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INTRODUCTION 

This report contains a summary of the research and technical 

development carried-on in the Cyclotron Laboratory of the Department 

of Physics at The University of Michigan during the period June 15, 

1973 to June 15, 1974. 

The bulk of the experimental effort during the past year has 

been devoted to experiments utilizing the neutron time-of-f1ight 

system, to a continuation of the investigations of rare-earth nuclei 

using single-proton transfer reactions, and to studies of a number 

of light nuclei. 

The major technical effort was devoted to the construction and 

initial operation of the total instrumentation necessary for the 

study of heavy-ion induced reactions. This instrumentation includes 

a new ion source designed to produce beams of heavy ions and a new 

focal plane detection system based upon a position-sensitive propor

tional counter. 

As in years past, it is a pleasure for the research staff to 

acknowledge their indebtedness to Professor K. T. Hecht for his 

theoretical help and guidance. 
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A. EXPERIMENTAL PROGRAM 

Al. (d, Li) Reactions on Light and Heavy Nuclei 

A. VanderMolen, F. D. Becchetti and J. Janecke 

Alpha particle pickup reactions on nuclei ranging from carbon to 

lead have been studied using 35-MeV deuterons. Spectra and angular dis

tributions have been obtained using a AE-E counter telescope system in 

the scattering chamber and a position-sensitive detector in the focal plane 

of the analyzer magnet. Figure Al — 1 shows angular distributions obtained 
12 6 8 + 

from the C(d, Li) Be reaction for the transitions to the 0 ground state, 
+ + 8 

the 2 state at 2.9 MeV, and the 4 state at 11.4 MeV in Be. The solid 

lines represent preliminary DWBA fits using a simple cluster transfer me

chanism. While the transition to the 0 state is well represented by the 

calculated curve, the lack of agreement for the 2 state may indicate the 

presence of a more complicated reaction mechanism. 

Complete angular distributions have been obtained for the target nuclei 
12 16 18 70 22 C, 0, 0, Ne, and Ne. Spectra and/or ground state cross sections 
, , j * 40. 58,60... 112,116,120,124- 160- 166-,. . 
have been measured for Ca, ' Ni, ' ' ' Sn, Dy, Er and 
208 

Pb. The cross sections for the alpha-particle pickup reactions decrease 
( 

with increasing atomic number A of the target in agreement with theoretical 
20R fi 20li predictions. For the Pb(d, Li) Hg reaction, the cross section is 

-4 reduced by a factor of 5 x 10 compared to the corresponding cross sections 

in the C(d, Li) Be reaction. 
7 1 2 l 6 l 8 20 22 

The 5-nucleon (d,'Li) transfer reactions on C, ' 0 and ' Ne 

-3--T" 
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leading to the respective ground states or ground state doublets have cross 
sections comparable to those of (d, Li) reactions and the angular distribu
tions are also characteristic for a direct reaction mechanism. 

A2. The Isospin-violating Reaction C(a,d) N Q + T , 

J. Janecke 

Isospin-violating (d,a) and (a,d) reactions on light nuclei have 
been observed in the past by many authors. They are generally believed 
to be due to isospin mixing in the compound nucleus. However, experiments 
at higher bombarding energies such as the observation of the 0 ,T=1 
state in B from the (d,a) reaction on C at 29 MeV suggest the possibility 

2 3) of direct or semi-direct reaction mechanisms. A controversy ' concerning 
this possibility is not yet resolved. 

Attempts have been made to observe transitions to the 0 ,T=1 state 
14 12 

in N at 2.313 MeV using the (a,d) reaction on C at 69 MeV. Compound 
nucleus contributions to the cross section should essentially be absent at 

14 this bombarding energy. All T=0 states in N up to an excitation energy 
of 6 MeV have been observed with cross sections ranging from 0.3 to 1.3 

;n ( 
1) 

mb/sr at 0 = 15°. Transitions to the 0 ,T=1 state could not be seen even cm 
though 0 = 15° is a favored angle for observing such a transition. 
An upper limit of 0.4 yb/sr can be placed on the cross section. This result 
is similar to that of Zafiratos et al. ' obtained at a bombarding energy 
of 42 MeV. 
^ Further work is planned. Much longer exposure times and even more 
careful considerations for eliminating background are necessary. 
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8 A3. Study of the (ot, He) Reaction 

F. Becchetti, L. Chua, J. Janecke, and A. VanderMolen 

8 1) 
We have begun a study of the (a, He) reaction on nuclei having 

A < 70. The purpose of this investigation is to make an accurate re-deter-
8 mination of the mass of He and to establish the mechanism for this reaction. 

o 
When this work is completed, it will be possible to use the (a, He) reaction 

to make precise mass measurements for many proton-rich nuclei. 
18 8 14 Preliminary data have been obtained for the reaction 0(a, He) 0 

at 6, = 8° and E = 58 MeV. The target was nickel-oxide consisting of L a 
140 yg/cm of 0 and 450 yg/cm of Ni (see Section B6 for the details of 

the target preparation). Reaction products were detected in the focal plane 

of the first analyzing magnet using a double proportional counter backed by 

a solid-state position sensitive detector (PSD) used to measure the total 
o 

energy. At this bombarding energy (58 MeV), the He particles (Q = -38 MeV) 

must be identified in the midst of an intense inelastic a and He back

ground, e.g., typically ^ 10 alpha and He events per He event. Thus, in 

addition to the double proportional counter, pile-up rejection was also used 



■• to minimize misidentification. In spite of these efforts the background 

was not completely suppressed. As a means of further identification, the 

depletion depth of the PSD was varied ^ 40 ym by changing the bias voltage. 

The background particles, which are sufficiently energetic to pass through 

the position sensitive detector, then shift in the "E" spectrum whereas stop
o 

ped particles such as He do not shift. 

A composite position (i.e., Bp) spectrum obtained from five runs 

(three different frequency settings for the spectrograph and two different 

PSD biases) is shown in Fig. A31. The gates on El, E2 and E3 (see Section 
a 

B3 ) have been set for calculated He signals based on El, E2 and E3 cali
u ̂ J ^ • J 11 r ++ + 3u

 + + J 6U ++ . _ 

bration curves determined emperically from a , a , He and He data. 

The position spectra from each run have been shifted by appropriate amounts 

depending on the spectrograph frequency and then added to form the composite 

spectrum shown. 

The group seen near channel 360 would correspond to a Q = 3797 MeV 
8 8 

for the (a, He) reaction and a mass excess for He of 31.60 ± 0.03 MeV. The 

cross section at 8° (lab) for this group is % 40 nb/sr (lab). These prelim

inary results are to be compared with the mass excess (31.65 ±0.12 MeV) and 
26 8 

cross section (% 35 nb/sr (lab) at 14° and 80 MeV) for the Mg(a, He) 
reaction reported in Ref. 1. 

It is planned to extend these measurements to heavier nuclei, e.g., 
18 

the nickel isotopes in order to verify the results obtained for 0 and to 
o 

improve the accuracy of the mass determination of He. 

References 

1) J . Cerny, e t a l . , Phys. Rev. L e t t . JM5>, 469 (1966) . 
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A4. The Reaction 0(ct,
3
He)

19
0 

F. L. Milder, A. VanderMolen, F. D. Becchetti, J. Janecke, L. Chua '
 r 

19 
The nuclear structure of 0 for which shell model calculations are 

available is of particular interest because of its simple structure with 

three neutrons outside the doublymagic 0 core. To study the structure 
19 18 3 19 

of 0, the neutron transfer reaction 0(a, He) 0 is being used with an 

alpha bombarding energy of 58 MeV. The reaction products are detected with 

a AEE counter telescope mounted in the scattering chamber. Preliminary 
18 

data have been obtained with a selfsupporting Ni 0 target. 
The angular distribution for the transition to the groundstate 

1 9 
doublet in 0 is shown in Fig. A41 together with two calculated curves 

from a DWBA analysis for the transition to the ground state (the transition 

to the state at 96 keV is weak). There exists reasonable agreement. The 
2 

preliminary spectroscopic factors C S of 0.85 and 1.30 are somewhat bigger 

than the simple shell model estimate of O.67. The analysis has shown a 

strong dependence on the details of the optical potential parameters. 
18 

Future measurements will require the use of an 0 gas target or a different 
3 58 

oxide because of strong interference from the (a, He) reactions on Ni and 
Ni. 

^ 7 7 / 
A5. The

 l 8 , l 6
0 ( V ,

6
H e )

l 6 > 1 i t
0 Reactions q 1. i J 

"*■ « %,. ■£, " - 1 , 1 1 1 

A. VanderMolen, J . Janecke, F. B. Becchet t i and L. Chua 

The ( He, He) reac t i ons on 0 and 0 have been s tud ied using a 



CROSS SECTION 
b 

(MB/SR) 
O 



■• bombarding energy of 58 MeV and selfsupporting Ni 0 and Ni 0 targets. 
Energy spectra and angular distributions have been obtained with a AEE 
counter telescope in the scattering chamber. Additional measurements have 
been made using magnetic analysis with positionsensitive detectors mounted 
along the focal plane to obtain forward angle points in the angular distri
butions including measurements at 6, . = 0°. Special attention was given to 
the transitions to some of the extremely weak 0 states in both 0 and 0. 

Figure A51 shows an energy spectrum obtained for the ( He, He) 
18 1 d 

reaction on 0. Only the transition to the 0 ground state is seen 
strongly. This transition has a centerofmass cross section of 40  50 
yb/sr at the secondary maximum near 6 = 27°. The experimental angular 
distribution for this transition is shown in Fig. A52. Angular distribu
tions were also obtained for the 0 6.05 MeV/3~ 6.13 MeV doublet and the 
2 6.92 MeV/l" 7.12 MeV doublet. The cross sections are about 5  10 yb/sr 
and the angular distributions are quite structureless. Additional states 
at higher excitation energies may be present with cross sections < 3 yb/sr, 
but the presence of Ni and Ni in the target makes their identification 
difficult. Several long exposures at different angles were taken on a 
Ni 0 target. Background from reactions on Ni is seen and an upper limit 
of 1 yb/sr can be placed on the ( He, He) transition to the 0 ground 
state. 

The magnitudes of the observed ( He, He) cross sections are comparable 
3 6 

to ( He, He) cross sections in this mass region which are typically 1 yb/sr. 
However, they are substantially less (by one to two orders of magnitude) 
than the corresponding (p,t) cross sections. This fact probably reflects 
the strong absorption of the projectiles and the structure of He. Magnitudes 

11
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4 6 
of the relative ( He, He) cross sections also are not yet fully understood 

but probably can be explained by a strongly reduced cross section for 

pickup of a J=0 coupled neutron pair from a lower oscillator shell. 

The analysis of the data will concentrate on the transitions to the 

various 0 states in 0 and 0 since their structure in terms of zero

particle —zerohole," twoparric 1 e — twohole, and fourpart Lclefour-ho 1 e 

configurations is of particular interest. 

2?77*-
A6. The Reaction l6

0(d,
3
He)

15
N at 29.0 MeV 

M. A. Firestone and J. Janecke 

The present experiment was motivated by recent theoretical calcula

tions which suggest that the 0 ground state configuration contains 2040% 

core excitations. The singleproton pickup reaction 0(d, He) N was used 

to determine the twoparticle—twohole and the fourparticle—fourhole 

contributions to 0 ground state. Most of the data have been presented 

in previous reports, with the conclusion that only the strong lp.,. and 

lp,.2 pickup transitions were well described by DWBA. The importance of 

compound nucleus effects on the weak transitions was described in last 

year's report. Less than 535% (depending on the state) of the total cross 

section was estimated to result from compound nucleus formation. The weak 

transitions must therefore be due to a more complicated directreaction 

mechanism. This report will show the remaining data required for the 

analysis, review the previous data and its DWBA analysis, and present a 

CCBA (Coupled Channels Born Approximation) analysis for three of the weak 

.. ■ , - " » - < 



I* transitions. 

