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integrated charge are shown for each experiment sepa
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Schematic diagram of the 36-inch scattering chamber. 

Schematic diagram of the counter holder used with 
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holder and preamp. The internal features are labelled 

in Fig. 4. 

Block diagram of the particle identifier electronics. 
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General view of the heavy ion focal plane detector. The 

operating position of the counter system is indicated in 

Fig. 7. 
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Time-of-flight vs. position spectrum obtained from the 

bombardment of 90zr with 104 MeV 
16o at 8~ = 25°. The 

M/q value for each band of particles is indicated at the 

right of the figure. The lowest band is mainly 12c(6+), 

the middle band is 15N(7+) and 150(7+), and the upper 

band is mainly 160(7+). The slope is due to the 10% 

change in velocity of the ions along the focal plane. 

The dots are intensified on a logarithmic scale. A 

display threshold of 10 counts was used to clearly 

differentiate the various bands. 

~~~ vs. position spectrum obtained from the bombard

ment o;-90zr with 104 MeV 16o at 8~ = 25°. Bands corre

sponding to carbon, nitrogen, and oxygen are indicated 

at the right of the figure. A display threshold of 10 

counts was employed. 

Time-of-flight ~· ~/~X spectrum obtained from the 

bombardment of 90zr with 104 MeV 16o at 8~ = 25°. The 

TOF signals were corrected by the computer (see Fig. 14) 

to remove the position dependence. Groups corresponding 

to various values of M/q and Z are indicated. A display 

threshold of 15 counts was employed. 

Corrected time-of-flight vs. position spectrum obtained 

from the bombardment. of 90zr with 104 MeV 16o at 8~ = 25°. 

The method of correction is described in the text. (See 

caption to Fig. 11.) 

Triton energy spectrum from the 90zr(a,t)91Nb reaction 

at 8~ = 30°. The peak numbers correspond to excitation 

energies given in Table IV. 

Angular distributions of tritons from the 9°zr(a,t)91Nb 

reaction leading to the 0.0, 4.18, and 4.77 MeV levels. 
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Statistical errors are shown for each point. The curves 

have no theoretical significance. ~ 

Angular distributions of tritons from the 9°zr(a,t)9~ 
reaction leading to the 3.37 and 4.18 MeV levels. Sta

tistical errors are shown for each point. The curves 

have no theoretical significance. 

Triton energy spectrum from the 92Mo(a,t)93Tc reaction 

at 8~= 15°. The peak numbers correspond to excitation 

energies given in Table V. 

Angular distributions of tritons from the 92Mo(a,t)93Tc 

reaction leading to the 0.0, 3.91, 4.37, and 4.90 MeV 

levels. Statistical errors are shown for each point. 

The curves have no theoretical significance. 

Angular distributions of tritons from the 92Mo(a,t)93Tc 

reaction leading to the 3.36 and 3.91 MeV levels. Sta

tistical errors are shown for each point. The curves 

have no theoretical significance. 

Triton energy spectrum from the 92zr(a,t)93Nb reaction 

at 8~ = 20°. The peak numbers correspond to excitation 

energies given in Table VI. 

Angular distributions of tritons from the 92zr(a,t)93Nb 

reaction leading to the 0.0, 1.08, and 1.29 MeV levels. 

The solid line through each set of data points repre

sents a smooth curve drawn through the experimental 

angular distribution of the ground state. Statistical 

errors are shown for each point. 
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Triton energy spectrum from the 9 Zr(a,t)95Nb reaction 

at 8~ = 20°. The peak numbers correspond to excitation 

energies given in Table VII. 
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24. Angular distributions of tritons from the 94zr(a,t)95Nb 

reaction leading to the 0.0, 1.27, 1.65, and 2.10 MeV 

levels. The solid line through each set of data points 

represents a smooth curve drawn through the experimental 

angular distribution of the ground state. Statistical 

errors are shown for each point. 
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at ei= 15°. The peak numbers correspond to excitation 
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reaction leading to the 0.0, 0.14, 0.28, 0.36, and 

(unresolved) 0.48-0.50 MeV states. The solid line through 

each set of data points represents a smooth curve drawn 

through the.experimental angular distribution of the 

9°zr(a,t)91Nb (g.s.) reaction from Fig. 16. Statistical 

errors are shown for each point. 

14 16 . Deuteron energy spectrum from the N(a,d) 0 react~on 

at ei= 10°. The "14 MeV" peak contains a contribu

tion of unknown amount from the 16o(a,d)18F (1.13 MeV) 

reaction on a target impurity. 

14 16 Angular distributions of deuterons from the N(a,d) 0 

reaction leading to the 14.40, 14.82, and 16.24 MeV 

levels. Statistical errors are shown for each point. 

The curves have no theoretical significance. 

Deuteron energy spectrum from the 90zr(a,d)92Nb reaction 

at ei = 20°. The peak numbers correspond to excitation 

energies given in Table XII. 

Angular distributions of deuterons from the 90zr(a,d)92Nb 

reaction leading to the 0.0 and 2.58 MeV states. Statis

tical errors are shown for each point. The curves have 

no theoretical significance. 

Page 

92 

93 

95 

101 

103 

119 

123 



Figure 
number 

31. 

32. 

33. 

34. 

-x-

Title 

Deuteron energy spectrum from the 92Mo(a,d)94Tc reaction 

at e~ = 20°. The peak numbers correspond to excitation 

energies given in Table XIII. 

Angular distributions of deuterons from the 92Mo(a,d)9
4
Tc 

reaction leading to the 0.0 and 2.68 MeV states. The 

solid lines through the data points represent smooth 

curves drawn through the experimental angular distribu-

tions of the 90zr(a,d) 9~ reaction leading to the ground 

and 2.58 MeV states (see Fig. 30). Statistical errors 

are shown for each point. 

Deuteron angular distributi.ons from the 90zr(a,d)92
Nb 

(0.36 MeV) and 9~o(a,d)94Tc (0.21 MeV) reactions. Sta

tistical errors are shown for each point. 

Deuteron energy spectrum from the 92zr(a,d)94
Nb reaction 

at 8~ = 20°. The peak numbers correspond to excitation 

energies given in Table XIV. 
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35. Angular distributions of deuterons from the 92zr(a,d)94
Nb 132 

reaction leading t.o the 0.08 and 2.42 MeV states. The 

36. 

solid line through the 0.08 MeV data points represents a 

smooth curve drawn through the experimental angular 

distribution of the summed 0.0 MeV (7+) and 0.36 MeV (5+) 

levels in 90zr(a,d)92Nb. The solid line through the 2.42 

MeV data points is a smooth curve drawn through the 

experimental angular distribution of the 9°zr(a,d) 92Nb 

(2.58 MeV) reaction. Statistical errors are shown for 

each point. 

Deuteron energy spectrum from the 94zr(a,d)96Nb reaction 

at 8~ = 20°. The peak numbers correspond to excitation 

energies given in Table XV. 
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37. Angular distributions of deuterons from the 94zr(a,d)96Nb 

reaction leading to the 0.23 and 2.38 MeV states. The 

solid lines through the data points represent smooth curves 

drawn through the experimental angular distributions of 

the 90zr(a,d)92Nb reaction leading to the ground and 2.58 

MeV states. (See Fig. 30.) Statistical errors are shown 

for each point. 
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Deuteron energy spectrum from the 91zr(a,d)93Nb reaction 

at 8~ = 20°. The peak numbers correspond to excitation 

energies given in Table XVI. 

Angular distributions of deuterons from the 9lzr(a,d)93Nb 

reaction leading to the 0.96, 1.33, and 1.48 MeV levels. 

The solid lines represent smooth curves drawn through ex

perimental angular distributions from the 9°zr(a,d)92Nb 

reaction leading to the 7+ (g.s.) and 5+ ( 0.36 MeV) with 

weighting factors of: 0.96 MeV [7+ + 5+], 1.33 MeV [7+], 
+ + and 1.48 MeV [7 + 2 x (5 )]. (See text, Sec. IV-B7.) 

Statistical errors are shown for each point. 

Angular distributions of deuterons from the 91zr(a,d)93Nb 

reaction leading to the 3.54 and 4.52 MeV states. The 

solid lines represent smooth curves drawn through the 

experimental angular distribution of the 9°zr(a,d)92Nb 

(2.58 MeV) reaction. (See Fig. 30.) Statistical errors 

are shown for each point. 

15 90 16 15 9L- . N position spectrum from the Zr( 0, N) -Nb react~on 

at e~ = 25°. The two-dimensional arrays corresponding to 

this spectrum are displayed in Figs. 11 to 14. 

Angular distributions of 15N from the 9°zr( 16o,15N)91Nb 

reaction leading to the 0.0 and 3.37 MeV states. The 

angular distributions for the two states have identical 
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shapes, although the ground state (p112--~g912 transition) 

should be L=5 and the 3.37 MeV state (p112--~d512 tran

sition) 1=3 based on the selection rules. 

Position spectra from the inelastic scattering of 104 MeV 156 
16 90 92 93 0 on targets of Zr, Mo, and Nb. The broad states 

near 6 MeV may be due to (Doppler broadened) 16o excited 

states. 

44. 15
N position spectrum from the 92Mo( 16o,15N) 93Tc reaction 158 

at eR, = 20°. 

45. 15N position spectrum from the 94zr( 16o,15N) 95Nb reaction 161 

at eR, = 25°. 

46. 

48. 

50. 

15 91 16 15 92 N position spectrum from the Zr( 0, N) Nb reaction 

at 8 = 25° . The peak near channel 50 is due to leak-R, 

through of an intense 17o peak from the 150(7+) gate (see 

Fig. 54). 

15
N position spectrum from the 93Nb(16o,15N)

94Mo reaction 

at eR, = 20°. 
