 -0.014 139.2 0.080 113.6 -0.196 
6 94.3 -0.248 • 113.7 -0.212 68.3 -0.272 
8 25.0 0.256 27.1 0.202 28.3 0.317 
10 9.1 0.782 9.0 0.785 8.7 0.845 
12 2.4 0.996 2.1 0.997 2.3 0.969 
14 - - - - 0.7 0.993 
16 - - - - 0.2 1 . 0 0 0 

I n W p In(nA) Im(«A) I m < V InCn^) 
0 12.5 0.242 12.2 -0.025 15.5 0.033 
2 13.1 -0.441 12.3 -0.430 22.7 -0.334 
4 17,9 -0.534 17.1 -0.545 35.7 -0.211 
6 39.6 -0.037 33.3 -0.230 28.1 0.257 
8 26.3 0.306 30.5 0.280 13.2 0.526 
10 5.6 , 0.258 5.5 0.255 3.5 0.264 
12 0 . 0 0.085 0.0 0.072 0.9 0.078 
14 - - - - 0.2 0.023 
16 - - - 0.0 0.0 

aR (mb) 199.9 • 199.8 187.8 
X/(N-M) 1.91 2.13 1.98 

N 66 66 66 
H 14 14 1 M 
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A R e < V KeOlj) 

•• 0 191.0 0.599 
2 157.9 0.453 
4 134.3 -0.014 
6 94.3 -0.248 
8 25.0 0.256 
10 9.1 0.782 
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14 - -

16 - -

Im « n 4 > j 
0 12.5 0.242 
2 13.1 -0.441 
4 17.9 -0.534 
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16 - mm 
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• r » 
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Ke(6%) Re(n^) 
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159.4 0.490 
139.2 0.080 
1X3.7 -0.212 
27.1 0.202 
9.0 0.785 
2.1 0.997 
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5.5 0.255 
0.0 
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0.072 

199.8 
2.13 
66 
14 

Re OSj) 

181.7 0.580 
156,2 0.306 
113.6 -0.196 
68.3 -0.272 
28.3 0.317 
8.7 0.845 
2.3 0.969 
0.7 0.993 
0.2 1.000 

Imi&t) ImCn^) 
15.5 0.033 
22.7 -0.334 
35.7 -0.211 
28.1 0.257 
13.2 0.526 
3.5 0.264 
0.9 0.078 
0.2 0.023 
0.0 0.0 

187.8 
1.98 
66 
IM 
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The approach followed for analysis of the data using a phenomenological 
potential was to fit the phase shifts as a function of £ at fixed energy 
using a 'deep' ̂ -independent p o t e n t i a l ^ ' . The best fit potential had 
a real part that was the sum of two attractive Woods-Saxon potentials each 
with three adjustable parameters. This shape provided the flexibility to 
separately find a shape for the tail of the potential, fitting the high-A 
partial waves, and a shape for the core of the potential to fit the low-fi, 
partial waves. The imaginary phase shifts are peaked in the region of 
A = 4 and 6, indicating that the imaginary part of the potential should be 
surface peaked. An imaginary potential with this feature was constructed 
as the sum of a short-range repulsive Woods-Saxon potential and a long-range 
attractive Woods-Saxon potential. The optimum shape for this type imaginary 
potential had a repulsive core and surface peaked attractive part. The fit 
to the cross section is shown in Fig. 3.1.1b. The parameter values are 
listed as follows: 

4 4 Best He - He Potential 
Real Potential Imaginary Potential 

V1 -64.06 W1 +30.87 MeV 

rl 1.12 r3 0.89 fm 

al 0.34 a3 0.10 fm 

V2 -43.14 W2 -15.72 MeV 

r2 2.71 r4 2.70 fm 

a2 0.57 a4 0.59 fm 

The shape of the imaginary potential implies that a particles are absorbed 
from the surface of the well and created at the core. This could be 

g 
explained by a coupling of the elastic scattering channel to the Be 
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ground state channel which is % • 0 and decays into two a particles. 
Further studies of the shape of the imaginary potential would be of 
interest. 

3.1.2 4He - ^He Analysis 
4 3 

A spin-independent phase shift analysis of the He - He elastic 
scattering cross sections gave two ambiguous sets of phase shifts. 
These are Fits 1 and 2 shown in Fig. 3.1.2a. The phase shifts are listed 
in Table 3.1.2a and plotted as a function of & in Fig. 3.1.2b. The most 
striking feature of these phase shifts is the fact that the real parts 
of the even-it and odd-£ phase shifts fall on separate curves and show a 
pairing. This shows that there is a different potential for the odd and 
even partial waves. The ambiguity lies in the inability of the data to 
distinguish which of the potentials is most attractive. 

The differential cross section can be separated into two parts, 
forward angle scattering attributed to direct scattering and backward 
angle scattering described in terms of nucleon exchange. An effective 
two-body potential representing these phenomena was given as the sum of M a direct potential Vg(r) and Majorana exchange potential « ' 

£ 
(-) V_v(r). Thus, the even- and odd-Jl potentials would be different and 
given by 

V = v + V even D EX 
V as V - V odd 0 EX 

The best fits were obtained if the even-H and odd-£ wells were 
separately parameterized as attractive Woods-Saxon potentials. The 
imaginary well was a three parameter attractive Wo xls-Saxon Potential. 
The main features of fits (shown in Fig. 3.1.2c) obtained with the 
potentials listed in Tabla 3.1.2b are the following: 



Table 3.1.2a 

Fit 1. (A = 5,6 Paired) Fit 2. (£ = 6,7 Paired) 

Jl Ba(«A) Re(n£) In(«£) Re(r^) Im(n^) 

0 187.24 24.34 0.414 0.107 174.62 19.99 0.489 -0.093 
I 156.26 24.98 0.283 -0.308 178.00 47.71 0.189 -0.013 
2 149.80 23.84 - 0.215 -0.378 134.71 34.05 -0.014 -0.304 
3 104.29 31.12 -0.296 -0.161 139.97 .33.48 0.054 -0.306 
4 102.94 30.13 -0.314 -0.153 83.86 37.62 -0.263 0.057 
5 45.83 30.04 -0.010 0.350 81.61 36.00 -0.273 0.082 
6 48.10 27.38 -0.042 0.382 33.65 22.14 0.178 0.426 
7 17.06 12.59 0.534 • 0.361 30.28 19.38 0.250 0.443 
8 17.97 8.58 0.600 0.435 13.03 3.69 0.790 0.386 
9 6.18 2.29 0.902 0.198 12.43 4.65 0.771 0.357 
10 6.62 1.58 0.921 0.217 3.92 0.01 0.990 0.136 
11 2.88 0.29 0.985 0,099 4.80 0.47 0.969 0.164 
12 2.58 0.15 0.991 0.083 1.63 0.20 0.991 0.056 
13 1.15 0.0 0.999 0.040 1.74 0.09 0.995 0.061 
14 0.89 0.1 0.999 0.031 0.61 0.01 0.999 0.021 
15 0„47 0.0 1.000 0.016 0.68 0.01 0.999 0.024 
16 0.30 0.0 1.000 0.010 0.18 0.0 1.000 0.006 
17 0.09 0.0 1.000 0.003 0.20 0.0 1.000 0.007 

aR(sab > = 402.8 -
0R(mb) = 405.4 

X2/(N .4) = 2.19 N » 109 M = 36 i X 2 / ( N - M ) = 2.04 N = 109 M = 36 



Table 3.1.2fc 

Potential 
-

V even - 3 1 9 . 5 - 1 3 2 . 1 

R even 0 . 1 3 4 1 . 2 6 

a even 0 . 8 8 0 . 8 5 

Vodd - 1 2 4 . 4 - 1 7 9 . 1 

Rodd 1 . 4 6 * 0 . 7 1 1 

aodd 0 . 8 8 0 . 8 1 

W R 1 8 . 1 - 9 . 5 3 

•W 
2 . 8 8 3 . 4 5 

*W 
0 . 5 0 0 . 4 6 

V so - -

R so -

A so - -

Exchange 
Type 

Repul-
sive 

Attrac-
tive 

aR 4 3 1 . 5 4 1 6 . 6 

X 2 / ( N - M ) 3 6 2 1 

N - 1 0 9 

» 

M = 9 9 
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(1) The forward-angle scattering is a consequence of the direct 
potential with very little distortion from the exchange potential. This 
was shown by using an 'average1 with VeveT1 = V ̂  and observing that the 
cross section generated w?s in a good agreement with the data at forward 
angles, but had no back angle peak. 