Most of the data were taken with a gas cell—counter telescope arrange-
+ + 

ment which did not resolve the important 5/2 5.27 MeV, 1/2 5.30 MeV 

doublet. Using a solid Al 0, target and the magnetic spectrograph, these 

states were separated and angular distributions obtained. Figure A6-1 shows 

the resolved spectrum at 6. . = 15°. The angular distributions were extracted 

from the resolved spectra with the help of the peak-fitting program AUTOFIT. 

Figures A6-2 and A6-3 show the angular distributions and DWBA curves 

for the 0(d, He) N transitions. Three different sets of optical-model 
2) parameters were used. Sets A and B fit the two strong transitions best 

3) 3 

while set C was used for the CCBA analysis. The d and He optical model 

parameters'of set C are more consistent than the others. However, there is 

very little difference among the three sets in.the quality of fit or extracted 

spectroscopic factors. The transitions to the 1/2 ground state and 3/2 

6.32 MeV state are well reproduced. The 8.31 MeV 1/2 distribution is also 

reasonably well fitted. The other weak transitions, however, are either not 

fit at all or have very little structure. Table A6-1 is a comparison of 

theoretical and extracted spectroscopic factors. The ratio of the spectro- , 

scopic factors for the 6.32 MeV state and the ground state is 1.93, which is 

very close to the closed-shell estimate of 2.00. The 8.31 MeV transition 
+ + also has a reasonable strength. The shapes of the 1/2 and 3/2 angular 

distributions which are relatively structureless are reproduced by DWBA but 

yield unreasonably large spectroscopic factors. Thus, even when an adequate 

fit is obtained from a DWBA analysis, a direct one-step reaction mechanism 

may not always be assumed. 

A CCBA analysis of the l/2~ ground state, 5/2+ 5.27 MeV, 5/2+ 7.16 MeV, 

-15-



15 DEG FM2=5MM «1=1MM 
ENERGY =29. MEV 
LAB ANGLE =15. DEGREES, LOAD 15 5 

* 

20.00 40.00 60.00 
CHANNEL NUMBER 

80.00 

Fig. A6-1. 

-16-



■o 
b 

T3 

10 =-

I -

0.1 

if-

I -

-

r 

1 

g > 

\ 
\ 

> 

OWBA(A) 
- - - DWBA(C) 

1/2-

f \ 

\ 

\'f 

■ • i t 
O 10 20 30 4 0 50 60 

Ocm(deg) 

.o 

C3 

•a 

• 0 1 -

— OWBA(B) 
—OWBA(C) 

530 M»V 1/2* 

0 10 20 30 40 50 60 

9cm (deg) 

<n 

.O 
E 

■S i 

0.1 

DWBA(B) 
DWBA(C) 

6 32 MeV 3 / 2 " 

' ■ * \ 

■ ■ i i _ i — i — 

0 10 20 3 0 4 0 50 6 0 

C7cm.(deg) 

.1 

E * ' 

b 

—OWBA(B) 
--DWBA(C) 

- 716 MeV 5/2* 

.01 

h/Ku**^ 
7.30 MeV 3/2* 

^ 

_i i i i i 
0 10 2 0 30 4 0 50 6 0 

6Vm(deg) 

F i g . A6-2. 

17-



I 
oo 

•-X 
-O 
E 

<3 
■D 
\ 
b 

■o 

.01 

.01 

-DWBA(B) 
DWBA(C) 

757MeV 7/2* 

1 . 1 ^ ' . 

a3IMeV 1/2* 

X.-k j 4 ^ 

J i i I I l_ 
0 10 20 30 4 0 50 60 

ucm(deg) 

E .01 

<5 : 
*6 

.01 

DWBA(B) 
DWBA(C) 

8.58 MeV 3 /2 ' 

ife i 
9.05 MeV 1/2* 

J I L 
0 10 2 0 3 0 4 0 5 0 6 0 

acm.(deg) 

'- : * * , 

C3 i 

■o 

.01 -

— DWBA(B) 3/2* 
0WBA(B) 1/2' 

--DWBA(B) 3/2" 

9.9 3 MeV 

M^I^-i 
* ^ 

10.07 MeV 3/2* 

1+W 
^TTTT^ 
-0WBA(B) 

--DWBA(C) 

J L. 
0 10 20 30 40 50 60 

acm.(deg) 

Fig . A6-3. 

K t 



TABLE A6-1 - C2S 

15N level B Z M ( 3 ) W ° N Q ( b ) Enn!!InH^ PreSent E*P* 
N l e Vel (theory) (theory) theory) ( D W B A ) 

0 
5.27 

5.30 

6.32 

7.16 
j 

7.30 

7.57 

8.31 

8.58 

9.05 

10.07 

(a) 
(b) 
(c) 

1/2" 

5/2+ 

l/2+ 

3/2" 

5/2+ 

3/2+ 

7/2+ 

l/2+ . 

3/2+ 

l/2+ 

3/2+ 

Ref. 4 

Ref. 5 

Ref. 6 

1.60 

.35 

.04 

Elpl/2 = 

Ild5/2 = 

Z2sl/2 * 
Ilp3/2 = 

Eld3/2 = 

1.85 

.20 
0.0 

2.95 

.07 

1.51 

.17 

.004 

.014 

.0074 

0.0 
.01 
.013 

0.0 
.0007 

2.85 

.29 

.034 

5.45 

.15 

.19 

.54 

.036 

.13 

.05 

.25 

and 7/2 7.57 MeV N angular distributions was performed by A. Dudek-Ellis 

and P. J. Ellis at Oxford University. '' Inelastic scattering in the d and 
3 He channels was analyzed in a coupled-channels framework to extract the 

strength of the collective potential. Spectroscopic amplitudes were obtained 

-19-



#1 
from the "weak coupling" model wavefunctions of Ellis and Engeland, so the 

calculation did not include any normalization. The theoretical CCBA and 

DWBA predictions together with the experimental angular distributions, are 

shown in Figs. A6-4 through A6-7. The agreement between the CCBA predictions 

and the data is remarkable, especially for the. 7/2 _7.37 MeV transition. 

The latter transition cannot be attributed to a one-step pickup reaction 
2 

mechanism due to the absence of (g7/9) components in the ground state con

figuration of 0. The DWBA analysis describes the ground-state transition 

well, as previously discussed. The two 5/2 transitions do not resemble 

the DWBA predictions, and a direct component is not even considered for the 

7/2 distribution. Also note from the figures that the strengths of some 

of the two-step contributions are comparable to the strength of the direct 

one-step contributions. This result explains the failure of the DWBA 

analysis to describe these angular distributions and points to the necessity 

of considering a multistep mechanism which has been done successfully for 

three characteristic transitions. The conclusion is that a complete CCBA 

analysis is required to understand all the weak transitions populated in 

this experiment, and that spectroscopic information obtained by other authors 

for these transitions is subject to criticism. 
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A7. The Ca(d,p) Ca Reaction as a Test of the Johnson-Soper 

Model of Deuteron Stripping 

W. S. Gray, W. C. Parkinson, and R. S. Tickle 

The *(d,p) reaction on Ca is being studied in order to test the 

adiabatic breakup model proposed by Johnson and Soper for deuteron 

stripping in a new energy regime. This study is being made in conjunction 

with G. R. Satchler of Oak Ridge National Laboratory. Thus far angular 

distributions have been measured at E, = 29 and 35 MeV for a number of 
d 

levels up to 4.1 MeV excitation in Ca. This excitation range includes 

the levels having most of the lf7/?> 2Po/o> a n^ 2Pi/o strength, as well as 

several positive-parity levels arising from (2s-ld) hole configurations. 

A sample spectrum is shown in Fig. A7-1. The proton spectra were recorded 

on nuclear track plates and the angular distributions have not yet been 

completely analyzed. Preliminary calculations indicate large differences 

between the angular distributions predicted by the conventional DWBA and 

the Johnson-Soper model at these bombarding energies. It is therefore 

hoped that the experiments will provide a sensitive test of the model. 
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A8. The
 />0

Ar(
3
He,n)

it2
Ca Reaction 

J. F. Petersen and W. C. Parkinson 

42 
The energy spectrum of Ca is known to contain lowlying states 

which cannot be described by the two valence neutrons in the lf7/o shell 

alone. The extra 0 and 2 states at 1.84 and 2.42 MeV, respectively, 

have been attributed to 4p2h states, with the four particles (two protons 

and two neutrons) assumed to be in a lowlying deformed state projected 
3 42 

from the #14 Nilsson orbital. The ( He,n) reaction leading to Ca from 
an Ar target should selectively populate 4p2h excited states. Thus 

42 
in an attempt to verify the nature of these extra levels in Ca, the 

Ar( He,n) Ca reaction has been studied using the neutron timeoff1ight 

spectrometer. Measurements were made at eight angles with an 18.65 MeV 

He beam incident on a natural gas target. A typical neutron timeof

flight spectrum is shown in Fig. A81. The striking feature of the spec

trum is the absence of strong excited states. The differential cross 

section for the ground state was measured to be 690 ± 140, 810 ± 165, 

750 ± 155, 340 ± 75, 90 ± 20, 190 ± 45, 50 ± 15, and 60 ± 20 yb/sr at 5°, 

0°, 5°, 10°, 15°, 20°, 25°, and 30°, respectively. While there are indica

tions of transitions corresponding to known states and also to states be

tween 8 and 10 MeV (in the zero degree spectrum), none has a cross section 

larger than 80 yb/sr. The data at 0° and 15° are summarized in Table A81. 
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TABLE A8-1 

Ar( He,n) Ca cross sections at 18.65 MeV incident energy. The uncer

tainties in the cross sections include a 20? absolute uncertainty as well 

as the statistical uncertainty. States in ( ) are only tentatively 

identified. 

State J* 0° do/dSl yb/sr 15° da/dfi yb/sr 

90 ± 22% 

40 ± 45? 

£20 

40 ± 55? 

50 ± 55? 

30 ± 75? 

50 ± 75? 

S30 

^30 

530 

<30 

g.s. 

1.52 

1.84 

2.42 

3.4 

3.7 
7.3 
(8.5) 

(9.7) 

(10.3) 

(10.9) 

0+ 

2+ 

0+ 

2+ 

2+ 

2+ 

2+ 

(o+) 
(o+) 
(o+) 
(o+) 

813 ± 20? 

<20 
40 ± 32? 

30 ± 40? 

50 ± 28? 

30 ± 55? 

60 ± 28? 

50 ± 55? 

80 ± 28? 

50 ± 55? 

60 ± 55? 

Because the levels at high excitation are not seen at larger angles, they 

may be 0 states. It is worth noting that because of the high Q value of 

the ( He,n) reaction (+10.36 MeV), states due to likely contaminants will 

not appear in the first 10 MeV of excitation. This was verified by back-
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ground measurements taken with the gas cell evacuated. 
The data show that the transition to the 1.85 MeV 0 state is a 

factor of twenty weaker than the transition to the ground state. To 
indicate that it is impossible to understand this result in terms of the 
simplest interpretations of the 4p-2h state, several DWBA calculations 
using standard optical model parameters have been performed with the two-
nucleon transfer option of the computer code DWUCK. The calculations are 
described in detail in a letter which is in press. The results are 
that the predicted strength of the 1.84 MeV 0 state ranges from 23? to 
180? of the ground state strength. The calculations are the most elemen
tary application of the calculated wave functions, but it is felt tha,t 
they are sophisticated enough to detect a considerable discrepancy between 
the data and the theoretical treatments. 

References "" 
1) J. F. Petersen and W. C. Parkinson, Phys. Lett. B, in press. 