15 90 16 15 91 0 position spectrum from the Zr( 0, 0) Zr reaction 

at 8R, = 25°. A 90zr(a,3He)91zr spectrum at 8R, = 25° is 

shown for comparison. 

150(7+) position spectrum from the 90zr(16o,15o)91zr 

reaction .at eR, = 25°. The small peaks near channel 50 
are due to the (16o,17o) reaction on isotopic impurities 

iri the target leading to the final states indicated above 

the peaks. 

15o angUlar distributions from the 90zr(16o,15o)91zr 

reaction leading to the 0.0 and 2.16 MeV states. Accord

ing to the selection rules, the ground state transition 

is 1=3 and the 2.16 MeV transition is 1=6. 
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spectrum from the 9~o( 16o,15o)93Mo 
A 92

Mo(a,3He) 93Mo spectrum at 8~ = 
shown for comparison. 

reaction 

15o position spectrum from the 93Nb(16o,15o)94Nb reaction 

at 8~ = 20°. Due to difficulty with the calibration, the 

energy of the [ng912 ,(vd512 );;2] multiplet was found to 

be -0.05 MeV. The excitation energies for all three states 

are believed to be low by about 110 keV. (See text, Sec. 

IV-C9.) 

150(7+) position spectrum from the 94zr( 16o,15o) 95zr reac

tion at e~ = 25°. The large peak at the bottom of the 

spectrum is due to the 94zr(16o,17o) 93zr (g.s.) reaction. 

15o(7+) position spectrum from the 91zr(16o,15o)92zr 

reaction at e~ = 25°. The peaks at the bottom of the 

spectrum are due to the 91zr( 16o,17o)90zr(g.s.) reaction, 

with the larger one being due to 17o in its ground state 

and the smaller one to 17o in its 0.87 MeV (s112 ) first 

excited state. 
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55. Comparison between the calculated and experimental spectra 215 
for the (ng912 ,vd512 ) multiplet in 92Nb. 

56. (a) Momentum vector diagram illustrating the angular momen- 232 
tum transfer in the plane wave picture of a nuclear reac-

tion. (b) Momentum vector triangle corresponding to the 

reaction shown in (a). 

57. Trajectories for a nuclear reaction in the presence of the 236 
Coulomb force. The reaction is assumed to occur at the 

distance of closest approach, D, of both the incoming 

(solid curve) and outgoing (dashed curve) Coulomb orbits. 

The actual path of the particles is indicated by the 
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arrows. Note that in this picture the observed scatter

ing angle does not correspond to the scattering angles 

associated with the individual Coulomb orbits. 

Diagram of the coordinate system for heavy ion induced 

transfer reactions. The relationships between the various 

vectors are indicated below the diagram. 
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92 94 96 Members of the lower group [ Nb {g.s.), Nb (0.08 MeV), and Nb (0.23 

MeV)] have been previously identified as {rrg
912

,vd
512

)
7
+ states. From 

the 92Mo(a,d) 94Tc results, the 94Tc ground state can also be assigned 
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JTI = 7+. The higher levels [92Nb (2.58 MeV), 94Nb (2.42 MeV), 96Nb 

(2.38 MeV), and 94Tc (2.68 MeV)] are believed to be either (ng
912

, 

vh11; 2 )10_ or (ng
912

, vg
712

)8+ states, based on the results of shell 

model matrix element calculations and the (a,d) structure factors of 

Glendenning. As an example of the systematics of the (a,d) reaction, 

results from the 14N(a,d)16o reaction at 40 MeV are also included here. 

Accurate excitation energies and widths for the previously observed 

[
14

N (1+) + (d512 )~+] triplet in 16o have been determined to be: 

14.40 ± 0.03 MeV (r = 30 ± 30 keV), 14.82 ± 0.03 MeV c .m. 

(r = 69 ± 30 keV), and 16.24 ± 0.04 MeV (r = 125 ±50 keV). c.m. c.m. 

The (16o,15N) and (16o,15o) reactions on targets of go,gl,94zr, 

92Mo, and 93Nb were also investigated with a 104 MeV 16o (4+) beam from 

the Berkeley 88-inch cyclotron. Outgoing heavy ions were detected in 

the focal plane of a magnetic spectrometer with a Borkowski-Kopp type 

position sensitive proportional counter backed by a plastic scintillator 

·16 15 . 16 15 . . 
and phototube. The ( O, N) and ( 0, 0) data 1nd1cate a preference 

for high angular momentum transfer similar to (but less pronounced than) 

that shown by the (a,t) and (a,3He) reactions on the same targets. 

Contrary to a suggestion by Nickles et al., no strong evidence for a 

multi-step excitation of core-excited states is apparent from the present 

data. 
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I. INTRODUCTION 

A. (a,t) Reactions 

In recent years there have been many studies of proton.configu

rations in the Zr-Mo region using the (3He,d) reaction.1- 6 Most of 

this work concentrated on the N=50 nuclei 90zr and 

data on all of the Zr isotopes was reported in one 

9~o, although (3He,d) 

4 case. A general 

feature of these (3He,d) experiments is that very few high angular momen-

tum transfers were observed except for the ground states (g
912

). The 

shell model states expected in this region are lg
912

, lg
712

, 2d
5
; 2 , 

2d
312

, 3s
112

, and lh1112 (hereafter radial quantum numbers will be 

suppressed), which should give rise to both ~=4 and ~=5 transitions to 

various excited states. 

The locations of these ~=4 and ~=5 proton states are of interest 

for comparison with the detailed shell model calculations 7- 9 which have 

been performed for this region. These calculations predict the existence 

of many high-spin levels at low excitation energies. Some of these levels 

have been observed inS-decay studies (e.g., 9~o --~ 9~ (Ref. 10) and 

95zr -~ 95Nb (Ref. 11") ) and Coulomb excitation (e.g., 93Nb (p,p'y)12 ) 

1-6 but few have been seen in proton transfer. Of course, some of these 

states have spins which cannot mix with the available single-proton 

states in this region, but others are expected7-9 to be 9/2+ or 7/2+ 

and might mix with the g912 or g
712 

states and be observable in proton 

stripping. 

The lack of such high angular momentum transitions in (3He,d) 

is not surprising, since the semi~classical angular momentum transfer 

-+ -+ 
is rather low, q x R ~ 2. (See Appendix A). In contrast, the expected 

4 
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momentum transfer in· (a,t) at 50 MeV is much larger due to the large 
+ + 

negatiYe Q-value associated with the reaction (q x R ~ 6). These numbers 

indicate that high angular momentum transitions are unfavorable in (3He,d) 

.since the momentum mismatch is large, while for (a,t) the opposite is 

true and the low momentum transfers are unfavorable. Thus, a comparison 

of the relative strengths of states seen in both (3He,d) and (a,t) should 

give information on the locations of high angular momentum (~ = 4 or 5) 

proton states in this region. The targets used in this series of experiments 

90,91,92,94z d 92M 0 11 th are r an o. n a of ese targets results from the 

two-nucleon transfer (a,d) reaction were obtained simultaneously. 
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B. (a,d) Reactions 

Previous studies of (a,d) reactions on light and medium mass 

nuclei have shown that, in general, a few levels of the residual nucleus 

. 13-18 are preferentJ.ally populated. The nature of thes'e states has been 

shown to be 15- 17 

(1) 

where Jt is the target spin, jl and j 2 are the spins of the shell model 

states into which the two transferred nucleons are captured, and Jf is 

the spin of the final state formed from vector coupling Jt and J. This 

sort of configuration is consistent with the standard picture19 of the 

reaction mechanism: a one step grazing collision in which the nucleons 

are transferred with no rearrangement of the core. 

The configuration (1) is general to all two-nucleon stripping 

reactions such as (t,p), (3He,p), and (a,d), although selection rules 

do, of course, limit the possibilities for the captured nucleons (j1 ,j 2 )J. 

It has been shown19 that two-nucleon transfer reactions are extremely 

sensitive to the details of the nuclear wave function, since the cross 

sections depend upon the degree to which the transferred nucleons are 

correlated in the fi.nal state. The (a,d) reaction evidences this form 

of selectivity but, in addition, there is a preference for large momentum 

transfer due to the very negative Q-value associated with the reaction. 

{See Appendix A.) 

In all pre·v:.ous (a,d) experiments the strongest state was one in 

which j
1

=j 2=j (refc·red to as a 11 j 211 configuration) and J=j1+j 2=2j 



-4-

(referred to as a "stretched" configuration). For example in 12c(a. ,d)14N 

the 9.0 MeV state was assigned the configuration ~2c(o+) + (d512 )~+] 5
+ 

and in 40ca(a.,d) 42sc the 0.6 MeV state was assigned the configuration 

[ 40 ( +) ( )2 ] . 15 Ca 0 + f
712 7

+ 
7
+ by R1vet et al. Similarly the states in the 

Fe-Ni region have been associated with the (Target core + (g912 )~+] 9
+ 

f . t• 16,17 con 1gura 1on. 

The high spin levels formed preferentially in the (a.,d) reaction 

are expected to have relatively simple configurations, since there are 

no other nearby two-particle shell model states which can give the same 

spin. The (f712 )~+ state in 42sc observed by Rivet et a1.,15 for example, 

cannot contain any other shell model configurations below {g912)~ (which 

is far away in energy and thus unlikely to mix appreciably). The actual 

wave function of the strong (a.,d) state m~ be rather complicated in 

nuclei some distance from closed shells, but as long as the complicated 

structure is due to Jt' that is, as long as the initial and final states 

differ only in that there is an additional pair of nucleons in the state 

(j1 ,j 2)J' we can still hope to learn something about the residual interaction 

of a specific shell model configuration. The observed17 constancy of 

the empirical neutron-proton residual interaction in the large (a.,d) 

state over a range of masses appears consistent with such an assumption. 