(2) In the central region the fit is sensitive to small changes in 
the well parameters without changing the quality of the fits for the 
forward or extreme backward angles. 

(3) The addition of an exchange potential (Veven 4 V gave a 
good fit at the extreme back angles with the repulsive exchange potential 
generating a large cross section in this region. Calculations in which 
all direct potentials were set to zero showed that the interference 
between the direct and exchange potential is important. 

(4) The data is not sensitive to the sign of the exchange potential 
9) 4 3 Tang points out that for the He - He system the exchange potential 

should be attractive. 
The introduction of a Majorana exchange is consistent with resonating-

group studies^ and the two-state theory of von Oertzen^' . 
Calculations were made including a spin-orbit term of Thomas form 

in the potential. The effect of this term was to increase the cross 
section in the region of the 90° minimum without improving the quality 
of the fit. The parameters for the spin-orbit potential were VgQ = 
-1.92 MeV, V =1.62 fm, and a = 0.28 fm. These calculations show ' s o ' so 
that although the spin orbit potential is not negligible, Its effects 
are not great enough to invalidate the results of calculations with this 
force omitted. 

These studies have shown that the representation of the 3-body 
neutron exchange process by an effective two-body exchange force of the 



Majorana type is reasonable. The exchange potential (attractive case) 
was found to be surface peaked with a small repulsive core. Further 
studies of the form factor fcr the exchange potential would be valuable. 

1) P. E. Frisbee, Ph.D. Thesis, University of Maryland (1972). 
2) Goulding et al., Nucl, Instr. and Meth. 31 (1964) 1. 
3) P. Darriulat, G. Igo, H. G. Pugh and H. D. Holmgren, Phys. Rev. 137 

(1965) B315. 
4) V. G. Neudatchin, V. 1. Kukulin, V. L. Korutkikh and V. P. Korennoy, 

Phys. Lett. 34B (1971) 581. 
5) LeRigoleur and F. G. Perey, private communication. 
6) G. Igo, Phys. Rev. 117 (1960) 1079. 
7) G. J. C. Van Niftrik et al., Congress Int. de Phys. Nucl. Paris, Vol. 

II (1964) 858. 
8) Y. C. Tang, International Conference on Clustering Phenomena In 

Nuclei, Bochum (1969). 
9) D. R. Thompson and Y. C. Tang, Phys. Rev. 4_ (1971) 306. 
10) W. von Oertzen, Nucl. Phys. A148 (1970) 529. 
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Figure 3.1.1a 
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Figure 3.1.1b 
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12 40 90 3.2 Deuteron Elastic Scattering on C, Ca, and Zr at 69 MeV 
(6. a. Harrison and P. 6. Boos) 

We have measured the differential cross sections for deuteron 
12 40 90 

elastic scattering on C, Ca, and Zr at 69 MeV as part of a survey 
of medium-energy deuteron reactions. We present here the results of 
optical-model analyses of the elastic scattering data. 

Deuterons were detected using a 1000-u Si surface barrier AE 
detector and a 25 mm Ge (Li) detector. The AE and E pulses were sent 
to separate ADCs and particle identification was performed on-line with 
the 3&*/44 computer. The average overall energy resolution of this 
system was 250 keV. In addition, a Nal detector was used as a monitor. 

The elastic scattering distributions were fitted using the optical 
model both with and without the spin-orbit term of the potential. Our 
results, in agreement with other analyses^, show that the inclusion of 
the spin-orbit term to achieve good optical-oodel fits to the elastic 90 
scattering data would be necessary only for the Zr data* 

For each target the Vr^ ambiguity in ths real part of the optical 
potential was investigated by running separate optical-model searches 
with different values of the real well radius rQ. Minima in chi-squared 12 40 90 occurred at t » 1.05 for C, r • 1.13 for Ca, and r ® 1.17 for Zr. o o o 

Table 3.2a shows the best-fit optical-model parameters for various 
values of the spin used in the spin-orbit tern. The parameterization is 
standard (e.g., ref.l). The best fits to the data are shown In Figs. 
3.2a, b, c. 

40 S. M. Smith has found that the optical model results for Ca are 
unique with respect to any suspected discrete ambiguity, using the 

2) 
maximum deflection angle analysis . The best-fit optical model parameters 
were used in the DWBA analysis of (d,d'), (d,p), and (d,t) reactions 
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measured in the same experiment. (See Section 2.7.) 

1) F. Hinterburger et al., Nucl. Phys. Alll, 265 (1968). 
2) D. A. Goldberg and S. M„ Smith, Phys. Rev. Lett. 29̂  500 (1972). 
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Table 3.2a 

12c 90Zr 
6 = 0 s =1/2 s - 1 s = 0 

i ... 
s «l/2 s « 1 s 53 1/2 

u u 96.8 MeV 88.0 82.6 73.0 75.4 74.7 78.0 

wd 23.4 MeV 19.6 14.1 ' 12.2 12.8 11.6 13.3 

r o 1.04 fm 1.05 1.05 1.20 1.15 1.15 1.15 

a 0.81 fm 0.789 0.747 0.740 0.805 0.778 0.822 ' 

ri 1.17 fm 1.09 1-.02 1.14 1.23 
i 

1.24 ! 1.19 

a. X 0.57 fm 0.663 0'.813 0.93 0.811 0.855 0.869 

U so 0 MeV 6.00 6.00 0.0 6.51 6.51 6.85 

W so 0 MeV o.o o.o o.o 0.0 0.0 0.0 

r so 1.04 fm 1.05 1.05 1.20 1.15 1.15 1.15 

a so 0.810 fm 0.789 0.747 0.740 0.805 0.778 0.822 

r c 1.30 fm 1.30 1.30 1.30 1.30 1.30 1.30 

XZ/N 3.8 5.2 4.8 1.7 1.4 .75 3.3 
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cm 

Figure 3.2a 



Figure 3.2b 
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Figure 3.2c 



3.3 Large-Angle Elastic Alpha-Particle. Scattering (N. S. Wall and 
f 

D. Agassi ) 
During the early part of 1971 work was started with D. Agassi of 

the Weizmann Institute on a calculation of the contribution of the 
"knock-on" exchange reaction to the anomalous large-angle scattering of 
a particles of 30 MeV from the Ca isotopes. 

The exchange amplitude ("knock-on"), calculated in the distorted 
wave Born approximation, is evaluated paying particular attention to the 
anti-symmetrization of the A + 4 nucleon system. This amplitude is 
combined with a scattering matrix appropriate to fit just forward-
angle elastic scattering. It is shown that only the highest possible 40 
orbital angular momentum cluster (L = 8 for Ca) is significant and 
leads to agreement with experiment. This agreement is achieved with 
only one adjustable parameter, the spectroscopic factor which turns out 
to be quite small. It is shown that this microscopic calculation may 
provide a basis for the phenomenological Regge-pole description of this 
process. 
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3.4 Intermediate Energy Scattering of Composite Projectiles 

1) The elastic scattering measurements described previously have been 
extended to include additional projectiles and target nuclei as well as 
more extensive large-angle data on previously studied nuclei. The 
principal thrust of the program was to gain an understanding of why such 

2) 

experiments made possible elimination of the discrete ambiguities which 
had characterized such scattering at lower energies, and in particular 
to try to develop criteria for the experimental data which make possible 3) elimination of such ambiguities. Such criteria have in fact been developed 
and the investigation leading to these results has resulted in a semi-

4) 
classical picture of elastic scattering of composite projectiles which 
emphasizes the refractive rather than the diffractive nature of the scattering 
process. The various experiments and summaries of the theoretical develop-
ments are discussed separately below. Based on these developments, the 
elastic scattering program has been extended to include other projectiles 
with the aims of extending the treatment of ambiguities to such projectiles 
and of unambiguously determining potentials for such projectiles in order 
to compare them with those for a particles. Some preliminary results have 
been obtained and are reported below. 