90 A9. Pair Excitations in Zr 
R. H. Day and W. C. Parkinson 

90 The ground state of Zr is a linear superposition of the shell model 
2 2 1) 

states (2p1 ,?) and 09q/o) • ' * has been suggested that in analogy 
with the ground state a state might exist near 10 MeV excitation which is 
constructed of a coherent superposition of the L=0 strength of the shell 
model levels from the next major shell, (lg7/_, 2d1.,_, lh..,-, 2d-j/2> ant* 
3s.,_), and with a cross section as large or larger than the ground state. 

-30-



3 
It is" of interest therefore to look for such a state via the ( He,n) two-

go j, 
proton transfer reaction on Sr. It is also of interest to compare the 
excitations with those induced by the two-proton transfer reaction ( 0 , C) 

2) reported by Christensen et al. 
3 

The ( He,n) reaction was studied using The University of Michigan 
3) neutron time-of-f1ight spectrometer. A typical spectrum for an incident 

3 He energy of 20.59 MeV is shown in Fig. A9-1. The target was 1.8 ± 0.2 
2 88 

mg/cm of Sr enriched to 99.8? in Sr sandwiched between two gold backings 
2 90 

2 mg/cm thick. Only two states in Zr are visible. The measured cross 

section for the ground state is 302 ± 60 yb and for the,first excited state 

at 1.76 MeV is 20 ± 10 yb. No other states up to an excitation energy of 

12.6 MeV with a cross section as large as 30 yb are visible. The large 

peaks at the left result from the reactions 0( He,n) Ne and C( He,n) 0 

due to the carbon and oxygen contaminants which have relatively large cross 
3 

sections (̂  3000 yb). At a He energy of 20.59 MeV, the ground state of 
14 
0 obscures a region of about 400 keV centered at 9.6 MeV excitation in 

90 14 
Zr. To kinematically shift the 0 peak, the beam energy was changed to 

16.86 and to 25.49 MeV. The results are displayed in Fig. A9~2 where the 
14 counts due to the 0 ground state for the two incident energies are plotted 

90 as a function of excitation energy in Zr. The dotted curve is the location 
14 3 

of the 0 peak at 20.49 incident He energy. The ordinate has been adjusted 

to equalize the backgrounds for the three spectra. The window between the 

16.86 and 25.5 MeV peaks allows an upper limit of 30 yb to be put on the 
90 cross section of any state in Zr. 

In searching the region near 10 MeV, a variety of natural and enriched 

targets of various thicknesses were used. The measured cross sections, 
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1 

QO fto Qf. Q-j 
including the ground states of Zr and Zr, due to Sr and Sr present 
in the natural targets are summarized in Table A9-1. The table includes in 

4) 
parentheses the DWBA predictions of the computer code DWUCK normalized 

90 
to the measured cross section for the Zr ground state for E,, = 20.59 MeV. 

TABLE A9-1 

Sr(
3
He,n)Zr 

da/dfJ (yb/str) at 0° 

The DWBA cross section normalized to the data at 19.95 MeV is given in 

parentheses. 

He Energy 
(MeV) 

90 
Zr 
g.s. 

90, 897 887 
Zr, ,/ Zr Zr ,. 

1.76 g.s. g.s, 

16.86 

19.95 

20.59 

25.49'' 

123 ± 60 
(135) 

240 ± 50 
(240) 

302 ± 60 

282 ± 60 
(-4.7°) 
(251) 

20 ± 10 
(9.5) 

120 ± 70 

301 ± 120 320 ± 150 

300 ± 150 380 ± 170 

To reduce the background, the measurement at E = 25.49 MeV was made at 

e = -4.7°. . -
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The wave functions used for the ground state and first excited state are 

taken from Gloeckner et al.; the He optical potentials are set "Bl" of 

Becchetti et al., and the neutron potentials were those of Becchetti 

and Greenlees. According to DWUCK, there would be no reduction in cross 

section due to kinematic effects at 10 MeV excitation. 
90 The Zr ground state differential cross sections measured at 0°, 

10°, and 15° are 275 ± 60 yb, 220 ± 55 yb, and 27 ± 11 yb, respectively. 

The cross section at 20° (and beyond) falls below our present limit of 

detectabi1ity. The computed ground state angular distribution, similar to 

those reported by Baer et al. in their study of (p,t) on the even tita

nium isotopes, is characterized by a sharp forward peak and is a character-
3 + 

istic of the ( He,n) reaction for 0 transitions. The computed and measured 
distributions^are in good agreement. 

3 
For the ( He,n) reaction, the two protons are transferred as a spin 

anti-symmetric pair. This is not assured in a heavy ion reaction such as 
,16- I4rv T, . 88c ,16. 14,^90, , t ... . . • 907 ( 0, C). The reaction Sr( 0, C) Zr populates three states in Zr; 

the ground state and first 2 state with about equal intensities and a 3 

collective octopole state at 2.75 MeV with 30? of the ground state intensity. 
3 

No higher states were observed. Evidently ( He,n) is much more selective 

in populating only that state in the residual nucleus with the lowest lying 

L=0 strength. 

A paper describing these results has been submitted for publication. 
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AlO. Study of Isobaric Analog States in the A>90 Region 
3 

Using the ( He,t) Reaction 

W. S. Gray, R. S. Tickle, J. Janecke, and F. D. Becchetti 

A program to study isobaric analog states in heavy nuclei with the 
3 
( He,t) reaction has recently been initiated. This reaction has been used 

for many years to study analog states in light- and medium-weight nuclei, 

but to our knowledge no data have been published for targets heavier than 
3 

zirconium. Compared with the (p,n) reaction, ( He,t) has the advantage 

that better resolution can be achieved, thus permitting more accurate deter

mination of level widths and Q values. In addition, many nuclei are access

ible which cannot be reached by proton resonance scattering experiments. 

Preliminary measurements have been made on targets of Sn, Sn, 

and Er. These were made using a position-sensitive detector at the 

image surface of the first analyzing magnet. This scheme makes possible 

measurements at 0°, the angle at which the SL=0 transition to the isobaric 
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analog ground state (IAGS) has its largest cross section. Spectra taken 

at 0° from Sn and Sn targets are shown in Figs. AlO-l and A10-2. 

The bombarding energy was 46.8 MeV. The divided XE/E position spectrum 

of a single,'50 mm-long detector is plotted. These spectra cover a range 

of approximately 600 keV of excitation in the residual nucleus. The peaks 

have been identifed from kinematics as levels in Sb and Sb which 

are believed to be the analogs of the Sn and Sn ground states. Pre

liminary determinations of the Q. values for these transitions are Q = -13.12 

and -12.85 MeV, respectively, in agreement with the trend of known Coulomb 

energies. The prominence of the IAGS peak above the continuous triton 

background is apparent. At angles other than 0° the peak is not as promi

nent, but it appears that it will be feasible to measure angular distribu

tions and to search for analogs of excited states of the target. 

159 Al1. Structure of Tb via Proton Transfer Reactions 

J. Splett and W. C. Parkinson 

Zf?7$ 

159 159 

The study of Tb via proton transfer reactions continues. Tb 

was selected for scrutiny because of the wealth of unique effects found in 

the level scheme below fy 1.25 MeV of excitation. Early y-decay work 

indicated the presence of members of the 7/2 [523] and 5/2 [532] bands, 

which showed strong coriolis mixing. Early work also indicated the presence 

of the 1/2 I4ll]y vibrational state based on the 3/2 [411] ground state at 

about 580 keV excitation. The single-particle contribution to the latter 
2) was calculated to be approximately 60? by Soloviev and Vogel. In 
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•I 
addition, the positive-parity states showed bandhead angular momenta of 

1/2, 3/2, 5/2 and 7/2, indicating the likelihood of strong coriolis mixing. 

Finally, the 1/2 [541] band, which showed remarkable fragmentation in the 

holmium experiments performed at this laboratory, appears to be quite 

distant from any coriolis partners. 

In light of these considerations, it was decided that this nucleus 

should be studied by means of the 158Gd(a,t)159Tb, ]58Gd(3He,d),59Tb and 

Dy(d, He) Tb reactions. The first two were to provide energy data and 

spectroscopic information; the last was to provide a check on the first two 

as well as a signature of the hole nature of various states (the discrepancy 

in the Fermi surface makes this a bit tenuous, however). 

Angular distributions for the (a,t) reaction at 45.5 MeV and the 

( He,d) reaction at 46.5 MeV have been measured from 0° - 35° and from 0° 

- 30°, respectively, and have been analyzed by means of J. S. Comfort's 

peak-fitting program AUTOFIT. The bands present appear to be 3/2 [411], 7/2 [523], 

5/2"[532], 5/2+[4l3], l/2+[4ll]Y, 7/2+[404], 5/2+[402], l/2+[4ll], and 
_ 3 

1/2 [541]. A comparison between the (a,t) and (JHe,d) angular distributions 

for the 5/2 member of the 3/2 [411] band yielded an (a,t) normalization of 

% 44.7 (good to within ̂ 30?). The (a,t) spectroscopic factors presented in 

Table All-1 represent values intermediate between those determined from the 

Rochester and McMaster data. The ( He,d) spectroscopic factors will 

be compared with those given in Table All-1 to check for reaction discrepan-
3 

cies. In addition, the improved resolution of the ( He,d) will unfold a 

number of marginally resolved (a,t) doublets. 
l6°Dy(d,3He)159Tb spectra were measured at 20°, 25°, and 30° which 

unfortunately included a high deuteron background because of improper slitting. 
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TABLE All-1 
159 ' 7 •> 

Tb Table of Spectroscopic Information: Experimental Values of 2U C . 

1 
I 
-

3/2 
5/2 

7/2 

Level 

3 / 2 + [ 4 l l ] 
3 / 2 + [ 4 l l ] 
3 / 2 + [ 4 l l ] 

9/2 3/2 [411] 
5/2 

5/2 
7/2 

7/2 
9/2 

11/2 
1/2 

3/2 
5/2 
7/2 

11/2 
1/2 
5/2 
1/2 
3/2 
3/2 

5/2 
7/2 

7/2 

5/2"[532] 

5 /2 + [4 l3 ] 
5/2 ' [532] 

5 /2 + [4 l3 ] 
5/2 ' [532] 

5/2"[532] 

l / 2 + [ 4 l l ] Y 

l / 2 + [ 4 l l ] Y 

l / 2 + [ 4 l l ] Y 

l / 2 + [ 4 l l ] Y 

7/2+[404] 

7/2"[523] 
1/2"[541] 
l / 2 " [ 5 4 l ] 
l / 2 + [ 4 l l ] 
1/2"[541] 
l / 2 + [ 4 l l ] 
5/2+[402] ' 

l / 2 + [ 4 l l ] 
l / 2 " [ 5 4 l ] 

l / 2 + [ 4 l l ] 

(^He,d) 

.033 
1.37 

.32 

.015 

.071 

.070 

.74 

.30 

1.37 
.08 

.90 

.44 

.66 
1.68 

.63 

.20 

.83 

.18 

.24 
1.52 

1.09 
.59 
.81 

(a , t ) 

.049 
1.37 
.15 
.12 

.070 

2.66a ) 

1.24 

.79 b ) 

3.19 
.94 

.70 

.22 

.03 

.43 
3.08 c ) 

.84 

Rochester 

.05 
1.3 
.11 

.31 

.04 

.46 

2.1 

.05 

.52 

.29 

1.5 
.43 

.09 

.47 

.02 

.17 
1.9 

.14 

.10 

McMaster 

.12 
1.98 
.24 
.16 

.06 

.09 

• 79 
.20 

2.9 
• 07 

1.05 
.42 

2.3 
.86 
.18 

.79 

.5 

.5 
1. 