The targets chosen for the present study are in the Zr-Mo region, 

since this region appears to be well-described by the shell model. 7- 9 

There are many possible high-spin shell model states which might be 

populated in (a.,d) on these targets, e.g., (rrg
912

,vd
512

)
7
+, (rrg

9
/ 2 ' 

vg
7

; 2 )8+' (rrg
912

,vh11; 2 )10_, etc. All of these are approximately consistent 
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with the kinematic preference of the (a,d) reaction. For a 50 MeV 

a-particle beam the (a,d) reaction has a favored momentum transfer 
~ ~ 

q x R ~ 8. The technique employed here is the same as in previous 

searches: Systematic trends have been sought which can, with the aid 

of shell model predictions, indicate which possibility is most reason-

able. (The assignments based on previous (a,d) systematics, summarized 

in Ref. 17, have been verified in many cases by spin assignments deter

mined by other work.) 20- 23 

At about the time this project was undertaken a new beam ana

lysis system
24 

was installed at the 88-in. cyclotron. The possibility 

for improved resolution made it attractive to repeat the earlier 

14N(a,d)16o experiment.13 ,15 The interpretation of this experiment had 

been hampered by the fact that the ground state spin of 14N is 1+ and, 

according to equation (1), the expected (d512 )~+ configuration splits 

into a 4+, 5+, 6+ multiplet. Since a 6+ state was known25 to lie near 

one of the strong (a,d) states, it was important to obtain accurate 

widths and excitation energies for these states. With the 250 keV 

resolution attained previously,13 '15 this had not been possible. This 

reaction, while clearly outside the stated scope of this paper, is an 

interesting illustration of the systematics involved in (a,d) work and 

as such it will be included here. 
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C. Heavy Ion Reactions 

There is presently a great deal of interest in the spectroscopic 

information obtainable from heavy ion induced transfer reactions. 26 In 

particular, the (
16o,15N) reaction at 60 MeV on all of the even Zr iso

topes has been reported. 27 This reaction was observed to strongly favor 

the capture of a g912 proton by an undisturbed Zr core. (The ground 

state was in all cases a factor of 3 stronger than any other state.) 

This result suggests a preference for large angular momentum transfer 

similar to that shown by the (a,t) reaction. The preference for high 

angular momentum transfer can be understood qualitatively by estimating 

the favored momentum transfer as illustrated in Appendix A. In the case 

of a heavy ion beam the momentum transfer at the distance of closest 

approach is the relevant quantity to consider. If we use the estimate 

for the barrier height given by Becchetti et a1. 28 
we obtain a value 

of ~L ~ 3 at the maximum in the angular distribution (8 = 70°). c.m. 

Similar calculations for (a,t) at 50 MeV and (3He,d) at 31 MeV (both 

at the grazing angle) give expected momentum transfers of about 4 and 0, 

respectively. 

The Zr(16o,15N) results27 were compared with the (3He,d) data 

of Cates, Ball, and Newman
4 

in order to determine which levels were 

populated by single-particle transitions. Several other states, not 

seen or seen weakly in (3He,d) were interpreted as possible core-excited 

levels 

tially 

of the type[Zr(2+) ~ ng9; 2Jor[zr(3-) ~ ng912J. However, essen

all of the levels seen in the heavy ion work were also visible 

in the (a,t) reactions on the same targets. 29 , 30 To see whether the 
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apparent similarity of the (16o,15N) and (a,t) reactions held true at 

an energy somewhat further above the Coulomb barrier, spectra of the 

(16o,15N) reaction on targets of 90 ,91 ,94zr, 92Mo, and 93Nb were obtained 

at a beam energy of 104 MeV. Data on the neutron transfer reaction 

16 15 . . 
( O, 0) were obtained simultaneously. Since the angular distributions 

28 of all the states seen in the heavy ion experiment were expected to 

be similar, an angular distribution was obtained only for the 90zr tar

get. For the other targets spectra for both (16o,15N) and (16o,15o) 

were taken near the maximum of the angular distribution. 
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II. EXPERIMENTAL EQUIPMENT 

A. a Particle Reactions 

1. Cyclotron and Beam Optics 

The experiments described here were done with the 40, 50, and 

65 MeV a-particle beams of the Berkeley 88-inch sector-focused cyclo-

tron. The transport system is shown in Fig. 1. The extracted cyclotron 

beam is made parallel with a quadrupole doublet (QSl), bent 20° by a 

switching magnet (M ) and focused by a second quadrupole doublet (Q31) s 

at the entrance slit (AS3Al) of the high-resolution analyzing magnets.
24 

These magnets are operated so that the first magnet is the energy analyzer 

and the second magnet serves to remove any slit-scattered particles which 

are created at the analyzing slit (AS41). Object and image slit widths 

of 1 mm were typically employed. The beam transmitted through these slits, 

when measured with the second magnet, was found to have a resolution, 

~/E, of 0.04%. The final analyzing slit (AS42) was always left open 

(~ 1 inch) during experiments. After energy analysis the beam was bent 

7 1/2° (M43) and brought to a double focus at the target position by means 

of two quadrupole doublets (Q4Al and Q4A2). The current was monitored by 

a split Faraday cup which was connected to a current integrator in the 

counting area. Equal currents were maintained on each side of the Faraday 

cup to insure a constant beam angle. T,ypical currents on target ranged 

from about 0.25 to 1 ~A. At each focus it was possible to view the beam 

on Al2o
3 

plates via a closed circuit television system. 

Energy calibration of the analyzing magnets was done by measuring31 

the position of the 14.232 MeV, T = 3/2 resonance in 12c(p,p) using beams 

+ + of protons, H2 , and H
3 

• This calibrated the magnets up to the maximum 

• 
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Bp of the cyclotron. (The magnetic rigidity of 42.7 MeV H
3
+ corresponds 

to 128 MeV protons or a particles.) Yield curves for the three beams 

are shown in Fig. 2. The reproducibility of these measurements was about 

0.5 keV in proton energy. Since the beams used here are close to the 

H2 + c.alibration point, the absolute beam energies are expected to be 

correct to better than 10 keV. 

2. Scattering Chamber 
l 

A schematic diagram of the 36" scattering chamber is shown in 

Fig. 3. Since this apparatus has been described in detail previous1y,32 

only a brief outline will be given here. Recent modifications of the 

scattering chamber will be discussed more carefully. The solid targets 

were mounted on aluminum frames with a 3/4" hole in the center. Up to 

six frames could be placed in a target ladder at the center of the 

scattering chamber, but one 6f these positions was always used for an 

aluminum oxide TV target. Controls from the counting area allowed both 

the vertical height and rotation of the targets to be set remotely. The 

detector holders were clamped on a movable hub which was also controlled 

remotely from the counting area. Positions of all· remotely contr0lled 

devices in the scattering chamber were determined by a digital voltmeter. 

The precision in setting the counter angle by this method was about 0.1°. 

Cooling of the detectors was provided by thermoelectric coolers 

attached to the back of the counter mounts. These coolers, along with 

their water-cooled heat sinks, allowed the counters to be run at about 

-25°C. A convenient feature of this technique is that the coolers are 

reversible. Thus, by changing the polarity of the power supply, it was 

possible to warm the detectors back to room temperature in about 15 minutes. 

.. 
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Fig. 2. Proton yield curves at ei = 165° for the bombardment of carbon 

targets with beams of protons and the molecular hydrogen ions 
+ + H

2 
and H

3 
• The target thickness and integrated charge are 

shown for each experiment separately. (The resonance corresponds 

to the Jn = 3/2- 5 T = 3/2 level in 13N atE = 15.066 MeV.) 
X 
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Fig. 3. Schematic diagram of the 36-inch scattering chamber. 
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For the 14N(Ot.,d) experiment a gas target was used. This target 

was mounted in place of the solid-target ladder at the center of the 

chamber. The shaft on which it was mounted was hollow and terminated 

in an external vacuum fitting to which the gas handling apparatus was 

attached. The gas cell used was a modified version of that described 

in Ref. 32. It consisted of a stainless steel cylinder 7.6 em in dia

meter and 2.5 em high with an exit foil of 2.1 mg/cm2 Havar covering 

315°. The remaining solid section of.the cell was bored out and fitted 

with a hollow brass plug on the end of which a 0.22 mg/cm2 Ni entrance 

foil was epoxied. A circular tantalum collimator 3.8 mm in diameter 

was used to define the beam entering the target. This collimator was 

electrically insulated from the rest of the cell in order to monitor 

the untransmitted beam. By careful attention to the beam optics it was 

possible to keep the beam loss below 1% during the course of the run. 

Several antiscattering slits were also employed to further define the 

beam and to protect the edge of the thin. entrance foil. 

A modification of the chamber not described in Ref. 32 was the 

addition of a liquid nitrogen cooling bar (see Fig. 3). This modification 

was made specifically for the purpose of testing Ge(Li) counters33 for 

use in charged particle spectroscopy. However, the holder designed for 

use with the Ge(Li) system was also employed for a 65 MeV Ct.-particle run 

in conjunction with an experimental 1 em thick Si(Li) detector fabricated 

at this laboratory. This special counter holder, shown in Figs. 4 and 5, 

could be clamped to the cold bar by means of a stainless steel bellows 

which was expanded with compressed air. The holder itself was mounted 
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Fig. 4. Schematic diagram of the counter holder used with liquid nitrogen cooled counters. 
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XBB 6812-7636 

XBB 6812-763~ 
Fig. 5. Photographs of t~ne liquid nitrogen cooled counter holder and 

preamp. The internal features are labelled in Fig. 4. 