3.4.1 Criteria for the Resolution of Discrete Ambiguities in Optical 
Potentials (D. A. Goldberg and S. M. Smith) 

The conditions under which one can unambiguously determine an optical 
potential can be understood by considering a semi-classical description of 
the scattering process. In this description, as in the purely classical 
description, there exists a correspondence between impact parameter, or 
angular momentum, and scattering angle. For potentials such as the Woods-
Saxon, at low incident energies there is a range of impact parameters for 
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which the deflection angle exceeds 180°. As the incident energy is raised, 
this "spiral" scattering ceases to occur; the maximum value of the 
deflection angle falls below ISO01. 

For a potential of a given form, the maximum deflection angle @ is 
a function of the strength of the potential and hence a determination of 
the former quantity can be used to determine the latter. One can determine 
(^experimentally by extending differential cross section measurements to 
the region beyond (S). This is obvious in the classical case where the 
cross section falls abruptly to zero just beyond (5>. In the semi-classical 
case, the cross section in the region beyond (H) is r^t zero, but is 
characterized by an exponential-like fall off. It is measurements in this 
region, which serve to determine which make possible an unambiguous 
determination of the potential. 

We have demonstrated this using the data obtained from the scattering 
of 139-MeV a particles on (see also Section 3.A.3 below) for which an 
unambiguous potential was obtained. The value of (J) calculated from that 
potential was approximately 63°, whereas the data extended out to 80°. A 
series of grid searches waf> performed on various subsets of the full data, 
obtained by truncating the full set of data at some maximum angle ®max» 
The results of those searches are displayed in Fig. 3.4.1a. For ®max

 < ® 
a discrete ambiguity exists as there is a second minimum in x /N at 
V - 180 MeV. It is clear from Fig. 3.4.1a that it is the data beyond (g) 
that are responsible for the elimination of the ambiguity . 

For a given potential Q is a decreasing function of incident energy. 
Moreover the energy dependence of the optical potential is quite small. 
Hence, if data at a given incident energy suffice to resolve the discrete 
ambiguity, data at higher energies will do so as well and will in fact 
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require data over a smaller angular range. 
The A-dependence of the energy and angle requirements has also been 

studied. The minimum incident energy for which "spiralling" of the 
bombarding particle ceases to occur is found to increase with the mass 
number, A. Hence, an energy sufficient to resolve the discrete ambiguity 
in a nucleus of a given A will suffice to resolve.it in all nuclei of 
lower A. 

The work described here has been described in greater detail in a 
2) 

recently published work . A more comprehensive description of this is 
in progress in the work described in Section 3.4.2. Examination of the 
A-dependence of the energy required to eliminate discrete ambiguities 
from a somewhat different perspective is contained in the work reported 
in Section 3.4.3. 

3.4.2 Nuclear Refraction Effects in Intermediate Energy Elastic 
Scattering (S. M. Smith and D. A. Goldberg) 

We have observed that the differential cross sections for the elastic 
scattering of compound projectiles (d, He, and a) by low- to medium-A 
nuclei at intermediate incident energies exhibit a characteristic monotonic 
fall-off pattern at angles beyond those where Fraunhofer diffraction 
oscillations occur. The behavior is similar to that which would be 
observed in classical optics if one had light incident on an inhomogeneous 
spherical lens. In the geometrical optics limit, one would expect to have 
light refracted up to some maximum angle, beyond which there would be no 
illumination. In fact, due to the wave nature of light one would observe 
an exponentially decreasing intensity of light in this region, similar to 
that observed in Fresnel diffraction. In the present instance, the lens 
is the nucleus itself, the refractive index being related to the real part 
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of the nuclear optical potential. Since the region of exponentially 
decreasing intensity is defined by the refractive property of the nuclear 
lens, we refer to the phenomenon as nuclear refraction. This description 
in effect resurrects the "crystal ball" part of the cloudy crystal ball 
analogy for the optical model of elastic scattering. 

The refractive description, of nuclear scattering closely parallels 
the semi-classical particle description given in the preceding section. 
(The maximum deflection angle in that description corresponds to the 
above maximum refraction angle.) It is nonetheless useful for gaining 
insights into the scattering process to examine the present description 
in some detail. In this section we describe the conditions necessary for 
interpreting the fall-off pattern as a manifestation of nuclear refraction 
effects. 

The necessary conditions follow directly from the analogy with the 
classical scattering of electromagnetic waves by an inhomogeneous dielectric 
sphere. For light one is able to distinguish refractive behavior from 
other scattering behavior in the limiting conditions of geometrical optics. 
These conditions are in fact just those required for the validity of the 
WKB approximation. Thus, if a satisfactory description of nuclear scattering 
can be achieved with lowest order WKB calculations, then the nuclear 
scattering is approaching the conditions where nuclear refraction effects 

3) 
should be distinguishable from other effects. We have shown ' that this 
condition is fulfilled for intermediate energy elastic scattering of 
compound projectiles. 

The second condition arises from considering the classical bending 
of a light ray. The bending is only a function of the real part of the 
index of refraction along the rays1 trajectory. We thus similarly require 
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that a pattern classified as being due to nuclear refraction be a function 
of only the nuclear real index of refraction. This can be defined in 
terms of the optical potential [V(r)+Vc(r)+iW(r)] from the Schrodinger 
equation: 

d2^/dr2 + k2np
2 (or) ^ = 0 

Thus, the local index of refraction, ̂ (r) is 

Re[i^(r)] - i/tf {[(1 - Veff/E)2 + (W/E)2]1/2 + (1 - Veff/E)}l/2 

Imtn^r)] = 1/vT {[(1 - Veff/E)2 + (W/E)221/2 - (1 - Veff/E)}1/2 

where V £ = h2(Jl+l/2)2/2ur2 + V(r) = V (r) . The index of refraction is err c 
independent of the wave number k, and dependent on the optical potential 
through the ratios V^^/E and W/E. If the imaginary potential W is 
small compared to V ̂  then the real part will primarily be a function of 
V^^/E, while the imaginary part will be a function of W/E. Thus, a 
pattern classified as refractive should be relatively sensitive to V/E, 
but relatively insensitive W/E, in addition to being independent to k. 

We have performed a series of model calculations based on the optical 
potential obtained by fitting scattering data for described in Section 
3.4.3 to examine whether the fall off pattern satisfies this condition. 

In the first series of calculations, angular distributions were 
calculated for a variety of incident energies, but with V adjusted so 
that V/E remained constant, i.e., the real index of refraction was kept 
constant. All other optical model parameters were held fixed. Figure 
3.4.2a illustrates that the fall-off pattern is indeed only a function of 



64 

the real index of refraction as in the classical analogy. With V/E 
constant, the pattern shape is independent of energy and thus W/E. The 
arrows shown indicate the positions of the maximum angle of deflection 
or refraction for any ray. Their positions do not vary; this indicates 
a constant effective index of refraction. 

To show that the pattern depended on refractive index and not on 
wavelength, we varied the wavelength but kept the refractive index 
constant by fixing E and varying the projectile mass. All other quantities 
were kept constant. As can be seen in Fig. 3.4.2b, the pattern in the 
forward angle region, which is associated with diffraction effects, 
varies in the expected way. The fall off pattern however, remains 
unchanged except in the limit of small k where we are moving away from 
the conditions of geometrical optics. An a-particle projectile in this 
figure corresponds to k - 4.8 and a He particle to k = 4.2. The figure 
thus also illustrates the variations expected for different projectiles 

3 
having the same optical potential. Alternatively, a measurement of He 
and a-particle scattering at the same incident energy would thus enable 
a comparison of the real indices of refraction. 

This description of the fall-off pattern in terms of nuclear refraction 
effects is now being prepared for publication. The implications of this 
model are being studied through further elastic scattering experiments 
and semi-classical calculations. 