.06 

a) Includes admixed 9/2 5/2+[4l3] and 1/2 l/2+[4ll]. 

b) Includes admixed 7/2 l/2+[4ll]. 

c) Includes admixed 3/2 l/2+[4ll]. 
2 2 2 2 

d) 211 C was taken as the sum of the experimental values of U C . 
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Representative spectra will be remeasured at several angles with no slits 

in the scattering chamber. These spectra should illustrate the hole nature 

of the 7/2"[523] and 5/2+[4l3] bands. 
159 A coriolis plus pairing analysis of the level structure of Tb will 

be"performed assuming a pairing gap-parameter of-800 keV.- - —The-Fermi - -

surface will be adjusted to yield a best fit to the spectroscopic factors. 
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A12. Study of One-Quasiparticle States in ' Ho 
3 *~ 

Observed in the ( He,d) and (ot,t) Reactions 

D. A. Lewis, A. S. Broad and W. S. Gray 

3 
The analysis of the (a,t) and ( He,d) reactions leading to levels in 

Ho and Ho, for which some preliminary data were presented in last 

year's report, is now essentially complete, and the results are being 
3 

prepared for^publication. Angular distributions for the ( He,d) reaction 

on Dy and Dy targets were measured over the angular range 0 - 35°, at 

a bombarding energy of 46.5 MeV. Additional spectra from the (a,t) reactions 
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on the same targets were also measured. These (a,t) exposures were useful 

in picking out levels with relatively high spin, since large i transfers 

are favored by the momentum matching conditions for this reaction. 

Several states were observed in both Ho and Ho which have not 

been identified in previous work. In particular, these include members of 

the 5/2+[402] band in l63Ho and the l/2~[54l] band in l 6 5Ho. Also the 

K = 5/2 band beginning at 1056 keV in Ho has been identified as the 

5/2 [402] band, in contradiction to a tentative assignment of 5/2 [532] 

from decay work. In addition a few levels appear in both nuclei which 

could not be identified with any Nilsson state. 

The usual procedure for extracting spectroscopic information from 

stripping reactions on deformed nuclei is to assume that the reaction 

proceeds by aonestep direct process which can be treated using the DWBA. 

We have evidence that multistep processes induced by inelastic scattering 

can have large effects on predicted cross sections. In addition our results 

suggest that the usual prescription for treating the boundstate wave 

function is inadequate for stripping reactions on rareearth targets. 

These points will be discussed later in this section. 
3 

The ( He,d) data were analyzed with the DWBA code DWUCK. The optical 

parameters used are given in Table A121. Members of the 7/2 [523], 

3/2
+
[4ll], l/2+

[4ll], 7/2+
[404], 1/2" [541], and 5/2+[402] bands were identi

fied in both nuclei. The angular distributions for some of these states 

are shown in Figs. A121 through Al25. The DWBA curves have been normalized 

to fit the data. There also were several peaks in the spectra which could 

not be identified. Usually peak unraveling problems made it impossible to 

identify I transfers and extract spectroscopic factors for these states. 
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TABLE A12-1 

Particle 

d 
3He 

P 

V o 
(MeV) 

91 
175 
a) 

r o 
(F) 

1.16 

1.14 

1.25 

a 
(F) 

0.83 

0.723 

0.63 

W 
(MeV) 

0 

17.5 

WD 
(MeV) 

14.25 

0 

r ' a' r V 
o c so 
(F) (F) (F) (MeV) 
1.25 0.90 1.3 0 

1.60 0.90 1.4 0 

1.25 ' A=15 

a) Adjusted to reproduce the separation energy. 

One exception is a fairly well-resolved level with an Z transfer of 5 which 

occurs at about 200 keV of excitation in both Ho and Ho. From the 

reaction kinematics and the known percentages of rare-earth impurities in 

the targets, it has been established that this peak is not due to an 

impuri ty. 

The spectroscopic factors for the states which were identified are 
2 2 listed in Table A12-2. For deformed nuclei these assume the form U C . 

2 where U is a measure of the emptiness of the level in the target nucleus 

and C.. is the appropriate Nilsson coefficient. Ĵ 

The zero-range approximation was used in the DWBA calculations. 
2) Bassel's value of 4.42 was used as an overall normalization for the 

3 2 2 
( He,d) reaction in order to extract values of U C... 

2 2 
Along with the experimental values of U C . in Table A12-2, the pre-

Zj 
dictions of the Nilsson model are given in columns 3 and 8. The coefficients 

3) C.. were extrapolated from Chi's tables with the parameters 6, K, p set *J 

equal to 2.5, 0.50, and 0.65, respectively. The value of 2.5 for 6 corre

sponds to B ? n = 0.30, consistent with the value used in the inelastic 
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l 6 5 H o 

TABLE A12-2 
l 6 3Ho 

Ni Isson 
State 

7/2*[523] 7/2 
9/2 
11/2 

3/2+[4ll] 3/2 
5/2 

l/2+[4ll] 3/2 
i 5/2' 

7/2 

l/2"[54l] 1/2 
3/2 
5/2 
9/2 

7/2+[404] 

5/2+[402] 

Experi
mental 
Energy 

0 
95 

210 

360 
420 

449 
539 
590 

685 
? 

705 
? 

716 

1056 

Ni lss 
2 2 

.56 

.008 

.20 

.46 

.18 

.13 

.04 

.04 

.20 

.57 

.93 

.91 

2 2 U C 
BOUND 
2 2 

U C £ j 

Experi 
mental 
2 2 U CIj 

Experi
mental 
Energy 

NiIsson 
2 2 U C 

Coriolis 
2 2 

! U C£J 

BOUND 
2 2 

U C£J 

Experi
mental 
2 2 

U C £ j 

.82 

.00 

.31 

1.0 

.89 

.39 

.32 

.76 

<.01 
.52 

.48 

.14 

.18 

.04 

.04 

.24 

.82 

.74 

.20 

.05 

.32 

.13 
1.95 
4.41 

.80 

.20 

.55 

.10 
? 
.20 
? 

.86 

2.0 

1.2 

0 
100 
222 

360 
441 

308 
392 
431 

471 
578 
500 
6-13 

440 

713 

.011 

.008 

.56 

.008 

.20 

.46 

.18 

.13 

.038 

.041 

.21 

.57 

.93 

.91 

.012 

.009 

.83 

.034 

.04 

.44 

.48 

.038 

.043 

.24 
, .80 

1.1 

.79 

.033 

.05 

.88 

.16 

.05 

.65 

.62 

.26 

.13 
1.72 
4.05 

.02 

.08 

.79 

.20 

.55 

.'90 

.11 

.17 

.5 

.95 

1.4 

4. t 



2 

scattering calculation to be discussed below. The emptiness parameter U 

was calculated using the pairing force treated in the usual BCS approxima

tion. The gap parameter A was set equal to 650 keV, the value suggested 4) by the even-odd mass differences. A survey by Ogle et al. suggests that 
the chemical potential A should be just below the ground state in the holmium 

isotopes. It was placed 100 keV below the ground state. 
2 2 The theoretical predictions for U C . are significantly improved if 

£J 

the coriolis coupling between particle motion and core rotation is included. 

This coupling introduces an additional term (HRpr.) into the Hamiltonian 

which mixes all the single-particle bands which originate in a given major 

oscillator shell. The basis used to diagonalize HR_ should include all of 

these states. Unfortunately, only the energies of the bands nearest the 

ground state are known. Usually the energies predicted by the Nilsson model 

are within about 0.5 MeV of experimentally observed energies. Consequently, 

H R p was first diagonalized in a basis in which the states whose energies are 

not known experimentally were placed at the energies predicted by the Nilsson 

model. The energy of each of these states was then moved up and down 0.5 

MeV to determine what effect this would have on the spectroscopic factors. 

All states predicted by the Nilsson model to be within 5 MeV of the ground 

state were included in the calculation. In many cases the presence of these 

additional states had a significant effect on spectroscopic factors of the 

low-lying states in the spectrum. However, in every case variations of 

± 0.5 MeV in energies had almost no effect. 

No systematic attempt was made to fit experimental energies by varying 

bandhead energies and moments of inertia. In cases where strong mixing 

occurred for bands near each other, small changes were made in bandhead 



energies to test the sensitivity of the predicted spectroscopic factors to 

the precise positions of these states. In all cases in these holmium iso

topes, small changes in the energies had only negligible effects. 

The results of this calculation are given in columns 4 and 9 of 
2 2 Table A12-2. The overall agreement with the experimental values of U C.. 

is greatly improved. In particular one can understand why the 3/2 [411] 

bandhead is observed in Ho and not in Ho. However, the theoretical 
2 2 prediction of U C„. for this state is still a factor six too small for £j 

'So. 
Some of the remaining discrepancies between theoretical and experi-

2 2 mental values of U Cn. are due to the use of unrealistic form factors in the 
J 

reaction calculations. A method for generating improved bound-state wave-

functions was discussed in the progress report of May 1972, and is based 

on a procedure due to Rost. The wavefunctions are generated in a deformed 

Woods-Saxon well with AN=2 mixing and the effect of continuum states included 

in a natural way. This is in contrast to the usual procedure in which one 

assumes the components of the wavefunction are simply C . ĉ^ . where cJ>Np. 

is the wavefunction of a proton bound in a spherical Woods-Saxon well. 
For the components of the wavefunction which have C.. ^ 1, there is 

£J 

little difference between calculations based on Rost's method and the usual 

procedure. This is evident from Fig. A12-6 in which the radial part of the 

j = 11/2 component of the 7/2"[523] state in Ho is plotted. The curves 

resulting from the two procedures lie on top of each other. This is not 

the case for components which have smaller values of C .. Figures Al2-7 

and A12-8 display the results for the 7/2 component of the 1/2 [411] state 

in Ho and the 3/2 component of the 3/2 [411] state in Ho. The 
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+ + 
additional node in the 7/2 component of the 1/2 [411] state is probably 

due to AN=2 mixing with the 1/2 [660] state. 

It is apparent from the figures that the slopes of the wavefunctions 

generated by the two procedures are identical in the tail region. This is 

a result of adjusting the well depth to reproduce the correct binding energy 

of the proton. Since the ( He,d) reaction is surface peaked, the shapes of 

the predicted angular distributions will be about the same for both methods 

of calculating the form factors, but the magnitudes will differ. If the 

spectroscopic factors are corrected for this effect, one obtains the results 

listed in columns 5 and 10 of Table A12-2. The striking difference in the 

extracted values of U2cJ. for the 3/2+{4ll] bandheads in 3Ho and 5Ho 

can now be understood. The overall agreement for the first three bands is 
2 2 much improved with one exception. The theoretical value of U C . for the 

7/2 member of the 1/2 [411] band is now a factor 10 too small. In addition, 

the predictions for the 1/2 [541] band are made considerably worse. 

Before trying to explain these discouraging results, it is advantageous 

to first consider the effects of inelastic processes on the proton transfer 

reaction cross sections. It was noted in last year's progress report that 

the elastic scattering cross sections for Er(d,d), E, = 29 MeV, and 

Dy( He, He), E., = 45 MeV, could not be reproduced by optical model calcu

lations using reasonable parameters. This difficulty was ascribed to the 

strong coupling expected between the elastic channel and inelastic excitation 

of low-lying rotational states of the target. Since then the cross sections 

for the elastic and the inelastic scattering to the first 2 state have been 
166 169 3 

measured for Er + d at 34.5 MeV and Dy + JHe at 46.5 MeV and the data 
subjected to a coupled-channels analysis. The coupled-channels calculations 
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were performed with the assistance of P. J. and A. D. Ellis of Oxford 
+ + 

University. The ground state, 2 state, and 4 state were included in the 

coupled-channels basis, although the cross section for the 4 state was 

not measured. The optical model parameters of Parkinson et al. for the 
3 7) 

He channel and of Hinterberger et al. for the deuteron channel were 

used in the analysis (see Table A12-1). These parameter sets were derived 

from experiments in the lead region and the optical model predictions do not 

reproduce the elastic scattering from Dy and Er. However, it was found that 

using these parameters and a reasonable value for the deformation parameter 

8- of 0.28, the coupled-channels predictions gave good fits to both the 

elastic and the inelastic scattering cross sections for each projectile. 