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on the hub of the scattering chamber and could be moved by first evacuat-

ing the bellows to unclamp it, rotating the hub, and then repressurizing 

the bellows. At equilibrium the counter temperature was maintained at 

about -l50°C. The holder was operated as a windowless system (both for 

germanium and silicon systems). However, it had a motor-driven vacuum 

valve which could isolate the counter from the chamber vacuum while the 

molecular sieve pump maintained a low internal pressure. An additional 

bonus of the liquid nitrogen bar was that the chamber pressure, typi-

-6 cally about 5xl0 Torr, was greatly improved when the bar was cold. 

In the magnet calibration expe r iment 31 the pressure was maintained at 

about 7xl0-7 Torr by this method. 

3. Detectors and Electronics 

Reaction products were detected with detector telescopes con-

sisting of a 0.25 mm phosphorus-diffused transmission (~) counter and 

a thicker Si(Li) stopping (E) counter. The thickness of theE detector 

was varied depending on thebeamenergy. For the 40 MeV experiment 3 mm 

E counters were used, while 5 mm counters were required for the 50 MeV 

experiments. As mentioned previously, the 65 MeV experiment utilized 

a 1 em Si(Li) counter. This latter counter was run at -150°C rather 

than the standard -25°C because the bias voltage required for best per-

formance of the detector, 2750 volts, could not be maintained at higher 

temperatures without breakdowns. Standard voltages for the other detectors 

are: 6E (200-300 volts), 3mm E (400 volts), and 5mm E (1,000 volts). 

In all cases the leakage currents of the cooled detectors were about 0.1 

~A or less. Normally two telescopes were mounted on the hub of the 
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scattering chamber with a fixed angular increment (usually 20°) between 

them. For the 65 MeV experiment only one telescope was available. The 

solid angle of each telescope was defined by a rectangular collimator 

located in ~ront of the ~ counter, at a distance of about 13 inches from 

the target. A second rectangular collimator, about 3 inches from the 

center of the target, was required to adequately define the target thick-

ness t-or the gas target run. A discussion of the geometrical considera-

34 tions involved in the gas target case has been given by Maples. A 

. -4 typical solid angle for the solid target experiments w.as about lxlO sr. 

In addition to these systems a monitor counter, which was mounted 

in a special port in the scattering chamber (see Fig. 3), was also employed. 

This counter allowed a check on the constancy of the·product of beam current 

x target thickness and precluded any difficulties due to disintegration 

of the target by the beam. It was also utilized in determing the dead 

time of the system as wil+ be described below. 

The block diagram of the electronics, shown in Fig. 6 for a single 

~-E system, is a modified version of the system used previously. 32 The 

important changes are the use of the newer high-rate amplifier systems35 

and the inclusion of a pile-up rejector. The amplifier produces two out-

put signals. The "fast" output is a singly differentiated signal. lt 

is not integrated and thus exhibits the fast rise time (~50 ns) of the 

preamp signal. In our system the fast output is used for timing and is 

inspected by the pile-up rejector to determine whether the event is "valid." 

The requirements for a valid output from the pile-up rejector are, (1) 

that a signal must not have been preceded by another signal within the 
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inspection time (v~iable from 5 to 25 ~s), and (2) that a second pulse 

must not have occurred during the rise time and for 0.5 ~s after the peak 

of the signal being considered. For these experiments an inspection time 

of 20 ~s was standard. The "slow" output, after differentiation, is 

shaped by an active integrator which is roughly a series of RC integra-

tions, all with the same time constant. The system used here resulted 

in a semi-Gaussian pulse with a peaking time of 2 ~s. It is this signal 

which is used for energy analysis. The high-rate aspects of this ampli-

fier are not particularly relevant for this application and will not be 

discussed here. The choice of these amplifiers was based on their improved 

noise characteristics compared to previous systems. 

A Goulding-Landis particle identifier36 was used to generate a 

2 signal approximately proportional to MZ of the detected particle. This 

signal was then used to route the total energy signals into different 

· 1024-channel groups of a Nuclear Data analyzer. After each run the ana-

lyzer memory was dumped onto magnetic tape by a PDP-5 computer. Final 

data analysiswas done using the SCC-660 and CDC-6600 computers. 

The overall dead time of the system was conveniently measured by 

using a pulse generator which injects charge directly into the preamp. 

By appropriate choices of ~ and E pulser gains it was possible to simu-

late a particle of a given type so that the pulser signal could be stored 

in the analyzer. (The energy of the pulser was generally chosen to put 

it above the ground state peak of whatever reaction it was simulating.) 

If the pulser is triggered by a signal from the monitor counter (generally 

scaled down by a factor of 10 or 100) then it goes into the preamp at a 

rate proportional to the actual beam intensity, the same as the real 
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signals do. Thus, it suffers the same probability for getting "lost 11 as 

the real signals. The dead time correction can be easily obtained by 

comparing the total number of pulser triggers (recorded in a scaler) 

with the number of pulser counts actually stored in the analyzer: 

C = E pulser triggers 
E pulser-signals stored 

This factor multiplies the observed number of events stored in the ana-

lyzer to give the actual number of events required for cross section 

calculations. 

4. Targets 

The solid targets used in these experiments were self-supporting 

metal foils which were prepared by evaporation. The materials were 

obtained from the Stable Isotopes Division of Oak Ridge National Laboratory. 

Target compositions are summarized in Table I. The 14N target consisted 

14 of natural nitrogen (99.6% N) at a pressure of about 30 Torr. This 

rather low pressure was dictated by the fact that only a single thin en-

trance foil was available and its breaking pressure was completely unknown. 
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Table I. Target Composition 

Zr Targets 

Nominal 
Target Thickness Isotopic Ab~dance 

2 (mg/cm ) (At. %) 
... 

90zr 9lzr 92zr 94zr 96zr 

90zr 0.20 97.8 0.95 0.65 0.49 <0.1 

9lzr 0.30 4.95 91.85 2.51 0.62 0.07 

92zr 0.40 2.86 1.29 94.57 1.15 0.14 

94Zr 0.25 2.08 0.69 0.92 96.07 0.24 

Mo Target 

92Mo 94Mo 95Mo 96Mo 97Mo 98Mo lOOMo 

9~0 0.30 98.27 0.46 0.37 0.26 0.13 0.27 0.25 
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B. Heavy Ion Reactions 

1. Bea.m.Optics 

The heavy ion experiments described in this paper made use of 

the new magnetic spectrometer system at the 88-inch cyclotron. 37 The 

optics layout described in Sec. II-Al is essentially the same as the one 

used here up to the last bending magnet (see Fig. 1). For the spectro

meter experiments the beam is bent 42° (M43) and then focused at the 

target position by two quadrupole doublets (Q4Cl and Q4C2). The beam 

is stopped in a split Faraday cup located inside the 24" scattering 

chamber. This arrangement allows data to be taken at very forward angles 

(e'X,::::: 10°). The object and image slit widths of the beam analysis system 

were 2.5 mm for these experiments. (This was required in order to trans-

mit a maximum amount of beam to the .target~ since the cyclotron produces 

appreciably lower currents of heavy ions than a particles.) The beam 

resolution, 6E/E, is thus expected to be about 0.1%. Typical currents 

of 16o in the Faraday cup (measured in the 8+ charge state after passing 

through the target) ranged from 0.1 - 0.5 ~A. 

Due to the fact that the analyzing slits AS3Al and AS41 were 

replaced subsequent to the. light ion experiments, the validity of the 

previously mentioned energy calibration31 is uncertain. The beam energy 

measurement based on the old calibration gives E( 16o) = 104 MeV. The 

error in this value is not known with certainty, but should be less than 

100-200 keV. 

2. Scattering Chamber 

The design of the 24" scattering chamber is similar to that of 

the 3611 scattering chamber (Sec. II-A2). The target ladder holds up to 
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six target frames, one of which contains an Al2o
3 

plate for viewing the 

beam. Two monitor counters were employed during experiments. One was 

mounted in a fixed position (about 20°) while the other was mounted on 

the movable floor of the chamber. Due to space limitations this latter 

monitor was generally at a rather back angle (40-50°) and thus had a 

very low counting rate. The targets and monitor counter could be posi

tioned remotely and their positions read by means of a digital voltmeter 

in the counting area. 

The most noteworthy feature of the scattering chamber is the 

sliding spring-steel band which forms the vacuum connection to the spec-

trometer. This band allows a continuous range of.scattering angles 

spanning 110° to be covered. B,y rotating the scattering chamber itself 

it is easy to change the angular range. The ranges normally used are 

15 to 125° or -30 to +80°, with positive angles defined as being to the 

left of the beam line looking downstream. At each end the band is 

attached to a shaft which is driven by an electric motor. The commands 

to the motors are given by various microswitches which are connected 

mechanically to the motion of the spectrometer. With a system of this 

type there is a strong tendency for the band to leak while it is being 

moved. (This is probably caused by the band dragging the 0-ring slightly.) 

For this reason certain precautions, such as closing valves and removing 

bias from the monitor counters, were normally followed when changing 

spectrometer angles. Fortunately, it was almost always possible to 

regain a good vacuum once the new spectrometer position had been reached. 
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3. Spectrometer 

A schematic drawing of the spectrometer and the 24" scattering 

chamber is shown in Fig. 7. The uniform field sector magnet has a cen-

tral radius of 1.775 m and a bending angle of 114.5°. Table II lists 

the general properties of the system. The spectrometer is rotated by 

inflating air pads under the structure so that it can be moved with a 

small motor near the outside edge. As mentioned above, after the magnet 

moves a short distance it mechanically activates one of the two motors 

connected to the sliding metal band. The band then moves to catch up. 

Due to the vacuum problems associated with changing angles the controls 

for this motion are located only in the cave area, although the digital 

voltmeter position readout is available in the counting room. When set 

at a scattering angle the magnet rests on two flat steel rails, with 

the scattering chamber mounted at the center of rotation. 