C O O A O 

3.4.3 Scattering of 139-MeV Alpha Particles from Ni and Pb 
(D. A. Goldberg, S. M. Smith, H. G. Pugh, P. G. Roos, 
and N. S. Wall) 

The measurements described previously1̂  were extended to include 
data in the larger angle regions with the aims of resolving the previously 
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208 reported discrete ambiguity in the Pb optical potential and of studying 

the effect of such data on the resolution of discrete ambiguities in 
general (see Section 3.4.1 above). The data are shown in Figs. 3.4.3a 
and 3.4.3b. The solid curves represent optical-model fits to the data 
made using a modified version of the search code JIB3. The parameter 
sets corresponding to the various potentials are listed in Table 3.4.3a. 
As can be seen, we have not been able to remove the discrete ambiguity in 

208 

the case of Pb. While it does appear that Potential 1 gives a 
decidedly inferior fit to the data beyond 70° relative to Potential 2, it 
is possible to obtain comparable fits to the data in that region using 2 

Potentials 3 and 4 with only a slight worsening of x • 
The above results are consistent with the A-dependence of the incident 

energy required to eliminate the discrete ambiguity, as stated in the 
previous section. The results of that section on A-dependence can be 
arrived at by a somewhat different approach, which also sheds light on the 
phase-ambiguity aspect of the discrete ambiguity. An outline of that 
approach follows. 58 

In Fig. 3.4.3c we have plotted for Hi the effective (real plus 
centrifugal) potentials for various At low I these potentials exhibit 
a dip which disappears at higher The disappearance of the dip can 
equally well be characterized by an energy (the "triple point" energy), in 
this case an energy well below the incident energy of 139 MeV. The triple 
point energy is in fact the incident energy at which spiral scattering 
ceases to occur, i.e., the minimum energy necessary for the elimination 208 

of the discrete ambiguity. The situation is in contrast with that in Pb 
where the incident energy of 139 MeV is very close to the triple point 
energy, as shown in Fig. 3.4.3d. Further investigation of this problem 



Table 3.4.3a 

V r a W r» a' rc 0 
• 

target (MeV) (fm) (fm) (MeV) (fm) (fm) (fm) X /F J/4A 

58Ni 116.4 1.245 0.793 20.52 1.595 0.571 1.40 6.24 298 

208Rb 1 110.0 1.315 0.705 21.27 1.509 0.673 1.40 10.0 283 

2 155.0 1.282 0.677 23.26 1.478 0.733 1.40 7.6 369 

3 200.0 1.261 0.657 24.50 1.462 0.767 1.40 9.1 452 

4 245.0 1.245 0.647 25.89 1.448 0.788 1.40 11.3 532 



has indicated that the phase ambiguity aspect of the discrete ambiguity 
can also be understood in terms of effective potentials. For energies 
below the triple point energy, there is some & for which the classical 
turning point undergoes a sudden shift inward, accompanied by an abrupt 
change in the phase shift. For all potentials comprising the discrete 
ambiguity in a given nucleus, this shift occurs at the same &-value, but 
the magnitude of the shift is greater by TT for each of the succeeding 
families. 

The work reported here is presently being prepared for publication"^ 
where it w I - iscussed at greater length. 

3 . 12 xitfc V.I*, ot), (a,**1) and (a, He) Reactions on C (S. M. Smith, 
G. Tibell, A. A. Cowley, D. A. Goldberg, H. G. Pugh, 
N. S. Wall, and W. Reichart) 

One of the implications of the criteria discussed above and outlined 
in Ref. 3 Is that if an unambiguous potential has been obtained for a 
given nucleus, then the discrete ambiguity can similarly be eliminated 
for all lighter mass nuclei at the same incident energy'. The discrete 

58 ambiguity was resolved for the a- Ni potential at 139 MeV; we therefore 
attempted to test this implication by examining the scattering of alpha 

32 
particles from ' C at 139 MeV. The results described here have been 
reported previously in brief form and are being submitted for publication. 

We measured the differential cross sections for the (a,a), (a,a*), 3 12 and (a, He) reactions on C in the angular region of 3.5° to 57.5° (lab). 
A typical spectrum is shown in Fig. 3.4.4a. The energy resolution was 
about 300 keV. The elastic and inelastic cross sections are shown in 
Figs. 3.4.4b and 3.4.4c. 

As in the study of the elastic scattering by the optical model 
analysis did in fact yield a single family of Woods-Saxon potential 



parameters. The resulting fit to the data is displayed in Fig. 3.4.4b. 
The monotonic, almost exponential fall-off pattern ascribed to nuclear 
refraction effects is visible in the region beyond the oscillatory pattern. 
The results thus provide further evidence of the validity of the refraction 
model of intermediate energy elastic scattering. 

Given the set of unambiguous potential parameters, it was possible 
to examine the energy dependence of the alpha-nucleus interaction as 

12 
characterized by the volume integral of the real part of the a- C 
optical potential. The volume integrals derived from the data at energies 
of 104, 139, and 166 MeV are consistent with a linear energy dependence. 
The variation is 2 - 2.5 times less than that found for proton elastic 
data. This slope is consistent with that found by Lerner et al in a 
microscopic model analysis of a-particle data. Thus, this energy dependence 
conflicts with the common assumption that the a-nucleus interaction.strength 
is four times the nucleon-nucleus strength at 1/4 the incident energy. 

The data for the inelastic transitions to the 4.44-MeV (2+), 7.65-MeV + - 12 (0 ), and 9.65-MeV (3 ) states of C were analyzed using DWBA calculations 
+ 

with both collective model and microscopic model form factors. The 2 
and 3 states are well described as one-phonon collective states and 
their differential cross sections were fit fairly well by the results of 
calculations employing complex first derivative collective form factors 
(solid lines in Fig. 3.4.4c). For the 0 state, however, it was necessary 
to employ a real, second derivative form factor to fit the data (dashed-
dot line in Fig. 3.4.4c)The a-particle deformation lengths, $ R , x> 01 

extracted for the 2+ and 3~ states are consistent with the results of 
other composite projectiles, however, they appear to be approximately 
20% lower than the mean values obtained from proton inelastic scattering. 
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The microscopic model calculations for the 2 and 3 states employed 
the amplitudes of the. RPA wave functions derived by Gillet and Vinh Mauh^ . 
The results, which are shown in Fig. 3.4.4c, not only give a reasonable 
fit to the shape, but also to the magnitude of the cross sections. For + 
the 0 state, we found that microscopic model calculations which employed 

a form factor derived from the one-particle-one-hole configurations of 

3/2 1,2p3/2^ am* ^lsl/2 1,2s1/2^ w i t h tlie amplitudes given by ON 
Hinterberger et̂  al , successfully fit the data. This form factor is 
qualitatively similar to the second derivative collective model form 
factor for the 0+ state. ^ ^ ^ ^ ^ ^ ^ 12 3 The differential cross sections for the C(a, He) reaction leading 

— + 1 3 ^^^^^ to the ground state (1/2 ) and 3.85-MeV (5/2 ) state of C are displayed 
in Fig. 3.4.4d together with the results of DWBA calculations. Zero-
range, local calculations did not fit the data and it was necessary to 
employ finite-range and non-local corrections made in the local energy 
approximation. The ratio of the spectroscopic factors of the two states, 
s(5/2)/s(l/2), was determined to be 0.7. This is consistent with the few 
existing measurements of this kind. 

3.4.5 Scattering of 3He Projectiles at 101 MeV (S. M. Smith, 
D. A. Goldberg) 

As part of our investigation of nuclear refraction effects in 
intermediate energy elastic scattering and also to compare optical potentials 
of different composite projectiles, we have measured the elastic scattering 
of 3He projectiles by 12C, 40Ca, and 58Ni at 101 MeV. The differential 

3 
cross seccions for several inelastic ( He,a) transitions were also obtained. 