The coupled-channels and optical model predictions are compared with the 

data in Frgs. Al2-9 and A12-10. Including direct hexadecapole excitation of 

the 4 state, with the rather small value of 8. which has been determined 

from other experiments for nuclei in the A ^ 165 region, was found to have 

no significant effect on the predicted 0 and 2 cross sections. However, 

a reasonable fit to the He inelastic scattering was achieved only with a 

deformed Coulomb potential, a refinement which was not required to reproduce 

the deuteron scattering. 

These results suggest that parameters from the lead region (Table A12-1) 

are appropriate for analysis of the ( He,d) reaction on rare-earth nuclei, 

but only on a coupled-channels basis in which the effects of indirect pro

cesses are included. 

Some preliminary coupled-channels (CCBA) calculations have been made 

for the ( He,d) reaction at Oxford University, with the help of P. J. and 

A. D. Ellis. A computer code based on the source-term formalism of Ascuitto 
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and Glendenning was used. Unfortunately, these calculations were made 
163 only for reactions leading to states in Ho and coriolis effects were not 

included. Nevertheless the results are quite illuminating. The predicted 

angular distributions can be divided into three classes: 

(a) Those for which CCBA agrees with DWBA if the same form factors are 

used. This class includes the 11/2" member of the 7/2~[523] band, the 3/2 

and 5/2 members of the 3/2 [411] band, and the 3/2 and 5/2 members of 

the 1/2+[4ll] band. 

(b) Those for which the CCBA angular distributions have the same shape as 

the DWBA curves, but different magnitudes. This class includes the 7/2 

member of the 1/2 [411] band and the 5/2 [402] bandhead. 

(c) Those for which the CCBA angular distributions disagree with DWBA in 

both magnitude and shape. The members of the 1/2 [54l] band fall into this 

class. 

The CCBA and DWBA angular distributions predicted for selected levels 

are plotted along with the data in Figs. A12-11 and A12-12. Rost's procedure 

was used to generate the form factor for the CCBA calculation, and form 

factors for the DWBA calculation were made in the usual way. These curves 

have not been normalized to fit the data, but rather reflect the values of 
2 C . predicted by the two methods for generating the bound-state wave 

function. 

Because of the strong interference which occurs between competing 

processes in the transitions of classes (b) and (c), one cannot predict 

with certainty what the results of a CCBA calculation, with coriolis coup

ling included, would be for these states. This calculation is planned for 

the near future. In the meantime certain tentative conclusions can be 
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drawn: 

(1) If the CCBA predictions are affected by coriolis mixing in the same 

way as those of the DWBA (columns 4 and 9 of Table A12-2), the result would 

be excellent agreement between theory and experiment for the levels of 

classes (a) and (b). In particular the anomolously large spectroscopic 

factor obtained for the 3/2 [411] bandhead would be explained by coriolis 
163 mixing and form factor effects. Also if calculations from Ho are 

applied to the 7/2+ member of the l/2+[4ll] band in 5Ho and the CCBA 

prediction is coriolis shifted, the agreement is again excellent. The order 

of magnitude discrepancy between columns 4 and 5 (Table A12-2) for this 

level is removed by constructive interference appearing in the CCBAcalcu-

lation. 

(2) For levels in class (c), i.e., the members of the 1/2 [541] band, if 

coriolis mixing is taken into account by simply shifting the CCBA predictions, 

the agreement is still poor but better than that obtained with the DWBA. It 

is also noteworthy that CCBA angular distributions are much closer in shape 

to the experimental ones, particularly for the 5/2 and 9/2 levels. 

These tentative conclusions can be confirmed only when a full CCBA 

calculation for both Ho and Ho, with coriolis effects included in the 

form factors, is completed. This calculation is planned for the near future. 
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A13. The Ordering of Nucleon Levels for A > 200 

F. D. Becchetti 

h ,. - „. 208D. ,16. 15n%209D. 1) . 208-. ,l6n 15Mx209o. ' „. 2) 
Data from the Pb( 0, 0) Pb and Pb( 0, N) Bi reactions 

3) have been analyzed with finite range DWBA. Information about the neutron 

and proton single-particle potentials in heavy nuclei (A > 200) has been 

deduced. Good agreement between calculated and observed level positions 

and spectroscopic factors has been obtained with the Batty-Greenlees proton 
4) 5) 

potential and a modified form of the Zaidi-Darmodjo neutron potential 

having a spin-orbit potential with r < rR. These potentials have been 

used to calculate single-particle level spacings near A % 300 and yield the 

results shown in Fig. A13"l. The magic numbers (defined here as having gaps 

>1 MeV) occur for Z = 114 and 126, N = 148, 184 and (barely) N = 210. The 

largest gaps are at Z = 114 and N = 184 (2.5 and 3.5 MeV, respectively). 

Many of the shell closures predicted by other calculations (see summary in 

Ref. 6) are not apparent in the present calculations, e.g., those at N = 164, 

196, 228 and 236. Also, the predicted gap at N = 184 is much wider (by 

about 1 MeV) than previous calculations and this suggests that Z = 114 or 

126 and N = 184 are the most suitable candidates for stable nuclei near A = 300. 
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A14. High Angular Momentum States in the Lead Isotopes 

R. S. Tickle, W. S. Gray, and W. C. Parkinson 

Our experimental knowledge of high angular momentum states in the 

lead region is limited because large orbital angular momentum transfers 

are required to excite these states. Most of our spectroscopic information 

has been obtained from single-nucleon transfer reactions such as the (d,p), 

(d,t), and ( He,d) reactions which transfer only a few units of orbital 

angular momentum and hence are unsuited for populating high angular momentum 

states. To study these states, we have used the (a, He) reaction which has 

a favored angular momentum transfer of 7 units at the bombarding energy used 

(58 MeV). 
208 3 209 Experimental results from the Pb(a, He) Pb reaction summarized 

in an earlier progress report have been augmented by additional measurements. 

}9/2 
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209 Only three levels in Pb are strongly excited by this reaction (gQ/9 ground 

/ 



state, ijw 2 state at 0.78 MeV, and the j } ̂  . state at 1.426 MeV). The 
angular distributions (see Fig. A14-1) for the gq/7 and Jlt-/o states have 
been measured at the forward scattering angles down to 2.5° (the i . »„ state 
is obscured by an impurity at angles less than 10°). In addition, the 
208 

Pb(a,a) elastic scattering at 58 MeV has been measured in the angular 
range from 10° to 90°. 

Of particular interest in this work is the spectroscopic factor for 
209 ]) 

the J 1 5 / 2
 leve1 at 1-426 MeV'in ^Pb. For this level, I go et al. ' have 

measured a spectroscopic factor of 0.49 using the (t,d) reaction at 20 MeV 2) while Ellegaard et al. measured a spectroscopic factor of 0.53 using the 
(d,p) reaction at 12 MeV. These small spectroscopic factors imply that 
approximately 50% of the Jir/n strength is to be found in other levels. 

3) Hamamoto has investigated the effects of particle-vibration coupling 
209 

on the single-neutron states in Pb and, in particular, on the fragmenta
tion of the jic/o strength. Based on mixing between the jli;/o single-
neutron state and the 15/2 members of the |3 \9Q/2> ancl tne I 3 5'ii/?> 

particle-vibration multiplets, Hamamoto's calculations predict the missing 
j,r/o strength is carried in two fragments; one at 3.21 MeV containing 261 
of the total strength and the other at 3.50 MeV with 10% of the total 
strength. 

209 We have measured spectra up to 6 MeV excitation in Pb and, contrary 
to the earlier experimental and theoretical work, find no evidence for 
appreciable fragmentation of the j.,.,« strength. 

Distorted-wave calculations using the computer code DWUCK have been 
carried out to determine spectroscopic factors for the three strongly 
excited levels. Thus far it has not been possible to find a set of optical 
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model parameters which provide good fits to all three of the angular distri

butions. Generally good fits can be obtained to the j,,-/? ar>d ' 11/o angular 

distributions but not to the g q / 9 angular distribution. 

Spectra for the * ' Pb(ct, He) reactions shown in Fig. A14-2 

were recorded at 25° with the identical spectrograph magnetic field. In 
209 

Pb, the three peaks correspond to the I = 4 gq/9, £ = 6 i..,», and 1=7 

jlc.,_ transitions. In Pb, the added neutron particle will couple with 
207 the p. ,_-hole of the Pb ground state and in lowest approximation one 

expects the shell model strength for a given orbital to be split into two 

components. From (d,p) studies, the levels at 3.198 MeV and 3.475 MeV are 

known to contain a major fraction of the gq/«, strength. The two levels at 

4.608 MeV 'and 4.855 MeV almost certainly are I = 7 transitions. The spin 
4) + of the level at 4.608 MeV has been tentatively assigned at 8 . If the 

intensities of the two peaks follow the 2J+1 rule approximately, the spectrum 

suggests an assignment of 8 for the 4.855 MeV peak and 7 for the 4.608 MeV 

peak. Most of the I = 6 strength must be contained in the level (possibly 

a doublet) at 4.186 MeV. 
207 209 

In lowest order, the Pb spectrum should resemble that of Pb 

(both targets are even-even nuclei). The energies in the spectrum are 

computed relative to the energy of the 2.726 MeV level which has been 

previously determined to contain gq/? strength. Most of the Qo/o strength 

and Jir/7 strength appears to be contained in the levels at 2.726 MeV and 

4.090 MeV. The iiwo strength seems to be fragmented, possibly by mixing 

with the 11/2 members of the |2 ;gq/2
> a n d l^'^c/o" > multiplets which 

would be at approximately 3.6 MeV and 3.2 MeV, respectively. Most likely 

the levels at 3.609, 3.489, and 3.413 MeV contain portions of the i^/2 strength. 
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A15. Analysis of High-Energy Heavy-Ion Transfer Reactions 

F. D. Becchetti 

Data ' ,2* from the 5Ve 6 2Ni (l60,15N) reaction (EL = 104 MeV) and the 

Fe, Ni( C, B) reactions (E. = 78 MeV) have been analyzed using finite-
3) range DWBA theory. These data are for bombarding energies several times 

the classical Coulomb barrier and thus provide a stringent test of reaction 

theories for heavy ions. Previous analyses of these data using no-recoil 

DWBA indicated serious problems, e.g., the spectroscopic factors deduced 

for some states were 2 to 200 times larger than accepted values. The present 

analysis, using DWBA with recoil, however, yields satisfactory results 
2 2) 

(C S £ 1). Furthermore, one can now use the pronounced j-dependence of 

the ( 0, N) and ( C, B) reactions to make j-assignments for many levels. 
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Z-t1?J>—. 
Al6. Nuclidic Mass Relationships, Mass Equations, 

and the Effective Neutrons-Proton Interaction 

J. Janecke 

Work on nuclidic mass relationships, mass equations and the effective 

neutron-proton interaction has been continued. Several criteria have 

been established to test predictions for very neutron-rich and proton-rich 

nuclei from any given mass equation or procedure for consistency and com

patibility with the experimental masses. The effective neutron-proton 

interaction has been recognized as the quantity which determines the relia

bility of mass predictions. Solutions of generalized nuclidic mass rela

tionships have been derived. 