There are several unusual features of the spectrometer which 

deserve special mention. For example, the sector magnet has a non-normal 

entry angle of 37° in order to achieve vertical focusing. This technique 

is similar to that used in the design of the beam analysis magnets, 24 

which have a non-normal exit as well as entry angle. The effects of 

edge-focusing have been discussed by Enge. 38 

The original design of the spectrometer39 was made with a view 

toward a live detection system rather than, for example, nuclear emulsions. 

For this reason it was desirable to have a focal plane located normal to 

the particle trajectories rather than at a steep angle as is more c0mmon 

with plates. (If a particle enters a live focal plane detector at an 
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Table II. Parameters of the 88-inch cyclotron magnetic spectrometer. 

Magnet gap 10.95 em 

Radius 1.65 - 1.90 m 

Focal plane length 

Vertical acceptance 

Radial acceptance 

Solid angle (maximum) 

Energy range 

Mass-energy product 

Dispersion 

Radial magnification 

Vertical magnification 

Angular range (total) 

Angular range 
(ext. Faraday cup) 

Angle of incidence on focal plane 

E Resolving power ~ at ~Q = 1 msr 

Maximum resolving power 

55 em 

100 mrad 

20 mrad 

2 msr. 

30% 

270 MeV - amu 

3.3 - 4.2 m 

0.33 - 0.40 

4.7 

+125 to -180° 

+15 to 125° 
-55 to -165° 

-11 to +10° 

3,000 

10,000 
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angle a with respect to normal entry, the width of the position signal 

is broadened roughly by an amount t x tan a, where t is the counter 

thickness. For large angles this might easily be the limiting factor 

in the position resolution.) To accomplish this "rotation" of the focal 

surface a negative radius of curvature (r = -0.8 m) was used at the exit 

of the sector magnet. 

There are several advantages of the spectrometer over solid-state 

detectors. One is that it has a relatively large solid angle. This is 

important for heavy ion. reactions because the available beam intensity 

is low. The solid angle used here was about 0.9 msr, compared with 0.1 

msr for the detector experiments described above (Sec. 1I-A3). However, 

at high beam energies the slopes of angular distributions are often quite 

steep. This makes a large acceptance angle in the scattering plane 

undesirable. The problem is avoided here by using a large vertical 

acceptance angle while keeping the angle in the scattering plane small. 

The angles are defined by horizontal and vertical slits located about 

63 em from the target. During these experiments a horizontal gap of 

0.7 em and a vertical gap of 5.1 em were used, corresponding to horizontal 

and vertical acceptance angles of.about 0.6° and 4.6°, respectively. The 

use of a large vertical angle is facilitated by using a single quadrupole 

lens just after the defining collimators. The quadrupole is vertically 

focusing and "collects" the scattered particles to keep them from hitting 

the magnet poles. (The vertical focus in the focal plane is still pro-

vided mainly by the edge focusing of the sector magnet.) Of course, 

there must be some loss of solid angle in the horizontal plane due to 
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the defocusing of the quadrupole lens, but the overall gain is still 

substantial. The idea is similar to one proposed by Enge40 except that 

here the quadrupole is not the only vertically focusing element. One 

drawback in this technique is that the large vertical size of the beam 

makes 2nd-order effects important to the resolution. In this case the 

calculations indicate39 that the most important 2nd-order term is 

connected with the angular divergence (y
0

1 )
2 • The sextupole, which has 

no first-order properties41 (i.e., it is a drift space in first order), 

is adjusted to correct for this term. 

Another advantage of the spectrometer is that it can be used in 

such a way as to compensate for the energy spread in the incident beam 

("dispersion matching"). This was convenient for these experiments 

since the low heavy ion currents available from the cyclotron make it 

impractical to use a well-analyzed beam. Also, by moving the focal 

surface it is possible to eliminate the resolution contribution due to 

the kinematics of the reaction, i.e., due to the change in outgoing energy 

as a . .function of scattering angle ("kinematic compensation"). These 

compensation techniques have been discussed in detail by Hendrie. 4.2 The 

change in focal length required for kinematic compensation is given 

approximately by: 

I:::.L = -KMD 

where M and D are the magnification and dispersion of the spectrometer 

and K is a kinematic factor which describes the amount of Doppler 

broadening. Specifically, 

K =I~ ~I 
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. 90 16 15 91 . . 
For the Zr( 0, N) Nb (g.s.) react~on at 104 MeV, K=0.08 at 25° and 

(using average parameters from Table II) 

IlL= -(0.08) (-0.365) (3.75xl02 ) 

= 11 em. 

The kinematic compensation will introduce a rotation as well as a dis-

placement of the focal plane since 6L depends on p, but the former 

effect is much smaller and can generally be ignored. 

The capability of performing these compensations, which are 

unavailable to counters , makes the spectrometer a very powerful means 

of study.ing heavy ion reactions. As will be discussed below, the ability 

to identifY different heavy ion species is also an area where the spec-

trometer compares favorably to present solid-state counter techniques. 

4. Detector and Electronics 

The position-sensitive detector used in conjunction with the 

spectrometer is of the Borkowski-Kopp design. 43 It consists of a pro-

portional counter 1 em deep with anodes made from high-resistance carbon

coated quartz wires •44 The vertical magnification of our spectrometer 

(see Table II) dictated a rather large vertical height for the focal 

plane detector in order to take full advantage of the increased solid 

angle of the system. Similarly, the dispersion of the magnet implies 

a total focal plane length ( assllining a 30% energy range) of nearly 60 em. 

With these facts in mind, the counter was designed with 6 resistive wires, 

45 em long, mounted vertically in the focal plane 1 em apart. The detector, 

shown in Figs. 8 and 9, is mounted on a movable table with a bellows 

connecting it to the spectrometer vacuum chamber. In this way it can be 
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moved to the appropriate kinematically compensated focal plane. The 

total movable range of the bellows is about 30 em. If more range is 

required for the compensation, spacers can be added to extend the dis-

tance between the bellows and the magnet exit. 

The counter was normally run at a pressure of 0.2 atm with a 

mixture of 93% Ar and 7% CH4. Gas flows through the counter continuously 

and is evacuated by a small mechanical pump on the exit side. The gas 

pressure is controlled by a regUlator on the inlet side. Both sides of 

the detector have pressure-interlocked solenoid valves which isolate it 

from the gas inlet and relief pump in case of an accident. The front 

and back high-voltage electrodes are formed from 0.006 mm aluminized 

mylar. For this experiment the counter was run at 620 volts. In order 

to insure a parallel sensitive area for the detector (which is essential 

for ~E/~X measurement), the pressure is contained by a separate mylar 

window 0.012 mm thick which lies in front of the first electrode. 

Each of the 6 wires has a voltage-sensitive preamp at both ends, 

making a total of 12 preamps required for the detector. As has been 

noted by other groups working with detectors of·this type, it is necessary 

to have the preamps close to the wires to minimize the extra capacitance. 45 ,46 

For this reason the first stage of each preamp is located inside the 

detector housing, where it is connected directly to the wire. Details of 

the construction of the counter and preamps as well as recent improvements 

in their operation may be found in Ref. 47. 

The counter system used here has an additional feature not found 

on other versions of the device~3 , 45 , 46 Behind the rear aluminized-mylar 
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electrode there is a plastic scintillator which covers the whole active 

area of the proportional counter. The output of the scintillator is 

transmitted via a lucite light pipe (see Figs. 7 and 8) to a phototube 

(RCA 8575) operated at about 2 kV. Signals from the phototube provide 

time-of-flight information which is used for particle identification. 

Altogether, four signals are obtained from the detector system: right 

and left proportional counter preamps , phototube dynode , and phototube 

anode. 

A block diagram of the electronics is shown in Fig. 10. In order 

to simplify the connections between the cave and the counting area, some 

of the logic is done at the detector. The signals from the right and 

left preamps go through (separate) mixers so that only two proportional 

counter signals (ilright" and "left") need be sent to the counting room. 

Additionally, a routing signal is coded which provides information on 

which wire detected the event. A routing output is not generated unless 

the sum of the two preamp pulses exceeds a threshold which is set remotely 

from the counting room. The routing signal is given as a 3-digit binary 

number ( L e. , three signals, 111" , 11211 
, and "4" are sent to the counting 

area) which corresponds to a number from 0 to 7. If a single wire detects 

an event the routing signal corresponds to the wire number (from 1 to 6). 

A route 7 corresponds to an event detected by two or more wires simultaneously 

and, as mentioned, a 0 route corresponds to a signal below threshold. 

The routing signal thus generated is used both for the ND-160 analyzer 

and for the computer so that the information from individual wires can 

be stored separately. Routes 0 and 7 are not stored by the computer ~ut 
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they are in the analyzer, which is run in an 8 x 512 routing mode with 

no coincidence requirement, thus allowing unrouted events to be stored 

in the first 512-channel group. 

The electronic logic illustrated in Fig. 10 is basically straight-

forward. Most of the complications arise due to the widely different 

timing of the four signals. (The signals must all arrive at the multi-

plexer simultaneously.) This aspect will not be discussed in detail 

here. The right and left preamp signals from the proportional counter 

are used both for position and 6E/AX information. The position informa-

tion comes from a measurement of the risetime difference between the 

signals at the two ends of a wire. The difference in risetime is due 

to the fact that the counter can be viewed as a distributed RC integrator. 43 

(The resistance is that of the central wire and the capacitance is between 

the wire and the high-voltage electrodes. In our case we haveR = 8kn/mm 

. -2 ) and C ~ 10 pf/mm. The risetime measurement is performed by first shaping 

the preamp signals with high-rate amplifiers (see Sec. II-A3) having 

8 lJS peaking times , and then differentiating the amplifier outputs. The 

bi-polar signals thus generated are sent to cross-over discriminators 

whose outputs are used to start and stop a time-to-amplitude converter 

(TAC). An additional delay of about 9 lJS is used for the stop signal 

to insure that it is alWS\Y'S preceded by a start signal. For the system 

illustrated in Fig. 10, the TAC output is proportional to Bp, i.e., a 

large Bp gives a large TAC signal and vice versa. Typical resolution 

for the (16o,15N) data was about 4 mm or 200 keV. 