The incident energy of 101 MeV is approximately 3/4 the center-of-
mass incident energy of our previous elastic oc-particle scattering 
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208 
experiments. Thus, at this incident He energy, the energy and momentum 

3 
per nucleon in the He projectile is the same as that in the a projectile 
at 139 MeV. If the optical potentials for composite projectiles of n 
nucleons is approximately n times the nucleon-nucleus optical potential 
at (1/n) the incident energy, the interaction strength for the He 
projectiles should be 3/4 that for the a projectile at the above two 
incident energies. 3 

Very little He elastic scattering data is available at energies 
above 70 MeV. We thus sought first to determine if the exponential-like 
fall-off pattern cha c -/teristic of nuclear refraction effects could be 
observed in the elastic cross section and if one could then resolve the 3 
discrete ambiguity in the He-nucleus optical potential. Semi-classical 
calculations of the maximum deflection angle (J) for He particles were 
m̂ade using the potentials obtained from alpha scattering at 139 MeV. The 
value of-®, so obtained was less than 90° for each of the target nuclei 
investigated. 

We found that the elastic differential cross sections for ^Ca, 
and did indeed exhibit the exponential-like fall-off pattern 

12 
indicative of nuclear refraction. A preliminary analysis of the C data 
has been performed and no discrete ambiguity was found in the optical 
potential. The Woods-Saxon parameters are given below along with those 
for 139 MeV a-particle scattering. The fit to the data is shown in 
Fig. 3.4.5a. Table 3.4.5a 

E V r a W rf a1 r o c 
MeV MeV fm fm MeV fm fm fm 

3He 101 102.3 1.17 0.811 15.4 1.85 0.55 1.3 
a 139 108.1 1.22 0.76 16.9 1.85 0.47 1.3 
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If one characterizes the projectile target interaction strength by 
the volume integral of the real potential per target-nucleon pair, then 

3 this quantity (J/nA) should be equal for the 101 MeV He and 139 MeV a-
3 

particle projectiles. As can be seen the He-nucleus volume integral is 
roughly 10% greater than that for the ex projectile. Thus, in this 3 
characterization the He interaction strength is roughly 3/4 that for 
the a particle. As can be seen, however, a characterization of the 
strength by the depth (V) of the real potential leads to an entirely 
different conclusion. The value of V for the He potential is not 3/4 
that for the a particle, but is in fact almost equivalent. This result 
indicates that the central well depths of the real part of composite 
projectile optical potentials do not scale as the number of nucleons in 
the projectile. 3 

The approximate equivalence of the He and a-particle potentials is 
also demonstrated by the behavior of the fall-off patterns in the elastic 3 
cross sections for each projectile. The fall-off pattern for the He 
projectile begins at a slightly larger angle than for the a projectile 
(see Fig. 3.4.4b). The maximum deflection angle 0 for He is 50°, 
while that for the a particles is 'u 45°. This implies that on the 
effective indices of refraction for the two projectiles at the different 
incident energies are approximately the same. 12 

We have employed the above C optical potential in a collective 
optical-model analysis of the inelastic transitions to the 4.44-MeV (2+), 
7.66-MeV (0+), and 9.64-MeV (3") states in 12C. The resulting DWBA 
fits to the data are shown in Fig. 3.4.5b. The calculations for the 2+ 

and 3" states employed complex first derivative form factors, while the 
0+ calculation employed a complex second derivative form factor. The 
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deformation lengths, ft^R, obtained for the 2 and 3 states agree within 
10% with those obtained from results the (a,a1) experiment at 139 MeV. 
The results thus further confirm a roughly 20% difference between the 

values obtained with composite projectiles experiments and those 
obtained from (p,pt) experiments. 

A further investigation of the differences/similarities between the 
3 He-nucleus and a-nucleus optical potentials is planned by performing 
3 
He experiments at 139 MeV. Comparisons with the 70-MeV deuteron data 
taken at this laboratory will also be studied. From these preliminary 
results, however, we can conclude that the semi-classical criteria described 
previously and in ref. 3 and the description of the fall-off behavior in 3 
terms of nuclear refraction effects are applicable to He projectiles as 
well as oc particles. This enables one to design experiments to investigate 
the microscopic description of composite projectile optical potentials. 

1) Progress Report, University of Maryland Cyclotron Laboratory (1971). 
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4. NUCLEAR CHEMISTRY RESEARCH 

4.1 A Test of Fission Fragment Angular Distribution Theory at Intermediate 
Energies (V. E. Viola, Jr., M. M. Minor, and C. T. Roche) 

A test of fission fragment angular distribution theory"^ has been 
4 238 carried out using 140-MeV He ions to bombard U. The measurements 

required for a complete analysis of the theory are the following. 
4.1.1 Total Fission Cross Section, q^ 

238 
Three different thin targets of isotopically enriched UF^ were 

irradiated and the resultant fission fragments were measured on-line with 
surface-barrier semi-conductor detectors. Two detectors with accurately 
determined, low-geometry collimation systems were used to measure the 
fragment differential cross sections at four different angles with respect 
to the beam axis, giving a total of twelve individual differential cross-
section measurements. Measured angular distributions were used to perform 
integration of the differential cross sections. The final result gave a 
value of 

qf = 2.74 ± 0.23 barns 

This value is plotted in Fig. 4.1.1a along with data obtained at lower 

energies^. 
4.1.2 Compound Nucleus Formation Cross Section, q ^ 
Because of the high fissionability of the compound nuclei formed in 

238 
reactions of energetic projectiles with U targets, we have assumed 
that the total fission cross section is identical to the total reaction 
cross section; i.e., qR = q^. However, two reaction mechanisms contribute 
to the total fission cross section; i.e., fission following complete 
fusion of the projectile and target (compound nucleus formation) and 

469 
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fission which follows a direct interaction process. These two mechanisms 
have been separated on the basis of the different amounts of linear 
momentum transferred to the struck nucleus in each case, which, can be 
measured by performing both coplanar and non-coplanar angular correlation 
measurements between binary fission fragments. These results yield a 
value of 

aCN = (0.82 ± 0.02) aR 

for the compound nucleus formation cross section that is required for 
proper analysis of the theory. By use of lower energy data, we are able 
to derive a ^ values for the entire excitation function in Fig. 4.1.1a. 
We have also tested the assumptions used to separate compound nucleus 
fission from the total fission cross section by measuring the angular 

4 209 correlation for fission from 140-MeV He bombardment of Bi, where only 
compound nucleus fission is possible. (See Fig. 4.1.2a.) 

4.1.3 Nuclear Reaction Model 
The transmission coefficients necessary to test the angular 

distribution theory have been derived by fitting the compound nucleus 
formation excitation function with the optical model calculation of 

3) 
Rasmussen and Sugawara - Tanabe . This model uses a Woods-Saxon potential 
with allowance for a deformed target nucleus. The following parameters 
have been used in this model: 

Potential depth: VQ = -130 MeV 
Diffuseness: d = 0.20 F 1/3 
Radius parameter: r^ = 1.33 A.J, + 1.20 F 
Target Deformation parameters: = 0.22 

B, = 0.06 
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4.1.4 Fission Fragment Angular Distributions 
4 The fission fragment angular distributions for 140-MeV He-ion 

238 209 
induced fission of U and Bi have been measured, as reported in the 
1971 progress report. These have been corrected for direct interaction 
effects by means of the data discussed in Section 4.1.2. Comparison of 
our final results with the predictions of the theory indicate that the 
model is valid for intermediate energy reactions, in contrast with the 2) 

results of Kapoor, et al , These results are undergoing further analysis 
at the present time to insure that the non-coplanar angular correlation 
events have been properly incorporated into the analysis. 

1) J. J. Griffin, Phys. Rev. 116, (1959) 107; I. Halpern and V. M. 
Strutinskii, Proc. 2nd UN Conf. On Peaceful Uses of At. En., 
Geneva, 1958, V. 15, p.408; J. R. Huizenga, A. N. Behkami and L. G. 
Moretto, Phys. Rev. 177, (1969) 1826. 

2) V. E. Viola, Jr., et al. Nucl. Phys. A174, (1971) 321; S. S. Kapoor, 
H. Baba and S. G. Thompson, Phys. Rev. 149, (1966) 965; V. E. Viola, 
Jr., and T. Sikkeland, Phys. Rev. 128, (1962) 767. 

3) J. 0. Rasmussen and K. Sugawara - Tanabe, Nucl. Phys. A171, (1971) 497. 
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4.2 Production of Neutron-Deficient Alpha-Emitters In Reactions between 
4 232 
He Ions and Th (M. M. Minor, C. T. Roche, R. G. Clark, 
P. A. Schuster and V. E. Viola, Jr.) 