Numerous numerical applications have become possible. One such 

application has been completed. The solutions to generalized nuclidic mass 

relationships generate correction terms for any given mass equation. The 

corrections AM can be written as 

AM(N,Z) = n,(N-Z)2 + n,6 .. .. + n,6 + F.(N) + F.(Z). (1) 
1 2 odd-odd 3 even-even 1 2 

Here, n,, n2 and n, are constant parameters, 6 ,, ,, is one for odd-odd 

nuclei and zero otherwise, 6 is one for even-even nuclei and zero 
even-even 

otherwise, and F.(N) and F-(Z) are arbitrary functions of N and Z, respectively. 
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The above correction term has an analytical form which is related to that 

of the solutions of the transverse and longitudinal Garvey-Kelson nuclidic 
i 4.- u- 2) mass relationships: 

GK-T: M(N,Z)- = g, (N) + g2(Z) + g3(N+Z) 

GK-L: M(N,Z) = f] (N) + f2(Z) + f.(N-Z). 

It should be noted that eqs. (2) and (3) represent mass equations while 

eq. (1) represents only a correction term. The functions F, g, and f can 

be obtained in parametric form from a least-squares adjustment to the 

experimental data. 

Correction terms AM have been constructed for a variety of liquid-

drop model and shell-model mass equations (see Table A16-1). The equations 

fall essentially into two categories depending on the number of parameters. 

There are few-parameter equations (p < 20) and many-parameter equations 

(p > 200). Clearly, correction terms for the latter (GK-T, GK-L, C2, Zl, 

Z3) are not appropriate and the results are therefore shown in parenthesis. 

Since very light nuclei require a special treatment due to pronounced shell 

effects, only experimental masses with N,Z 2 20 were included in the least-

squares adjustments. Table A16-2 shows the results for the standard devia

tions aM and a for the experimental masses and Coulomb displacement energies, 

respectively. It is interesting to note that the Bethe-Weizs3cker equation 

with properly adjusted coefficients (BW 1) has the smallest deviation aM 

of all few-parameter equations. Another interesting conclusion from these 

results is that essentially any mass equation, even the Bethe-Weizsacker 

equation (BW 2), can be used to reproduce the experimental masses (> 1000) 
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TABLE A16-1 

List of Mass Equations 

GK-T Garvey-Kelson t ransverse ( r e f . 2 ) . 

GK-L Garvey-Kelson longitudinal (ref. 2). 

CON I = constant. np 
BW 1 Bethe-Weizsacker (parameters optimized for minimum cO. 

BW 2 Bethe-Weizsacker (a and a , optimized for minimum 
sym coul 

aM}' 
MS 1 Meyers and Swiatecki; droplet model (ref. 3; parameters 

of ref. 4; Coulomb exchange term as c. Z 2 ). 

MS 2 Meyers and Swiatecki; droplet model (ref. 3; parameters 

of ref. 4; Coulomb exchange term as c, Z A ). 

MS 3 Meyers and Swiatecki; droplet model (ref. 3; parameters 

of ref. 5; Coulomb exchange term as c Z A ). 

C 1 Cameron; liquid drop model (ref. 6). 

C 2 Cameron; liquid drop model with shell and pairing 

corrections (ref. 6). 

S Seeger; liquid drop model (ref. 7). 

Z 1 Zeldes et al.; shell model (ref. 8). 

Z 2 Liran and Zeldes; shell model, seniority scheme (ref. 9) 

Z 3 Liran and Zeldes; shell model, seniority scheme with 

deformation corrections (ref. 9). 

1 

a 
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TABLE A16-2 

Results of the least-squares analysis for several mass equations and N,Z £ 20. 
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a Cannot be calculated. 

b The standard deviations a and a' are better than 100 keV if discontinuities 
of several MeV at shell closures are removed. 

Preliminary results. 
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with a standard deviation a' of 200 - 300 keV if a properly constructed 

correction term with about 200 parameters is added. This result was 

expected. The solution of the transverse Garvey-Kelson relationship 

(GK-T) requires more than twice the number of parameters and leads to only 

a modest improvement.- The standard-deviations a- and "a. aswell~as the ~ 

quantities n., n~ = r\ and the functions F. (N) and F (Z) provide additional 

insight into properties of the mass equations but will also not be discussed 

here. 

The standard deviations aM and a., for reproducing the experimental 

masses are not directly related to the accuracy for predicting unknown 

masses of nuclei far away from the line of beta-stability. The accuracy 

of predicting such unknown masses with a corrected mass equation depends 

entirely on how wel1 the effective neutron-proton interaction I (N,Z) is 
v np ' 

described by the original mass equation. 
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Al7. Coulomb Energies and Deformed Nuclei 

J. Janecke and J. P. Draayer 

Extensive experimental Coulomb energy data of deformed nuclei have 

c 
4-6) 

1-3) become available only recently. Coulomb displacement energies AE of 

deformed nuclei are lower than those of corresponding spherical nuclei, 
3 M 

an effect clearly seen in plots ' as a function of A of the difference 

between the measured energies and the predictions based on a spherical 

shape. The maximum reduction for rare-earth nuclei is 150 - 200 keV. Using 
3) recent data, Merrill et al. observed an anomaly of this effect with a 

local maximum at A = 165 - 170. The authors were unable to explain the 

effect. 
i 

The hexadecapole deformation of the nuclear shape provides a possible 

explanation of the anomaly. The deformation parameter g. changes sign 

near A = 165. Since in a first-order calculation the energy AE_ depends 

quadratically on Br, the observed A-dependence can be ,reproduced. Figure Al7" 
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shows a preliminary comparison be.tween the coefficients 8. derived from the 

experimental Coulomb displacement energies (shaded areas) and values derived 

from other experimental data, mostly from elastic and inelastic a-particle 

scattering. The agreement in the general dependence on A and particularly 

the change in sign near A % 165 is quite good. However, the values obtained 

from AE« are too large in magnitude by a factor of about two. While the 

deformation parameters for the shapes of the charge distribution and the 

nuclear potential must not necessarily be the same, it is felt that the 

above values are probably too big. Calculations based on the Coulomb energy 

expressions which include deformation and diffuseness corrections to 

higher orders should clarify the question whether the above anomaly can 

indeed be explained by hexadecapole deformations. 
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B. INSTRUMENTATION 

Bl. Timing for Neutron Time-of-Flight Spectroscopy 

J.~F*. "PetersenpW.- C._ Parkinson,- and-D^ -DuPlantis — 

Accurate timing in neutron time-of-f1ight spectroscopy requires two 

fast time signals — one corresponding to the production of the neutron, 

the other to its detection. While ideally the production time signal 

should be generated by the beam striking the target, any signal may be used 

which has a fixed time relationship to the beam's arrival at the target. 

Two techniques have been used during the past year to generate such 

a signal. The first uses a capacitive pick-off on one of the cyclotron dee 

stems to obtain an rf reference voltage which is fed into a conventional 

constant fraction timing circuit. The output is a negative, fast logic 

pulse once each rf cycle accurately synchronized with the rf. The pulse 

train is counted down to the desired mode (f/2, f/3, ...) with standard TTL 

circuitry. The resulting square wave is used for two purposes. First, it 

is clipped, amplified, and applied through a transmission line to the control 

electrode of the gated ion source. Second, it is used to gate the stop 

input of the time-to-amp1itude converter (TAC). While this method provides 

a stable reference with respect to the rf, the beam itself does not neces

sarily maintain a fixed time relationship to the rf, especially over the 

course of hours of operation. Any slow drift in the magnetic field or dee 

voltage, for example, will result in a slight but appreciable change in 

the rf phase of the beam. 
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The timing variations introduced by such drifts can be eliminated 

if the beam burst itself is used to generate the reference signal, and 

this is the basis of the new timing system. The optimization of this 

system is described in detail in a technical letter to be published, and 

only a general description will be given here. The pick-off device used 

is a cylindrical capacitance formed by a 3.7 centimeter diameter cylinder 

coaxial with the 15 centimeter diameter aluminum beam duct. Beam pulses 

moving along the axis induce a charge on the cylinder and hence a voltage 

between the cylinder and the grounded beam duct. ' To maximize the voltage 

signal, the length of the inner cylinder should be at least as long-as the 

spatial spread of the pulse, and the capacitance should be as low as pos

sible. The capacitance for concentric cylinders is: 

2TTE L 
C = ° 

ln(r1/r2) 

where L is the length of the conductor, and r, and r„ are the radii of the 

inner and outer cylinders, respectively. To minimize the radius of the 

inner conductor, and thus decrease the capacitance, the device was located 

just behind the energy defining slits where the beam is focused both ver

tically and horizontally to a minimal cross sectional area. The length of 
3 + the inner cylinder is 18 centimeters. For typical pulses of 21 MeV He 

ions the pulse width if 4 nanoseconds, corresponding to a spatial spread 

of 12 centimeters. 

To minimize the rise time of the induced voltage signal, a grounded 

iris is placed 2 centimeters in front of the inner conductor. As a result, 

the rise time is approximately equal to the time it takes for the beam 



pulse to move completely into the inner conductor. 

The voltage pulse from the capacitor is amplified by a wide band 

amplifier (gain-bandwidth product 2000 MHz) with a low shunt capacitance 

and relatively high input resistance (2 pf||l00 ktt) so that the time con

stant is long compared to the rise time of the signal. The amplifier is 

located physically near the pick-off, inside the vacuum duct, to minimize 

shunt capacitance. The amplifier output is coupled through a 50 ft line to 

an ORTEC model 454 timing filter amplifier and ORTEC model 453 constant 

fraction timing discriminator in the data room. For typical beam currents 

(200 nanoamperes pulsed at 1 MHz) the voltage induced on the inner conductor 

is of the order of 0.010 volts. 

Figure Bl-1 shows the simultaneous time-of-f1ight spectra from two 

time-to-amplitude converters (TAC). The start signal for both TAC's was 

produced by the phase probe with the prompt gamma rays resulting from the 

beam striking a carbon flag. The right-hand peak is from the TAC using 

the rf generated stop signal; the left peak is from the TAC using the stop 

signal generated from the beam pick-off system. For both TACs the time 

calibration is 4.5 ch/nsec. The data were accumulated over a time span 

of 10 minutes while the cyclotron dee voltage and frequency were varied 

over ranges typical for normal operation. The right peak has a FWHM of 

2.5 nanoseconds, while the left peak is only 1.5 nanoseconds wide. 

/ 
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B2. Tests of a Position-Sensitive Proportional Counter 

F. D. Becchetti 

A resistive-wire position-sensitive proportional counter for use in 

the focal plane of magnetic spectrometers has been constructed and tested. 

The counter consists of a 25 cm x 5 cm x 1 cm thick position (or AE) counter 

combined with a 2.5 cm thick AE counter in a common gas enclosure. 

The position counter uses a 1 mi 1 carbon-coated quartz fiber (8 Kfi/mm). 

Position information is obtained either by charge division or from the 

pulse rise time. An XE/E vs. position curve is shown in Fig. B2-1 (charge 

division mode) as obtained using an alpha particle source. The line wJdth 

(FWHM) is about 2 mm for a 1 mm dia. a-source at 9 = 90°. The slight 

(< 10%) non-linearity observed is comparable to or better than that observed 

for solid-state detectors and may easily be corrected for. Comparable re

sults have been obtained using the rise time information. 

A more serious problem involves the degradation of the AE signal when 

the incident particle enters non-normal, i.e., at an angle 0, and with a 

finite angular width 60. Such is the case for operation in the spectrometer 

focal plane where 0 = 40° and 60 ^ 4°. The spread in energy loss due to 

path differences then becomes non-negligible (6AE/AE % 60/tan0). The 

dependence of the AE resolution on 0 is shown in Fig. B2-2 for an alpha 

source (60 £ 8°). The AE resolution degrades from 8 - 10% (9 = 90°) to 

> 20% (0 = 40°). This has been verified using the spectrometer with scat

tered particles. 

One method of improving the AE resolution (without reducing 60 and the 

solid angle) is to measure the particle trajectories with a second counter 
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by placing a solid-state position-sensitive detector which provides both a 

position and an E signal behind the proportional counter or, alternatively, 

using another position-sensitive proportional counter. Both methods are 

being investigated. 