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The M/!::J:. signal is obtained by summing the right and left preamp 

outputs and then shaping the signal vith a high-rate amplifier having 

a 16 ~s peaking time. The purpose of the long time-constant is to obtain 

a signal which is essentially independent of position. Typical M/!::J:. 

resolution was about 10%. 

The signal from the last dynode of the phototube serves to define 

a real event when in coincidence with the signal from the proportional 

counter (Coinc. I). Originally, it was hoped to .obtain energy ~nfor-

mation from this signal. For highly ionizing particles, it was expected 

that the light output from the scintillator would be saturated and that 

a signal depending on path length (or range) would result. However, it 

turns out that the response is actually reasonably linear with energy 

for 12c and 16o ions. 48 Unfortunately, the resolution obtained for 16o 

ions (~ 20%) was insufficient to resolve different peaks in the spectrum. 

Thus, the "range" signal, while stored in the computer, has not been 

utilized for particle identification. (The name "range" was retained 

for the signal in order to avoid confusion with the M/ !::J:. signal, which 

is often referred to loosely as "energy".) 

The anode signal of the phototube goes directly to the counting 

area where it is used for a time-of-flight measurement. Since a stop 

pulse for the time-of-flight TAC is generated by the cyclotron RF, the 

TAC output is actually related to T modulo T, where T is the true time 

of flight and T is the cyclotron period. In principle this introduces 

some ambiguities, but, for the experiments discussed here, the cyclotron 

period (160 ns) was long enough to eliminate any problems. Since the 



anode signals were used as start pulses for the TAC, the output is inverted, 

i.e., it corresponds to 111-TOF". This was modified in the computer by 

storing the signal as C' = 4095-C, where "C" is the channel number obtained 

from the 4096-channel ADC. The resolution of the TOF signal was generally 

about 5 ns. This was completely dependent on the cyclotron tuning since 

a second phototube looking at y r~s from the target alw~s gave identical 

results. Moreover, on lower energy beams accelerated in the 3rd-harmonic 

mode, time resolution as low as 2 ns has been obtained. 

The problem of the relative timing of the four signals is solved 

by stretching them to about 50 ~s and putting them into linea~ gates. 

The gates are opened simultaneously after all coincidence requirements 

are satisfied (Coinc. III) and the signals are sent to the multiplexer 

and ADC. The lengths of the stretched signals are chosen such that all 

of them are still present when the master coincidence is made. However, 

this introduces a "dead time" problem in the electronics since each event 

is processed for a long time. Similarly, there is a pile-up problem due 

to the long time-constants of the position and 6E/6X amplifiers. These 

count-rate problems, coupled with the computer writing-time requirements 

(see below), effectively limit the counting rate to 50-100 counts/second 

in order to be free of pile-up and excessive computer losses. Since it 

is often necessary, or at least desirable, to run with the elastic peak 

on the detector, a scale-down system based on a coincidence between position 

and time-of-flight is available. (Scale-down factors of from 2 to 100 

are provided.) This at least minimizes the writing time of the computer 

and eliminates unnecessa.+Y sections of data tapes having nearly 100% 



elastic events. Of course~ this does nothing to improve the pile-up 

effects which determine the basic limitation. 

During a run, data are taken on-line by the SCC-660 computer. 

The raw data are written on a binary magnetic tape for final data ana-

lysis. At the same time, singles spectra of position, TOF, 6E/~X, and 

range, and 2-dimensional spectra of range ~· position, TOF ~· position, 

6E/~ Y&· position, and TOF ~. ~E/~ are accumulated, and can be indi

vidually displ~ed on a Tektronix 611 storage scope. While the computer 

is writing on tape it is unable to store data. For this reason a gating 

signal is generated which turns off the ADC, analyzers, and scalers while 

the tape is being written. The monitor counters, however, are connected 

to duplicate scalers, one gated and one ungated. The ratio of these two 

scalers gives the writing dead time of the system and is used to correct 

the stored spectra for this effect. Position spectra of the 6 individual 

wires are also stored in the computer. This is necessary because the 

wire spectra are slightly non-linear and the non-linearities of different 

wire spectra are not identical. (This non-linearity problem has been 

observed previously. 46 ) Sample two-dimensional spectra are shown in 

Figs. 11-13. 

5. Targets 

The targets used for these experiments are the same as those listed 

in Table I, with two exceptions: A natural 93Nb target 150 ~g/cm2 thick 

was used in the heavy ion work and a new, thinner 92Mo target, 150 ~g/cm2 , 

having the same isotopic composition as the 92Mo target listed in Table I, 

was also employed. 
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Fig. 11. Time-of-flight vs. position spectrum obtained from the bombard

ment of 90zr with 104 MeV 
16o at ei= 25°. The M/q value for 

each band of particles is indicated at the right of the figure. 

The lowest band is mainly 12c(6+), the middle band is 15N(7+) 
and 150(7+), and the upper band is mainly 16o(7+). The slope 

.... 

is due to the 10% change in velocity of the ions along the 

focal plane. The dots are intensified on a logarithmic scale. 

A display threshold of 10 counts was used to clearly differentiate 

the various bands • 
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.;,) 

-41-

JUN ~~0 fiLE 1 RECORO 
TlNF. OF FLIGHT BY ENERGY 

500 

t4c-

:.·.:::::;. 160(7+) ....... , .. - ' ... ~ ...... . . . . . . 
. . . . . . . . . . . . . ., ............. . 

. : : : : : : : : : : : : : : : : . . I 5 0 ( 7+) ................ -
/ ... --····· ..... 

• • • • • • 0 

I 3 
..... 

C 
... . . . . . . . . . . . ...... . . . . ' ...... 

. . 

. 

. . .. . . 
1. ................................................................................................................................ : 

Fig. 13. 

~E/l::::.X 
XBB726-3290A 

Time-of-flight vs. liE/ Ill spectr'um obtained from the bombardment 

of 90zr with 10;-MeV 16o at ei= 25°. The TOF signals were 

corrected by the computer (see Fig. 14) to remove the position 

dependence. Groups corresponding to various values of M/q and 

Z are indicated. A display threshold of 15 counts was employed. 
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III. DATA REDUCTION 

A. a Particle Reactions 

After transfer from the micro-tapes of the PDP-5 computer to a 

standard IBM tape, the data were analyzed on the SCC-660 computer with 

34 the program DERTAG. This program does a least-squares fit to both 

single and multiple peaks with either Gaussian or asymmetric (Gaussian + 

exponential tail) peak shapes, ·The program is also capable of removing 

a smooth background from the spectrum. All of the actions of the pro-

gram are displayed on a scope so that the user can easily determine whe-

ther or not the results are satisfactory. The output from this program 

consists of centroids, integrals, and widths for the fitted peaks. 

The centroids and sums are then used in the CDC-6600 program 

LORNA. 34 This program generates a calibration curve based on the cen-

'troids of known input peaks, taking into account energy losses in the 

target or other absorbers and also possible shifts between data taken 

in different runs. The program then examines unknown peaks and obtains 

excitation energies for them based on relativistic kinematics. At all 

stages of the program statistical criteria are applied to reject any 

points, either known or unknown, which are inconsistent with the rest 

of the data. Finally, this program also calculates differential cross 

sections for any states for which counts have been entered. The inte

grated cross sections are obtained from a third program, FISH,34 which 

also generates plots of the angular distributions. 

The center of mass differential cross section (in mb/sr) is 

calculated according to the formula 
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(1) 

For a solid target, the geometry factor is 

(2) 

For· a gas target, the target thickness, t, is a function of the scatter-

• 1 G t . al 'd t' · 34 ~ng ang e. eome r1c cons1 era ~ons g1ve: 

t = p X T X 103 (3a) 

p ·M X 
wl. (1 + L1/L2 ) 

X 103 = (T+273) Ro. sin a (3b) 

where we have assumed an ideal gas to obtain the density, p. Replacing 

"t" in eq. (2) by eq. (3b) we obtain the geometry factor for a gas target: 

G = 2 660. X io-7 [z X (T + 273) X sin a . Ro ] 
• flfl·P·Wl· (1 + Ll/L2) .. X 103 

where R0 is the ideal gas constant. 

and 

For P in Torr, 

R0 = 6.2365 x 104 cm3•Torr 
mole • deg 

The symbols used above and their units are: 

J = Jacobian for laboratory to center o~ mass transfo~tion 

N = Number of counts 

B = Number of ~Coulombs 

9 =Laboratory scattering angle (deg.) 

(4) 

(5) 

(6) 
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at= Target angle (deg.) 

M = Atomic weight of target (g/mole) 

Z = Charge state of incident beam after passing through the target 

t = Target thickness (mg/cm2
) 

2 
~Q = A/R = Detector solid angle 

p = Gas target density {g/cm3) 

T = Effective length of gas target (em) 

L1 = Distance from gas target center to target thickness defining slit 

(em) 

L2 = R - L1 = Distance from L1 to detector collimator (em) 

W1 = Width of target thickness defining slit (em) 

P =Gas target pressure (Torr) 

R0 =Ideal gas constant= 6.2365 x 104 (cm3. Torr/mole • deg.) 