Neutron-deficient alpha-emitting nuclides produced in reactions 232 4 between Th and 140 MeV He ions have been studied using an in-beam 
recoil collection technique. In these experiments heavy recoil nuclei 

232 produced in a thin target of Th were collected on a large area carbon 
2 

film of 50 lig/cm thickness. Short-ranged products from reactions of 
of the type (ot̂ xn) and (a,pxn) were stopped by the film, whereas the 
beam, energetic light particles, and fission fragments were transmitted. 
Two large-area surface-barrier detectors, shielded from the target, were 
used to detect a decay occuring from nuclei stopped by the recoil catcher. 

The cyclotron was operated in repetitive beam-on, beam-off cycles 
and the detector electronics were gated to permit counting only during 
the beam-off portion of the cycle. Irradiation times were selected on 
the basis of the half-life of the nuclide being studied and the counting 
periods usually lasted 2-5 times as long as the irradiation. The linear 
energy signals and associated time following the end of irradiation were 
stored sequentially in the on-line computer. Delayed coincidences between 
the two detectors were also recorded in order to measure microsecond time 
relationships between the short-lived alpha decay chains produced in these 
reactions. 

Using this technique we have identified a 7.43 ± 0.03 MeV alpha 
emitter with a half life of 0.50 s e c which we have assigned to the 

226 

decay of the previously unobserved nuclide U. Figure 4.2a shows the 
distribution of a particles in the energy range 7.35 - 7.52 MeV as a 
function of time. The existence of a short-lived activity is clear; the 
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224 long-time background is attributed to the 7.45 MeV alpha-emitter Th 
228 

which is in secular equilibrium with 9 minute U produced in these 
reactions. Figure 4.2b gives the energy spectrum of the events which 
occur during the first second in Fig. 4.2a. The assignment of the 0.5-226 sec activity to U is based upon the observation of its secular 

214 equilibrium decay product, 0.27 usee Rn, in the spectrum. A 9.04-
MeV a-particle group, corresponding to the measured a-particle energy for 
214 

Rn, is observed in the spectrum and it also exhibits a 0.5-min decay 
curve. The decay curves are shown in Figs. 4.2c, d, e for the 7.43-MeV 
activity, the 9.04-MeV activity, and the total of both these activities. 

This work is presently being continued to obtain better statistics 
and to explore the probability for charged-particle evaporation in these 
high excitation energy reactions. Our results have shown that the 
(a,pxn) reaction is 5 - 10 times more probable than the (a,xn) reaction 
for which the same total number of nucleons is emitted. This result is 
interpreted in terms of the greater resistance to fission for the odd-Z 
nuclides produced in (a,pxn) reactions compared to the even-Z nuclides 
produced in (a,xn) reactions. We are .also investigating the relative 
production rates for (a,a'xn) reactions, which appear to be quite 
probable at these bombarding energies. 
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4.3 Cross Sections for Li, Be, and B Production, in Reactions of 65-MeV 

Protons with Carbon (C. T. Roche, R. G. Clark and V. E. Viola, Jr.) 
In order to test various theories which attempt to account for the 

abundances and synthesis of the elements Li, Be, and B in nature, we are 
measuring the excitation functions for the production of mass numbers 

12 
A = 6, 7, 9, 10, and 11 in reactions of 50 - 100 MeV protons with C. 
Experimentally, a time-of-flight technique is being employed which 
utilizes the rf pulse of the cyclotron and the energy signal from a detector 
placed 60 cm from the target as stop and start signals for a TAC. The 
reaction products are detected with a 75-y thick transmission detector, 
which is sufficient to stop all mass 6 - 1 2 reaction products but will 
transmit energetic lighter particles. Particles which are transmitted by 
the 75-P detector are registered in a second detector and these events 
are eliminated from the data analysis. 

The energy and trime-of-flight signals from each event are stored in, 
the computer and mass identification is achieved by computing the product 
2 

Et . For the purposes of nucleocleosynthes-fs theories, mass identification 
provides sufficient information, because each of these mass numbers has 
no more than one stable isobar. A representative two-dimensional mass-energy 
spectrum is shown in Fig. 4.ja. A complete angular distribution and 
differential cross section measurements have been completed for 65-MeV 12 
proton bombardment of C. These data are currently being analyzed to 
obtain total cross sections for each mass number. 
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4.4 Studies of Nuclear Levels in Neutron-Deficient Terbium Isotopes 

(S. V. Jackson and W. B. Walters) 

The nuclear level schemes of the neutron-deficient isotope of terbium 

produced in the decay of dysprosium nuclei are being studied by off-line 
gamma-counting techniques. The odd-A isotopes of terbium are of great 

interest because they span the transition region between spherical and 
deformed nuclear shapes in the N = 82 - 94 region. In addition, the decay 
schemes of the lightest dysprosium are poorly characterized and these will 

be investigated simultaneously. Thus far, irradiations have been carried 
4 out on natural gadolinium targets with 115-MeV He ions and on natural 

terbium targets with 65-MeV protons. In the former case, we observed the 
. c 151_ 153- 155- 157- . 159- . , 135-decay of i)y, Dy, Dy, Dy, and Dy; in the latter case Dy, 
"̂ "'Dy, and were studied. At present the y-ray singles data are 
being analyzed and have shown great complexity in the level structure of 

these nuclides. Gamma-gamma coincidence measurements are planned in the 
future to aid In untangling these spectra. 
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4.5 Studies of the Dec.ay Schemes of Neutron-Deficient Tungsten Isotopes 
(J. Graber arjid V. E. Viola, Jr.) 

The decay schemes of the neutron-deficient isotopes of tungsten 
are poorly characterized at present and as a consequence are being 
investigated using both on-line alpha-counting and off-line gamma-counting 
techniques. Nuclear systematica indicate that the energies available 
from the Maryland cyclotron should be sufficient to produce several 
previously unidentified tungsten nuclides, some of which may be short-
lived alpha emitters. Our investigations are first focusing on the known 

electron-capture W isotopes in order to check their half-lives and 
175-179 

prominent radiations. The electron capture decay of the nuclide W 
have been studied by irradiating natural tantalum with 65-MeV protons. 
These data have confirmed most of the reported radiations from these 
nuclides and in the future, higher energy irradiations are planned in 
order to reach more neutron-deficient species. 



5. CYCLOTRON AI1D INSTRUMENTATION 

5.1 Cyclotron Development (W. P. Johnson, R. E. Berg, J. F. Bridges, and 
D. P. Lebet) 

Over the past year, prime, emphasis has been given to the development 

of a reliable 100-MeV proton beam and to the completion of the high-

resolution beam line to a 60-inch scattering chamber in the upper 

experimental area. In addition, work is continuing on the improvement of 

beam quality and on machine reliability, both of which are necessary to 

increase the time-integrated beam on target. 

In the process of developing the 100-MeV proton beam, excessive 

sparking was noticed in the tuning panel of the RF cavity. Upon opening 

up the machine, it was found that a considerable amount of copper had been 

melted away on the West tuning panel, and that there were thermal stress 

cracks in both the East and West panels. The damage was so severe on the 

west side that it was necessary to suspend cyclotron operation until 

repairs could be made. Since it was obvious that both tuning panels had 

similar symptoms, the lack of adequate water cooling in a crucial spot, 

both panels were modified by the addition of more water circuits. This 

work forced a three and one-half month shut-down extending from early 

January until the middle of April. 

Upon returning to operation in April, the induetrol (variable output 

transformer) on the flutter coil power supply failed, limiting the maximum 

energy at which the machine would be operated (< 65-MeV protons). Extensive 

inspection of the inductrol by the manufacturer indicated that the iron 

limitations had been damaged at the time of the catastrophic failure in 

the previous year of the rectifier transformer in the same power supply 

(see 1971 progress report.) The flutter-coil power supply was put back in 
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operation in late June and work on the development of 100-MeV protons 
was started again. Several experiments were carried out at 100 MeV 
starting in early August. 