B3. Particle Identification by Combined 

Bp, AE and E Measurement 

F. D. Becchetti 

A position- and trajectory-sensitive counter telescope system has been 

built and tested as a focal-plane detector for the magnetic spectrometers. 

The system consists of a double gas proportional counter followed by a 350 

ym solid-state position-sensitive detector (or array) (see Fig. B3-1). The 

gas proportional counter combines a 1 cm thick position-sensitive counter 

(see Section B2) and a 2.5 cm AE counter. The parameters obtained are XI, 

El (or XE1), E2, X3 (or XE3) and E3. The position signals (XI and X3) 

determine Bp while El and E2 give AE, energy loss, and E3 gives E, the total 

energy (for stopped particles). The quantities Bp, AE and E permit, in most 

cases, unambiguous Z and M identification of reaction products. At fixed 

values of Bp(=/2ME/q) we have AE = Z2M/E = 2(Bp)2 Z2M2/q2, i.e., in the AE 

vs. E spectrum particles are grouped for ZM/q = constant. 

The isotope resolution of this system is potentially very high since 

AE and E can be measured to better than ± 5% and ± 2%, respectively; thus 

AZ/Z ^ ± 1/20 and AM/M ̂  ± 1/40 is possible provided the particles of 

interest are stopped in the E counters. This latter condition is satisfied 
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for most heavy ions, but not for many light ion reaction products. Thus, 

one observes particle groups also along a line E2 proportional to line E3 

corresponding to particles which pass through the E counter. The particles 

which are not stopped can cause pile-up contamination in the AE vs. E 

spectrum when light ion projectiles are used, e.g., alpha particles. Most 

pile-up can be eliminated by gating on both El and E2, however. 

Another feature of the system is the capability of measuring particle 

trajectories since two position signals are available (XI and X3). Pre

liminary tests indicate an angular resolution of ± 2° for the present counter. 

This allows one to double the spectrometer solid angle without loss in AE or 

Bp resolution. The increased solid angle then offsets the effect of the 

"dead" space between PSD detectors which requires double exposures at each 

magnet setting. 

B4. Particle Identifier Counter Telescope 

A. VanderMolen 

A particle identifier system has been completed and tested in the 

past year. The acquisition of new electronic components and their integra

tion into a permanent setup has resulted in a more effective use and in 

improved data. The identifier is of the variable "power law" type developed 

by Goulding et al. This identifier has the capability of making two 

independent particle identifications which is important for the isotope 

resolution of heavy ions. See Fig. B4-1 for the block diagram of the elec

tronic components. The system is presently being used for the study of the 
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(d, Li) and (a, He) reactions on several light nuclei. 

A new detector mount has been designed and built (see Fig. B4-2). 

The design is an improvement over previous mounts from both a practical and 

experimental point of view. The mount accommodates up to four detectors 

(two AE-, one E- and a veto-detector). It is cooled by a thermoelectric 

cooler backed by a water-cooled copper block. The detector temperature is 

regulated by the thermoelectric input current. This temperature control is 

particularly important in the use of thin detectors. The mount subtends an 

angle of 12° when mounted in the scattering chamber (the large angular 

width is due mainly to the necessity of providing an rf shield). Data can 

be recorded at scattering angles as small as 7°. 

At present data obtained with the array are stored in a Victoreen 

20,000 channel analyzer used in the two-dimensional mode. The data are 

reduced on an IBM 360 computer via several programs written specifically 

to read and display them in one and two dimensions as well as to display 

them isometrically. Other data manipulating options are also available. 

Now that the capability of our PDP-15 computer has been improved by adding 

disk and tape units, the identifier system will be integrated with it as 

soon as the necessary software becomes available. 

To facilitate the setup procedure, that is the adjustment of gains, 

windows, etc., of the system, a conversational-type computer program was 

written for the PDP-15 that simulates the response of the identifier for 

various ions (presently from protons to oxygen). Energy losses and ranges 

are determined by the program from parameterized energy-range relationships 
2) of Northcliff and Schilling. Energy straggling is calculated from the 

3) 
results of Tschalar. Also included are such effects as ionization 



Fig. B4-2. (Top) View exposing the various components of the detector mount, 
(Bottom) View of mount with components assembled. 
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fluctuations and nuclear straggling. The program generates relative 

values for the height of the particle identification signal, its width at 

half maximum, the energy loss in each of the AE detectors, the necessary 

E detector thickness to stop the respective ion, and the overall energy 

resolution. 

The mass resolution was tested for several ions from protons to carbon. 

The measured isotope resolution obtained with one AE detector agrees well 

with expected resolution. Figure B4-3 shows an example. The data are dis

played with the results predicted by the aforementioned computer program 

(solid line). Absolute energy measurements have not yet been made. The 

post amplifier resolution measured with a pulser is 10 - 20 keV/detector. 

The energy resolution in actual experiments is generally limited by other 

effects such as kinematic broadening due to the beam divergence. 
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B5. Gamma-ray Spectroscopy 

H. C. Griffin, K. L. Hull, and R. S. Tickle 

Previous in-beam studies have indicated the need for more efficient 

methods of acquisition and analysis of data. Very few useful measurements 

can be made with single-parameter acquisition, and two-parameter measure

ments require more "channels" than can be stored in core as a simple matrix. 

Therefore we have developed improved techniques and have tested them with a 

variety of off-line studies. 

A program was written for the DEC PDP-15/30 computer to allow acquisi

tion of high-resolution two-parameter data. This program permits si/nultan-

eous collection of singles spectra from two detectors at a rate of about 

50 k sec with a maximum size of 13 bits per ADC. These spectra can be 

used to determine relative intensities for the detectors and to select ap

propriate digital gates for two-parameter acquisition. Coincidence data 

(up to 256 gates, 16 k channels of data for gate-related spectra) can be 

collected at a maximum rate of about 30 k pairs sec . These data can be 

displayed, plotted, or printed as well as stored on and retrieved from 

Dectape. 
94 The program has been tested with off-line studies of the decay of Y, 

95 146 147 95 

Y, Pr, and Pr. Of these nuclides, Y is particularly suitable as 

a stand-in for in-beam measurements. The short half life (10.5 min) and 

large number of low intensity y-ray cascades (see Fig. B5-1) require high 

efficiency and selectivity in collecting data. For example, gate regions 

are selected from the self-gate spectrum from one detector. Each gate can 

correspond to any set of channels, not necessarily adjacent, from one A D C , 
-95-



3715.0 (1.8) 
3685.8 (2.3) 

3587.0 (58.5) 

i 

I 

336.8 
0.9 

1213 
1.5 

1630.2 
2.0 

1682.7 
5.1 

1968.1 
1.7 

3576.7 (78.9) 
3452.0 (14.0) 

3250.3 (40.7) 

457.1 447.1 
0.7 0.8 3130.2 (115.2) 

2768.5 (9.9) 

33?82 2372.8 (37.4) 

1293.6 1173.6 
4.3 8.2 

1635.9 1511.2 1309.8 1190 
0.8 0.9 1.5 

432.2 
20.1 

1956.8 (-3.3) 

1940.8 (2.5) 

1547.5 
0.7 

1854.9 
1.7 

1834.4 
1.2 

1226 
1.1 

1356.7 1236 
4.6 1.0 

1528.0 1408.1 
1.3 1.1 

1511.9 
5.7 

1904.1 (-1.7) 

1893.3 (3.7) 

1721.8 (4.5) 

2253.3 2128.1 1925.9 1806.0 1444.5 1048.8 632.6 
6.1 1.9 6.1 15.7 2.6 9.2 4.0 

286.3 
0.5 

580.5 569.5 
2.0 2.8 

1618.4 (6.1) 

2760.8 2731.9 2632.9 2622.6 2497.8 2296.1 2176.3 1814.3 1418.5 1002.6 
1.8 1.8 47.5 2.1 3.1 11.1 77.2 3.5 6.2 3.5 

I 

370.1 
0.7 

1324.1 (1.0) 

954.2 (19) 

3685.4 
0.5 

3576.7 3452.2 3250.2 3130.2 
67.5 7.1 11.7 6.7 

2372.7 1956.8 1940.8 1904.1 1893.1 1721.8 1618.4 1324.1 954.2 /6)« 
7.2 3.7 24.9 2.5 5.7 4.9 14.6 50.2 178 _o_u"-» 

95 95 1 
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Data from the second ADC (Figs. B5-2 through B5~5) are stored in a region 

assigned to each gate. We have used this program in y~Y coincidence measure

ments (high resolution Ge-Ge in Fig. B5-2, low resolution Nal-Ge in Fig. 

B5~3), Y~B coincidence (Fig. B5-4), and a search for delayed states (Fig. B5-5). 

The major limitations imposed by these methods of acquisition are 

related to the relatively small size of available core and the necessity 

of using analog restrictions for any parameters other than the basic two. 

The core limitations will be eliminated when the high-speed magnetic tape 

is available for list-mode storage of data. Programs which include digital 

gates for monitoring an experiment and unrestricted list-mode acquisition 

have been written. Routing in one of the ADCs can be used to extend the 

usefulness of 2-parameter methods, but installation of the third and fourth 

ADCs will be required to obtain in-beam data at maximum efficiency. 

B6. 0 Target Preparation 

L. Chua * 

18 An apparatus for the fabrication of 0 targets in the form of NiO 

has been constructed (Fig. B6-1). The entire assembly is first evacuated 

using a roughing pump in conjunction with a liquid-nitrogen cold trap. A 
18 measured amount of 0 gas is then introduced (usually 6 - 7 mm Hg), and 

the bell jar isolated from the rest of the system. The Ni foil, which has 

been sandwiched between two standard (2" x 2") target frames, is heated 

using a 500-watt projection lamp together with a focusing lens which defines 

the area to be oxidized (circular spot ^ 1 cm in diameter). Oxidation of 
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Ni commences within seconds after heating: the circular spot can be moved 
over the surface of the foil to produce a NiO target of the desired size. 
This entire procedure takes from 10  15 minutes. The light intensity from 
the projection lamp must then be reduced gradually to prevent breakage of 
the target due to unequal thermal stresses on the Ni and the NiO. Ni foils 
of 1.13 mg/cm and 450 yg/cm have been used and 0 target thicknesses of 
^ 100 yg/cm obtained. A major fraction of the 0 gas can be recovered 
using a Randolph (squeeze) pump. Additional experimentation is required to 

18 
determine the 0 target thickness dependence on gas pressure and on Ni 
foil thickness. This apparatus can, with minor modifications, be used to 
prepare targets by the method of "cracking". 
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C. FACILITIES IMPROVEMENTS 

CI. Cyclotron Stability 

Last year, results of an extensive program of orbit studies were 

reported. This program was undertaken to improve the beam quality from the 

cyclotron and was in part necessitated by the stringent conditions required 

for accurate neutron time-of-f1ight measurements. During the course of 

this year's operation, it became apparent that some unknown instabilities 

had developed'and were adversely affecting the quality of beams used in 

the time-of-f1ight work. As a result a thorough investigation of the ' 

stability problem was undertaken. The theoretical considerations, the 

diagnostic techniques used, and the improvements made are described in a 

paper which has been accepted for publication (W. C. Parkinson, J. F. 

Petersen, R. H. Day, D. C. DuPlantis, W. S. Gray, and J. Bardwick; to be 

published in Nuclear Instruments and Methods). 

C2. Development and Tests of a Heavy Ion Source 

A cold-cathode Penning ion gauge (PIG) source has been constructed 

and tested. The source consists of a water-cooled copper anode body, tanta

lum anode insert, water-cooled copper cathode holders and tungsten or tanta

lum cathodes. The source assembly is shown in Fig. C2-1. 
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Since heavy ion acceleration requires good cyclotron vacuum (to 

minimize charge exchange) the source is designed to eliminate possible water 

and gas leaks. All internal water connections are silver-soldered and the 

anode and cathode bodies are sealed with viton 0-rings. The source has a 

high power _capabil i ty_(> 5_ KW) and has provisions for pulsing and gating. 