T = Gas target temperature (°C) 

R = Distance of detector collimator from target (em) 

A = Area of detector collimator (cm2 ) 
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B. Heavy Ion Reactions 

Data analysis of the heavy ion experiments is done off-line on 

the SCC-660 computer by "replaying" the data tapes obtained during a 

run. In order to set gates in the two-dimensional arrays it is necessary 

to apply correction factors to the raw data which remove the position 

dependence. The corrections are of the form 

TOF t d = TOF + aP correc e 

and 

6E/6Xcorrected = ~E/~ + SP 

where "P" is the position signal. For the data reported here a correction· 

factor a = 0.165 was used. Normally S = 0 was sufficient to set gates in 

6E/~ spectra. A corrected time-of-flight ~· position spectrum is shown 

in Fig. 14. 

Measurement of the four signals (position, TOF, 6E/~X, range) makes 

it possible, at least in principle, to completely specify the identity of 

a heavy ion. As it turns out, however, three of these pieces of informa-

tion (the range signal has insufficient resolution to be useful) are 

generally enough for particle identification. The identification scheme 

relies on two-dimensional plots of various parameters. Non-relativistically 

we have 

and 

Position ex Bp 

TOF ex 1.. v 

'MV ex-
q 

(1) 

(2) 

(3) 
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: ltUtl e~O riLE 1 RECORD 
OF FLIGHT BY POSITION 
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j I 
l ! ............. , ........................................... -... ........................ _ ......... -·---·--.. ··--·---'-. 

Fig. 14. 

Position 
XBB726- 3291A 

Corrected time-of-flight vs. position spectrum obtained from the 

bombardment of 90zr with 104 MeV 16o 
correction is described in the text. 

The method of at e.R,= 25°. 

(Seecaption to Fig. 11.) 
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where, for heayt ions in this energy range, n ~ 1/2. Thus, a plot of 

TOF vs. position gives bands of particles corresponding to different 

values of M/q. (This may be more obvious if we think of the position 

axis as the independent variable "P". Then the TOF axis is just 

(M/~) x (1/P) and, at constant values of P, the groups clearly separate 

according to their M/q ratio.) Now, having selected a group of particles 

with a given M/q value, consider a plot of 6E!~ ~· position. This 

separates particles according to z2• (Again, think of P as the independent 

variable and 6E/~ becomes (M/q) x (z2/P). For a given value of M/q this 

gives, at constant P, groups which differ in z.2 • ) 

In analyzing the data, gates are first set in the (corrected) 

TOF vs. position spectrum. The data tape is then read in again, but only 

events falling within the gate are stored in the two-dimensional spectra. 

This allows the "Z" gate to be set easily in either the IJ.E/IJ.X ~· position 

or TOF ~· 6E/IJ.X spectrum. Finally, the data tape is read in a third time 

and the gated singles position spectra (of the separate wires) can be 

transferred to a magnetic tape. Interpretation of the two-dimensional 

arrays is aided by the use of a computer program which predicts.what will 

appear. Basically the program does kinematics for all reactions (up to 

5 nucleon transfer) in energy steps up to 10 MeV of excitation energy. 

It calculates Bp, IJ.E/~, and TOF for the outgoing particles from which 

"sample" two-dimensional plots can be drawn. In practice, the predicted 

plots are extremely similar to what is observed on the scope and the 

identification of a specific heavy ion is generally quite straightforward. 
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Having obtained a set of 6 gated individual wire spectra, there 

remains the problem of merging them. The technique adopted makes use 

of a calibration done with a well-collimated a-source. The calibration 

was obtained by moving the source across the detector in 1 em steps. 

This method measures position along thewire una.tnbiguously, since it is 

independent of any possible line-shape abnormalities at the focal surface. 

The results of this calibration were fit with least-squares polynomials 

which give "true position" on each wire as a function of ADC channel 

number (see Ref. 47). A second calibration, obtained by moving the 

elastic peak across the detector by changing the magnetic field, yielded 

calibration curves with shapes similar to those found with the a-source. 

However, it was found that a constant shift was required because corre

sponding curves were often displaced from one another. (This is due to 

a curved line shape at the focal surface caused by aberrations in the 

magnetic fiel.d. )· For this reason the merging routine first converts each 

of the gated individual wire spectra to absolute position by means of 

the a-source calibration and then (optionally) shifts them to conform 

to the absolute position of a specific peak in one wire. Then the wires 

can be added with essentially no loss in resolution. After being merged, 

the runs are written on magnetic tape for further analysis with the pro

gram DERTAG described above. 

Cross sections were obtained from the merged spectra as ratios 

to the elastic scattering cross section at the same angle, based on a 

short elastic "normalization" run. The elastic cross sections were 

obtained from optical model predictions. 49 (A separate normalization of 
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the elastic scattering runs yielded a curve in good agreement with the 

calculated angular distribution.) The normalizations were based on the 

monitor counter since there was some doubt as to the reliability of the 

Faraday cup measurements. The G-factors [Sec. III-A, eq. (2)] were 

calculated using nominal values for the spectrometer solid angle and the 

target thicknesses. From the observed elastic scattering charge state 

ratio (see below) the charge of the incident beam was taken to be 7.8, 

corresponding to about 85% 8+ and 15% 7+ after passing through the target. 

The observed number of elastic events from a normalization run, corrected 

for computer writing dead time, was then used to calculate an "effective" 

charge B* which reproduced the correct elastic scattering cross section. 

B* = (4) 

where N' is the corrected number of counts and dcr is the elastic scatter-

ing cross section. This effective charge was then applied to other runs 

at the same angle by correcting~ it according to.the ratio of ungated moni-

tor counts. Generally there were three or four data runs corresponding 

to a given normalization run and it was found that the ratio of effective 

·charge to observed ~C (from the current integrator) was quite constant 

for the set. However, the ratio did change somewhat from angle to angle, 

which suggests that either the efficiency of the Faraday cup or the target 

thickness was not constant. Since the ratio di_d not appear to change in 

a systematic manner, the former explanation seems more likely. After 

approximately correcting for the charge state ratio of the. elastically 
. 16 

scattered 0 ions, the discrepancy between the effective_ charge and 
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the integrator was about 30%. Since absolute target thicknesses were 

not measured; this could be partly due to the targets being thinner than 

expected. However, the 30% discrepancy appeared with all targets and 

is probably related to the beam "halo" in the scattering chamber. 

In calculating cross sections it: is necessary·t6 know the ·rela-

tive charge state intensities of the heavy ions. During these experi

ments, the ratio 16o(8+)/16o(7+) was measured on one target (93Nb) and 

the ratio 15o(8+)!15o(7+) was obtained for 93Nb, 9~o, and 90zr. (The 

15N(7+)/15N(6+) ratio was not directly measured.) In most of these cases 

the results agree rather well with the simple expressions given by 

Northcliffe: 50 

e: = 137 S/Z = 137 V/cZ 

RZ/Z-1 = 0.365 e:4 (e:~ 2) 

= 0.3 e:4.35 (e:~2) 

R 1.6 e: 4 
= Z-1/Z-2 

R 12 e: 4 = Z-2/Z-3 

(5a) 

(5b) 

(5c) 

(5d) 

where V is the ion velocity and Z is its atomic number. For example, 

the elastic scattering on 93Nb gives e: = 1.99 and, from eq. (5b), 

R
817 

= 5.8, while the observed ratio is 5.9. Similarly, for 93Nb( 16o,15o) 

at 25° the predicted ratio is almost the same as for the elastic since 

the velocity is essentially identical (e: = 1.96). The observed ratio, 5.5, 

again agrees with eq. (5b). The 9~o(16o,15o) results are also given 

. 90 16 15 . 
approx~mately by eq. (5b), but for the Zr( 0, 0) data at 25° a sub-

stantial disagreement exists because the observed ratio (~8) is larger 

than expected. Since the integrated cross section ratio for the 
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9°zr( 16o,15o)91zr (g.s.) reaction, about 6.4, agrees reasonably with 

eq. ( 5b), it is likely that some 15o was lost in setting the computer 

gates (see above) for the 25° run. 

If dcr are the ("uncorrected") cross sections for the (16o,15N) 
u 

and (16o,15o) reactions, calculated by ignoring charge state corrections 

both in the normalization and data runs, then the corrected cross sections 

are 

16 
dcr(l5N) = x( o) dcr (l5N) 

x<l5N) 
(7a) 

and 
16 

dcr(l5o) = x( o) dcr (l5o) 
x<150 ) .. u 

(7b) 

where X is the fraction of particles in the highest chargestate. For 

heaVy ions of the velocities .encountered here, 

X ~ RZ/Z-1 (8) 
l +RZ/Z-1 

since the probability for a charge state Z-2 is less than 1%. From eq. 

(5b) we obtain (for an equilibrium charge distribution) 

(9a) 

and 

(9b) 

If we assume that eqs. (9a) and (9b) are valid for all targets we obtain 

(lOa) 

and 

(lOb) 



The heavy ion cross sections reported in this paper have all been corrected 

in this manner. As long as only the highest charge state is considered 

in determining the cross section, the ambiguities discussed here introduce 

only a few percent uncertainty into the correction. 

The position calibration of the focal plane has not yet been 

determined. For this reason an internal calibration for each run was 

obtained by using various known peaks to obtain p as a function of channel 

number. The known p's were calculated by assuming B was given from the 

NMR frequency by 

B = 0.234885 VNMR (11) 

where v is in MHz and B is in kilogauss. This procedure is not highly 

accurate and so the excitation energies quoted for the heavy ion data 

generally have rather large uncertainties. 
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IV. EXPERIMENTAL RESULTS 

A. (a,t) Reactions 

The general assumptions made in dealing with single-nucleon 

transfer reactions are that the states formed are those in which one 

particle is coupled to the undisturbed target ground state,19 and that 

the transfer occurs in a single step. These lead to the selection rules 

Jtgt + Jf ~ j ~ IJtgt -Jf l (1) 

and 

1Tf - (-/· 1T. 
l. 