5.1.1 Beams Available for Research 
The cyclotron has been operated only in the first harmonic mode this 

year since the experimentalists were mostly interested in using the highest 
3 4 

energy possible beams of protons, He, and He. The most significant 
improvement in this area has been the availability of 100-MeV protons with 
a reliability sufficient for long sustained runs, for the experiments 
being performed [(p,2p), (p,pa), and elastic scattering]. 3 

The highest energy He beam available has been raised to 185 MeV and 
probably a 200-MeV beam will be available before the end of the year (the 
major limitation being the scheduling of time to develop the beam). 

5.1.2 Improvement of Beam Quality and Intensity 
Internal beam currents are still being kept below 10 uA to limit the 

radioactivation of the electrostatic deflector, but internal currents of 
100 iiA out to a radius of 10 inches have been obtained with the machine 3 4 
set up for 65-MeV protons. Internal currents of 10 JJA of He and He have 
been accelerated to extraction radius. Extraction efficiencies of 60% 
to 80% are routinely obtained, with the higher efficiency occurring at 
the higher energies since the radius of curvature of the deflector was 
optimized for the higher magnetic fields. A new deflector with adjustable 
curvature and improved maintainability has been designed and will be 
fabricated in the coming year. 

It had been hoped that installation of a radial focusing coil in the 
fringe field, just before the exit port could be completed this year but 
has been pushed back, probably until next year. This focusing coil should 
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permit 100% of the extracted beam to be accepted by the beam transport 
system, rather than the present 60%. 

5.1.3 Beam Transport System 
The beam line to a 60-inch scattering chamber in the upper experimental 

area r*as completed in August. This line provides high resolution (0.01%/mm) 
beams that are free of the slit-scattered background that has plagued 
experiments in the lower area. Considerable care was taken in optically 
aligning the elements in this beam line, with the result that no 
auxilliary steering magnets are necessary to deliver high quality beam 
spots in the center of the upper scattering chamber. Proton beams with 
energies of 65 MeV, 85 MeV, and 100 MeV have been delivered to this upper 
chamber. 

For 65-MeV proton, the following conditions were obtained: 
Cyclotron internal beam 5.0 yA 
Extracted beam 2.8 yA 
Current through object slits: 

Radial—2.5 mm x 10 mrad 
Azimuthal—2.5 mm x 10 mrad 

Current in scattering chamber: 

600 nA 

Analyzing slit—1 mm (AE»6.5 keV) 10 nA 
Analyzing slit—3 mm (AE-20 keV) 80 nA 
Analyzing slit—8 mm (AE-50 keV) 250 nA 

Beam spot size in scattering chamber (object, 2 mm x 2 mm) was 
2.0 mm by 2.5 mm. All of the beam that entered the beam transport system 
was accounted for on collimating slits and the scattering chamber Faraday 
cup. Before the end of the year, verification of the resolving power will 
be made using the a-particle beam and a solid-state detectcr in the 
scattering chamber. 
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5.2 Computer (N. R. Yoder and T. White) 

The computer is an essential part of nearly all of the experiments 
currently being performed with the Maryland cyclotron. This usage 
includes on-line processing, post-experiment analysis of data tapes, 
theoretical model predictions, kinematic calculations, and other 
calculations related to the experiments. It is also used for cyclotron 
set-up calculations. 

1) 2") 
Two general purpose programs (GELIAN ' and P2P J) developed for 

processing of experimental data have been greatly improved to provide 
the experimentalists considerable flexibility. These programs provide 
programmed particle-identification, ADC calibration, data gating, and 
basic kinematical calculations. The experimentalist has complete control 
of the program from a CRT-keyboard console. Many of the illustrations 
given in various other sections of the report were obtained with these 
programs. Copies of the operating instructions for these two programs 
are available in a separate report. 

Since IBM has discontinued support of the Model 44 programming system, 
and has distributed the final release of that system, we have attempted 
to diagnose and correct many of the outstanding faults. In particular, 
extensive revisions to the supervisor resident disk-handling routines were 
necessary. Other changes have improved the efficiency of the system for our 
particular applications. Many of these changes are directly applicable to 
MPS as well. 

The Model 44 multi-programming system (MPS) is fully operational. 
The cyclotron set-up programs, and most other application programs operate 
under control of MPS within the main and peripheral storage limitations 
of our computer. No effort has yet been made to reduce the storage 
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requirements of the large theoretical programs (optical model, DWBA, etc.) 
which currently operate only with a smaller control program such as 44 PS. 
A large part of the data-acquisition subsystem is now operating under MPS, 
although the large data-acquisition programs (6ELIAN,P2P) have not been 
modified for MPS; this conversion is currently being investigated. 
Associative analyzer techniques are also under investigation. In general, 
the data-acquisition subsystems under MPS have advantages over the programs 
operating under 44 PS. 

An IBM 1627 plotter was recently obtained, and work has begun to 
interface it to the computer. 

Plans for expanding the computer facility were recently proposed. 
This primarily consists of larger main storage, several CPU features, 
more disk and tape storage, and a second (independent) CRT console. 
Acquisition of this equipment would eliminate the present dedication of 
the computer to on-line data processing during experiments, and permit 
concurrent off-line post-experiment and theoretical model calculations. 
The MPS control program would be used. 

1) GELIANs A Computer Programme for the Analysis of One-dimensional 
Spectra, N. R. Yoder, Univ. of Md. Tech. Rept. #73-042, June, 1972. 

2) P2P: A Computer Programme for the Analysis of Two-dimensional Spectra, 
P. Frisbee and revised by N. Yoder, Univ. of Md. Tech. Rept. #73-
043, April, 1972. 
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5.3 Electronics (J. Etter) 
The effort in electronics in the past year has been divided between 

developing new instrumentation adapted to the needs of the cyclotron and 
building the necessary instrumentation for the upper experimental area 
scattering chamber. Most of the emphasis on new instrumentation has been 
along the lines of a fast-timing system for use with solid state detectors. 

5.3.1 Fast-Timing System 

The heart of the fast-timing system is a special charge-sensitive 
preamp with a built-in fast-time pickoff. A network consisting of several 
ferrite beads at the input of the preamp picks off the fast component of 
the charge pulse from the detector. The pulse is amplified by a fast low-
noise amplifier (A^ = 30, t - 1 ns) to produce the fast timing output. 
With the 1000-y detectors we have been using, the preamp output corresponds 
to about 6 mv/MeV with a noise level of 200 keV. The other half of the 
preamp is a standard charge-sensitive circuit with a gain ot 15 mv/MeV and 
noise of 3 keV at 0 pf increasing to 25 keV at 500 pf. The preamp has 
been adapted for use in vacuum and can be mounted on the scattering chamber 
arms within a few inches cf the detector. 

Schematics of the charge sensitive preamp and the time pickoff are 
shown in Figs* 5.3.1a and 5.3.1b. The bias network R^ - R ^ and C^ - C^ 
is determined by the type of detector to be used (i.e., cooled or uncooled, 
silicon or germanium). The gain and time constant of the preamp is 
controlled by C^ and R^. The preamps that have been built have gains of 
either 2.5 mv/MeV or 15 mv/MeV with time constants of 600 - 1000 ys. In 
Fig. 5.3.1a operational amplifier FA-1 is a low-noise, high slew-rate 
amplifier developed at this laboratory. This provides a linear output of 
± 10 v and can drive a long cable. This high-output range and low gain 
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enables the preamp to handle very high count rates of high energy particles. 
Using the equation developed by Ferrari and Fairstein"^ for 1% pile up in 
a charge-sensitive preamp we have 

ac 3.1 Td |^EpGj 

where 
N = maximum count rate (CPS) ac 
Tp = decay time constant (sec) 
V = linear range (V) m 
Ep = particle energy (MeV) 
6 = preamplifier sensitivity (v/MeV) 

Using V = 10, E =100 MeV, G « 2.5 mv/MeV and T_ - 10*3 sec. ffl p o 

" i r h ^ W 2 * 5 0 0 '0 0 0 -

For the input transistor Q1 + Q2 we have used 2N4416 and 2N4393. The 
2N4393 gave much better noise performance for high capacitance detectors. 
To operate in a vacuum chamber, Q^, Q^* R^, and FA-1 in the charge preamp 
and Q^ and R^ in the fast pickoff must all be heat sunk to the case of the 
preanrp, which is in turn mounted in thermal contact with the ana of the 
scattering chamber. 