High voltage testing began in January. These tests indicated that the 

PVC insulator on the cathodes lines was unsuitable due to its tendency to 

carbonize after arcing. The PVC material has been replaced with Teflon and 

minimal arcing problems have occurred since. Various cathode-to-anode in

sulator materials have been tried, but only boron nitride appears to be 

suitable at high arc powers (> 1/2 KW). 

After suitable modifications to the dummy dee, acceleration tests 

began in April. A very good quality 58 MeV a beam was soon accelerated 

and extracted, and testing with heavy ions began. The first heavy-ion beam 

accelerated and extracted was 80 MeV C (q/m = 1/3), which used an exis-
3 + ting He tune as an analogue. The q/m = 1/3 beam covers an energy range 

from 6 to 12 MeV/nucleon, e.g., 70 to 140 MeV C +. In addition q/m = 1/4 

beams ( C and 0 ) have been accelerated. These use a tunes as ana

logues. The q/m = 1/4 tune is extremely valuable in that a wide variety of 

heavy-ion beams may be accelerated on essentially the same tune by changing 
+ 12 3+ the rf frequency slightly. We have accelerated 22 MeV a , 66 MeV C and 

88 MeV 0 using this procedure.- The beam species was identified by scat

tering from a thin carbon foil and measuring the energy loss of the scattered 

beam in a gas proportional counter placed in the focal plane of the analyzing 

magnet. A composite energy loss spectrum is shown in Fig. C2-2, obtained by 

running He and CO- gases in the arc source and then varying the rf frequency 
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(on-resonance the beams are cleanly separated). 

Although initial beam intensities have been modest (50 to 300 na 

internal, 5 to 100 na external), they will be usable for many experiments. 

Many parameters remained to be optimized, e.g., slit and puller geometry, 

etc. so beam intensity should be increased in the near future. An improved 

ion-source power supply is under construction. 

The lifetime of the PIG source is limited when running heavy ions due 

to the build-up of sputtered metal on insulators, etc., which eventually 

flakes off and causes cathode-to-anode shorting. Recent modifications of 

the insulators and cathode holders should extend the source lifetime consi

derably. Meanwhile, testing with a variety of light and heavy ions continues, 

and experiments using heavy-ion beams are being initiated. 

C3. Modifications to the Extractor System 

New tungsten sparking plates have been added to the extraction system 

with the objective of increasing the maximum breakdown voltage and elimina

ting pitting of the ground sheets near the deflector due to arcing. Two 

assemblies, each consisting of four 0.031" thick tungsten sheets clamped to 

a water-cooled frame, are mounted on the ground sheets above and below the 

deflector bar. The gap between adjacent tungsten sheets is shielded from 

the electric-field lines by pieces constructed from 3/4" x 1/4" Elkonite 

bar stock with the corners ground to a 1/8" radius. 

In approximately two months of operation, no sign of pitting or perma

nent scarring of the tungsten or Elkonite surfaces has developed. In addition, 
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although the breakdown voltage depends upon the condition of the deflector 

bar, it appears that the maximum sustainable field-voltage product has been 
n 4 2 increased by approximately 20?, to 1.8 x 10 KV /cm. 

C4. The Computer System 

The cyclotron data acquisition system consists of a Digital Equipment 

Corporation PDP-15/30 computer with 24K of core memory interfaced with two 

Northern Scientific analog-to-digital converters. A card reader, storage 

display, and point plotter facilitate data manipulations in a background 

stream. A'magnetic tape system and a disk cartridge were added this year 

to provide additional data storage. 

The disk system, a CDC model 9425, provides 1.2M words (18 bits) of 

fixed disk and 1.2M words of removable disk storage. The disk permits faster 

data collection as well as the use of a disk-based software monitor for ease 

in programming. 

The tape system, a Cipher model 100X, is a 9-track industry compatible 

magnetic tape transport operating at 45 ips. The tape provides a link to 

the campus computing center (IBM 360) and serves as a storage medium for 

multiparameter experiments. 

Controllers that are DEC software compatible were furnished for both 

devices by Peripheral Interface Corporation of California. 

An interface for multiparameter experiments has been completed at the 

laboratory and is presently being debugged. Initially it will provide 4-

parameter operation with provisions for future expansion. 

-109-



D. 

Facu l t y 

J . Bardwick I I I 
-(on leave 7 /1 /73 -6 /30 /74 ) 

F. D. Becchetti 
(Appt. Fall 1973) 

W. S. Gray 
J. W. Janecke 
W. C. Parkinson 

(on leave 1/1/74-5/31/74) 

Research Scholars 

L. T. Chua (Appt. 1/1/74) 
A. S. Broad (Appt. 12/1/73, T 
J. Petersen (Appt. 2/27/74) 

Student Assistants 

Advanced Graduate 

A. S. Broad (Term. 11/30/73) 
(see Research Scholars) 

R. H. Day (Term. 2/28/74) 
M. A. Firestone 
D. A. Lewis 
F. L. Milder 

Graduate 

D. P. Duston (Term. 12/31/73) 
W. A. Filter (Appt. 5/1/74) 
D. J. Overway 

PERSONNEL 

R. Polichar 
(Term. Spring J97-4) _. . _. 

R. S. Tickle 
H. C. Griffin (Nuclear Chemistry) 
A. C. T. Wu 

(7/1/73 - 8/31/73) 

rm. 1/31/74) 

J. F. Petersen (Term. 2/22/74) 
(see Research Scholars) 

J. A. Splett 
E. R. Sugarbaker (Appt. 1/1/73) 
A. M. VanderMolen 
K. L. Hull (Nuclear Chemistry— 

no financial support) 

-110-



Undergraduate and Hourly Assistants 

A. H. Bennish (Term. 3/1/74) M. D. Shane (Appt. 1/15/74) 
P. T. Kolen (Term. 8/31/73) J. R. Wilson (Appt. 1/8/74) 
W. A. Manwaring 

Engi neers 

D. DuPlantis - Cyclotron 
A. V. Smith - Design 

Electronic Technician 

J. L. Ferguson 

Cyclotron Operations 

W. E. Downer - Supervisor 
J. A. Koenig - Chief Cyclotron Operator 

Instrument Makers 

M. W. Prince 
D. M. Schleede 

Scanners 

P. J. Conger (Appt. 9/17/73, 
Term. 11/30/73) 

M. Eaton (Appt. 7/2/73) 
N. Hidayet (Term. 7/2/73) 
F. Hilberer (Term. 7/2/73) 

K. Marcus (Appt. 5/7/74) 
C. Pinard (Appt. 8/6/73, 
J. Rowe (Appt. 5/29/73, 

Term. 6/18/73) 
D. Smith (Appt. 7/31/73, 

Term. 8/10/73) 

Secretary 

M. Lammers 
G. Petersen (Appt. 2/27/73, Term. 3/25/73) 



PUBLICATIONS 

Abstracts 

1. "The Reaction Sr(3He,n)9°Zr by Time of Flight", R. H. Day, J. F. 

Petersen, and W. C. Parkinson, Bull. Am. Phys. Soc. J_8, 1396 (1973). 
40 3 42 

2. "The Two-Proton Transfer Reaction Ar( He,n) Ca", J . F. Petersen, 

R. H. Day, and W. C. Parkinson, Bull. Am. Phys. Soc. j_8, 1396 (1973). 
96 

3. "Search for 2.3 Min Y", K. Rengan (Eastern Michigan University) and 

H. C. Griffin, Bull. Am. Phys. Soc. \8_, 1417 (1973). 

4. "Structure of l65Ho via the Dy(3He,d) l65Ho Reaction", D. A. Lew'is, 

A. S. Broad, and W. S. Gray, Bull. Am. Phys. Soc. }S_, 103 (1974). 
162 3 163 

5. "Coupled Channels Reaction and Form Factor Effects in the Dy( He,d) Ho 

Reaction at 46.5 MeV", A. S. Broad and W. S. Gray with P. J. Ellis and 

A. Dudek Ellis (University of Oxford), Bull. Am. Phys. Soc. ]S_, 104 (1974). 

6. "Coupled Channels Analysis of the 0(d, He) N Reaction", M. A. Firestone 

J. Janecke, with A. Dudek Ellis, P. J. Ellis (University of Minnesota) 

and T. Engeland (University of Oslo), Bull. Am. Phys. Soc. }S_, 454 (1974). 
94 95 

7. "Transitions in Zr and Zr Following the Decay of Y Parents", H. C. 

Griffin and K. Rengan (Eastern Michigan University), Bull. Am. Phys. Soc. 

19, 473 (1974). 
Publications 

'8. "Studies of 205Bi and 207Bi by Proton-Transfer Reactions", Karl A. Erb 

and Walter S. Gray, Phys. Rev. C8, 347 (1973). 

-112-



9. "A Gated Ion-Source for Time-of-Flight Spectroscopy", R. H. Day and 

W. C. Parkinson, Nucl. Inst. & Meth. Ill, 199 (1973). 

10. "Structure of Alisauakas-Jucys Form of the 9j Coefficients", A. C. T. 

Wu, Journal of Math. Phys. ̂ 4 , 1222 (1973). 

11. "Generalized Euler-Pochhammer Integral Representation for Single-loop* 

Feynman Amplitudes", Alfred C. T. Wu, Phys. Rev. D9_, 370 (1974). 

12. "Classical SU(3) Gauge Field Equations", Alfred C. T. Wu and Tai Tsun 

Wu (Harvard University), Journal Math. Phys. JJj_f 53 (1974). 

13. "Nuclidic Mass Relationships and Mass Equations", J. Janecke and H. 

Behrens, Proceedings International Conference on Nuclear Physics, 

Vol. 1, 1973, edited by J. deBoer and H. J. Mang, North-HoilandPubl. 

Co., p. 321. 

In Press 

14. "Nuclidic Mass Relationships and Mass Equations", J. Janecke and H. 

Behrens, Phys. Rev. C, in press. 
40 3 42 

15. "The Ar( He,n) Ca Reaction", J. F. Petersen and W. C. Parkinson, 

Physics Letters B, in press. 

16. "The University of Michigan Neutron Time-of-Flight Facility", W. C. 

Parkinson, J. F. Petersen, R. H. Day, R. M. Polichar, P. F. Julien, 

and D. C. DuPlantis, Nucl. Inst. 6 Meth., in press. 

17. "On the Optimization of the Capacitive Beam Pick-off", W. C. Parkinson, 

J. F. Petersen, and D. C. DuPlantis, Nucl. Inst. & Meth., in press. 

18. "The University of Michigan Cyclotron Facility for Research in Nuclear 

Structure", W. C. Parkinson, J. F. Petersen, R. H. Day, D. C. DuPlantis, 

W. S. Gray, and John Bardwick, Nucl. Inst. & Meth., in press. 

-113-



90 19. "Pair Excitation in ' Zr", R. H. Day and W. C. Parkinson, Physical 

Review C Communication, in press. 

Theses 

20. "A Large Scintillation Detector System for Fast Neutron Time of Flight", 

Paul Frederick Julien, 1973. 

21. "Coupled Channels Reaction and Form Factor Effects in Direct Reactions 

on Strongly Deformed Nuclei", Alan Steven Broad, 1974. 

22. "Neutron Time-of-Flight Spectroscopy and the Reaction Sr( He,n) Zr", 

Robert Harlow Day, 1974. 

23. "Development of a Time-of-Flight Spectrometer and Its Application to the 

Reaction Ar(3He,n) Ca", Jay Franklin Petersen, 1974. 

• » 

114-