The fast output from the pickoff circuit is amplified and fed to a 
constant-fraction discriminator. The discriminator is an in-house design 
similar to the circuit described by Maier and Sperr [Nucl. Instr. and 
Methods 87 (1970) 13]. Using two of these preamps and discriminators with 
lOO-ii AE detectors we can routinely do coincidence experiments with time 
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resolution of 2 ns over the full energy range of interest. By optimizing 

the signal-to-noise ratio of the time signal and the parameters of the 

constant-fraction discriminator, one should expect to do even better. 

A fast linear pulse amplifier for use with this system is also under 

development. The amplifier will have a basic rise time of 2 ns and 

adjustable gain up to 128. Adjustable time constants for integration and 

differentiation will make it possible to optimize the signal-to-noise 

ratio of the time signal. 

5.3.2 Upper Scattering Chamber Instrumentation 

The instrumentation for the upper scattering chamber is to be a 

duplication of that used with the lower chamber. This will allow the 

experimenter to operate an experiment in one area while setting up an 

experiment in the other area. A number of items that were purchased 

initially are now being built in-house. These include charge-sensitive 

preamps, various logic modules and discriminators, and linear fanouts. 

All of thb charge-sensitive preamps now under construction will operate 

in vacuum «nd our existing preamps are being modified for vacuum use. The 

linear fanouts are designed to handle ± 10 V signals with 50 ns rise time 

and provide a three-fold fanout. 

Also under development are fast linear mixers and fanouts 

(tr < 2 ns for ± 2-V signals), a pileup gate, a pulse-shape discriminator 

for n - y discrimination, and a multi-channel precision pulser system for 

energy and time calibration. 

A motor control system for the upper scattering chamber has been 

built and is operating. This is identical to the system used with the 

lower scattering chamber. It allows the operator to select and operate 

up to 10 (expandable to 16) digital stepping motors and accurately read 

out their position. The motor may either be run continuously or incremented 
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a finite number of steps in either direction. Position readout is on two 

3-1/2 digit digital panel meters. A multiplex system allows all of the 

motors to be driven by a single motor translator. The use of digital 

controls and readouts will facilitate conversion to computer control of 

the scattering chamber at some future date. 

5.3.3 Cal-Comp Plotter Interface 

We have recently acquired a surplus Cal-Comp plotter and have been 

investigating various alternative means of attaching it to our IBM 

360/44 computer. It would appear that the best method would be through 

an additional IBM 2701 parallel Data Adapter. This would also allow us 

to attach other devices, such as the scattering chamber motor control, to 

the computer. 

5.3.4 Cyclotron Instrumentation and Maintenance 

About 20 - 30% of the effort of the electronic group is devoted 

to maintenance and new instrumentation for the cyclotron. During the 

past year we have built and installed fuse trip circuits for all of the 

magnet power supplies, performed extensive modifications on the harmonic-

coil power supply, and are currently building new feedback amplifiers for 

the trim-coil power supply. Two new dual nanoammeters have just been 

completed and installed in the cyclotron control room. This meter can 
-9 -3 

measure currents from 10 - 10 amps full scale and will be permanently 

attached to probes inside the cyclotron. This will free our existing 

nanoammeters for use on slits along the beam line. 

Most of the maintenance effort has been related to cyclotron 

instrumentation including TV cameras and monitors, vacuum gauges and 

controllers, and power supplies. 

1) A. M. R. Ferrari and E. Fairstein, Nucl. Instr. and Meth. 63 (1968) 218. 
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5.4 Detector Laboratory (K. Steele and P. G. Roos) 

In the past year, two more gravity-feed dewar assemblies were 

prepared for germanium detectors, giving us a total of three. Some 

modifications of the system were necessary so that the initial vacuum 

pumping speed was increased and so that better vacuum could be maintained 

while the system is in its isolated "ready-to-use" condition. It also was 

necessary to provide extra shielding of the detector from the ion pump. 

It has been possible to maintain germanium detectors in the dewar 

assemblies for as long as three months with no serious deterioration of 

detector performance. 

An attempt was made to manufacture detectors from a high purity 

germanium crystal. Difficulty was encountered in making the contact, 

but the overall results were promising enough to encourage us to order 

another high purity germanium crystal. A different approach will be used 

for making the n+ contact on this sample. 

Two recently acquired machines have helped us in our production of 

lithium-drifted silicon detectors. A diamond-wire string saw allows us 

to make relatively damage-free, parallel and perpendicular cuts of silicon 

and germanium crystals. The cut crystals are then lapped on a lapping 

machine which is capable of lapping them to a preset thickness and 

assuring parallel surfaces. 

A new ten-position, 1000-V SiLi drifting apparatus has been built 

and is now in operation. We have drifted several wafers 4 - 7 mm deep 

and plan to drift some 8 mm wafers in the future. 

Some of the first SiLi detectors made in this laboratory have been 

used successfully as saonitors in a cyclotron experiment. The detectors, 
241 when cooled, routinely give 30 keV or better resolution for an Am 
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source. 

A thermoelectric cooler has been added to our silicon detector test 
chamber. This allows us to test the detectors at the same temperatures 
at which they are used in the scattering chamber and made it possible 
for us to detect and correct some electrical contact problems which 
occurred upon cooling. 
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6.2 Invited Papers and Colloquia 
"Anomalous Large Angle Alpha Scattering" N. S. Wall 

University of Pittsburgh, Pittsburgh, Pennsylvania, 1972 
"Inclusive Reactions at Medium Energies" N. S. Wall 

Indians University Users Group, Boulder, Colorado, June, 1972 
"Momentum Distributions in Nuclei" N. S. Wall 

Florida Institute of Technology, 1972 
"Anomalous Alpha Scattering via Cluster Exchange" N. S. Wall 

Symposium on Four Nucleon Correlations and Alpha Rotator Structure, 
Marburg, Germany 

"Nuclear Refractions Effects in Intermediate Energy Elastic Scattering" 
S. M. Smith 

Carnegie-Mellon University, Pittsburgh, Pennsylvania, March, 1972 
Los Alamos Scientific Laboratory, Los Alamos, New Mexico, June, 1972 
U.C.L.A., Los Angeles, California, June, 1972 

3 3 3 "Experimental Review of the (He, He1), ( He,t) and (a,a') Reactions" 
P. G. Roos 

Gull Lake Symposium on the Two-Body Force in Nuclei 
"Recent Experiments at the University of Maryland Cyclotron" P. G. Roos 

38th Meeting of the Southeastern Section of the A.P.S., Nov., 1971 
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1. Two Searches for an Excited State of He, P. E. Frisbee and 
H. G. Pugh, Univ. of Md. Tech. Rept. #72-104, May, 1972. 

2. Criteria for the Elimination of Discrete Ambiguities in Nuclear 
Optical Potentials, S. M. Smith, D. A. Goldberg, Univ. of Md. 
Tech. j*Lept. #72-il9, June, 1972. 

3. An Exchange Interpretation of Large Angle Elastic Alpha Scattering, 
N. S. Wall and D. Agassi, Univ. of Md. Tech. Rept. #72-120, 
June, 1972. 

4. GELIAN: A Computer Programme for the Analysis of One-dimensional 
Spectra, N. R. Yoder, Univ. of Md. Tech. Rept. #73-042, 
June, 1972 

5. P2P: A Computer Programme for the Analysis of Two-dimensional 
Spectra, P. Frisbee and revised by N. Yoder, Univ. of Md. Tech. 
Rept. #73-043, April, 1972 

6.4 Theses 

1. Deuteron-Nucleus Reactions at 69.1 MeV and A Determination of 
Neutron Detector Efficiencies, George H. Harrison, 1972. 
4 3 2. oi + He and a + He Elastic Scattering at 140 MeV, Peter E. Frisbee, 
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* Sabbatical leave effective September 1972 at Zurich, Switzerland (ETH) 
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