(2) 

where 

+ 7 +. 
j = )(, + 1/2 (3) 

Generally the targets studied are even-even and have J~gt = o+. In this 

case the selection rules can be simplified to 

and 

J = j 
f 

1Tf = (-)i 

2. 90zr(a,t)91Nb 

(4) 

(5) 

Since the previously reported level energies from 9ozr( 3He,d)9~ 
experiments1 ' 2 ' 4 ' 6 indicate substantial discrepancies, they were r.e!lleasured. 

The energies reported in Refs. 1 and 6 are systematically higher than those 

found in Ref. 2 and the differences appear to increase with excitation 

energy. For example, the strongest peak in 9°zr( 3He,d)91Nb is assigned 

excitation energies of 3.360 ± 0.010,2 3.395 ± 0.015,1 and 3.410 ± 0.010
6 

MeV. The data reported here were calibrated with the 17F(g.s.) impurity 
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peak and the 91Nb( g. s. ) peak as a function of angle. The Q-value for the 

16o(a,t)17F reaction, -19.2136 MeV, was taken from published tables. 51 

However, recent results from various reactions leading to 91Nb give 

conflicting values for the mass excess of that nucleus. 

A 9°zr( 3He,d) 91Nb experiment6 gives a Q-value of -0.227 ± 0.020 

MeV, which agrees with the value obtained from the Mass Table of Mattauch, 

. 52 
Thiele, and Wapstra. · On the other hand, two recent measurements of 

the 91zr{p,n)91Nb reaction give Q = -2.045 ± 0.006 Mev53 and 

Q = -2.0388 ± 0.0034 Mev, 54 which correspond to a 91Nb mass excess 

differing from the previous value52 by about +120 keV. The mass excess 

of 91Nb determined here comes from the relative Q-values of the 

90zr(a,t)91Nb and 91zr(a,t)92Nb reactions, which were observed simul

taneously (see Sec. IV-A6) with a 91zr target containing about 5% 90zr 

impurity. The energy calibration of the 91zr(a,t) data (using the 17F(g.s.) 

92 ) ) and the Nb(g.s. as a function of angle, with Q-values from Ref. 51 

gives a difference in Q-values of 680 ± 25 keV between the 90zr(a,t)91Nb 

and 91zr(a,t)92Nb reactions. In a similar measurement Ball and Cates55 

found a difference in ( 3He,d) Q-values for the two isotopes of 677 ± 7 

keV, which agrees very well with the (a,t) result. 

The change in the 91Nb mass excess indicated by the (a,t) data 

(and the ( 3He,d) data of Ball and Cates 55) is about +98 keV, which is 

. 91 91 
slightly less than the value of +120 keV required by the Zr(p,n) Nb 

data. 53 , 54 This discrepancy could be due to errors in the· 91zr(a,t) and 

91zr( 3He,d) Q-values 51 since the results from the 9lzr target are 
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measured relative to these. However, the (a,t) calibration is also 

92 ( )93 ( consistent with the position of the Zr a,t Nb g.s.) peak, which 

would mean that this Q-value51 must also be in error in order to obtain 

agreement with the results of Refs. 53 and 54. A recent measurement of 

the Q-value of the 90zr(p,y)91Nb reaction56 yielded Q = 5.167 ± 0.005 

MeV, which gives a 91Nb mass excess in agreement with the (a,t) results. 

Thus while there still appears to be a small inconsistency, it seems 

clear tnat the 90zr( 3He,d)91Nb Q-value measured by Knopfle et al. 6 is 

incorrect. A summary of the relevant Q-values is given in Table III. 

The 9°zr(a,t)9~ Q-value used in this analysis is -14.643 MeV. 

This corresponds to the relative difference in (a,t) Q...;values of 680 keV 

discussed above, and is slightly less negative than the value of -14.695 

MeV which would be inferred from the 91zr(p,n)91Nb results. 53 The exci

tation energies of 9~ states observed in this work are given in Table 

IV. The results agree, in general, with those of Vourvopoulos et al. ,2 

and indicate that the excitation energies reported by Picard and Bassani1 

.. 6 
and Knopfle et al. are somewhat too high. Since the method of calibra-

tion used here gives excitation energies that depend on the choice of 

9°zr(a,t)9~ Q~value, the errors quoted in Table IV reflect an uncertainty 

of± 27 keVin the Q-value used in the analysis. Due.to the high level 

density in 91Nb it is difficult to compare the results of experiments 

where y rays are observed with those from charged-particle studies. 

However, the strong (3He,d) level referred to above, while unobserved 

in 91zr(p,ny},57 may correspond to a state observed by Rauch56 at 



Reaction 

91.zr( 3He ,d)92Nb 

91Zr(o.,t)9~ 

9lzr(p,n)9~ 

" 
90zr(p,y)9~ 

90zr( 3He,d) 9~ 

" 
90zr(a,t)9~ 

Table III. Summary of Q-values for Reactions Relating to 9~. 

Measured Q-value 
(MeV) 

-2.045 ± o.oo6c 

d -2.0388 ± 0.0034 

5.167 ·± 0.005e 

f -0.227 ± 0.020 

-0.319 ± O.Ol3g 

-14.643 ± 0.027h 

Published Q-valuea 
(MeV) 

0.358 ± 0.011 

-13.963 ± 0.011 

""-1.925 ± 0.060 

" 
5.269 ± 0.060 

-0.225 ± 0.060 

" 
-14.545 ± 0.060 

9~ mass excessb 
(MeV) 

-86.630 ± 0.008 

-86.636 ± o.oo6 

-86.648 ± o.oo6 

-86.748 ± 0.020 

-86.656 ± 0.014 

-86.652 ± 0.027 

~aken from Ref. 51, which uses a mass excess for 9~ (from Ref. 52) of -86.750 ± 0.060 MeV. 

bCalculated from the difference between the measured and published Q-values. 

c Ref. 53. ~ef. 54 •. eRef. 56. f "6 Ref. • 

~elative to the 91zr( 3He,d) 9~ Q-value listed above. The Q-value difference is from Ref. 55 

(see text). 

~elative to the 91zr(o.,t)9~ Q-value listed above (see text). 

',, '· 

I 
'1.11 
0\ 
I 
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Table IV. Levels Observed in the 90zr(~,t)91Nb Reaction at 50 MeV. 

(~,t) · (3He ,d) 9~o (g.s.) Decay 

Levels 
Intensityb 

Levels c d 
R. d 2 d (_.. 

a e No. Observed Observed ' c s Levels Observed 
{MeV) (mb) (MeV) p (MeV) '~ 

, ' ..... 
1 o.o 3.441 o.o 4 0.918 ---

(~.: 

2 (0.103/ 0.144 0.103 1 0·.430 .,. ....... , 

3 1.29 0.038g 1.31 1 o.o48h (!:; 

1.581 .,_ 

4 1.60 0.073 1.60 1 0.078h 1.637 I 
\J1 
~ ~ ~ 

1.791 I 

0.058h 
(.; ., 

5 1..82 0.069g 1.84 3 ..... ..... , 
6 1.95 ± .04 Weak 1.96 2h O.Ol4h 

7 2.30 0.043i 2.34 1 o.ol'f 

8 2.39 ± .03 Weak (2.39l)j 

9 2.53 0.032i 2.531 

10 2.61 0.023k 2.621 Weak1 2.631 

11 2.77 O.Ol2k 2.792 

12 2.90 0.074 2.921 Weak1 

(continued) 



Table IV (continued) 
-

(cx,t) (3He,q.) 91Mo (g.s.) Decay 

Levels a 
Intensityb 

Levels d 
i d 

d . c c2s e No. Observed Observed ' Levels Observed 
(MeV) (mb) · (MeV) p (MeV) 

13 3.01 0.036m 3.028 

3.07} 2 0.035 

14 3.12 ± .04 Weak 3.11 3.149 

3.187 

15 3.37 0.218 3.36 2 0.388 I 
\J1 

o.o2f 2h 0.023h 
CX> 

16 3.65 ± .04 3.66 I 

3.837 

3.886 
n Weakn 3.916 3.92 

3.95} 
3.99. 

4.11 0 0.055 

17 4.18 0.107 4.18 (2) 0.020 4.179 

4.23 (2) o.oo8 
-·-

(continued) 

.. . . 
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Table IV (continued) 
-

(a,t} {3He,d} 9~o (g.s.} Decay 

Levels 
Intensityb 

Levels c d 
R. d 

d c_ a c2s e No. Observed Observed ' Levels Observed 
(MeV} (mb} (MeV) p {MeV} ...... 

. 
'-... 

4.30 2 0.023 
F' • ....... 

4.39 0 0.160 c 
4.49 2 0.043 c·· " 
4.61 2 0.013 *" 

4.70 2 0.033 ··~ 
I 

V1 

18 4.77 ± .03 0.232g 4. 77} 4 0.343 
\0 -J·' ..... 
I 

{.-·" 

4.80 

' 4.85 

19 4.89 ± .03 0.096g 4.90 

4.95} (0} 0.055 

4.99 

20 5.02 ± .03 Weak 5.04 0 0.040 

21 5.14 ± .03 0.067i 5.17 (0} 0.080 

5.24 2 0.133 

(continued) 



Table IV (continued) 

(a,t) {3He,d) 91Mo {g.s.) Decay 

Levels 
Intensityb 

Levels c d 
R, d 

d 
No. a c2s e Observed Observed ' Levels Observed 

{MeV) (mb) {MeV) p {MeV) 

22 5.34 ± .03 Weak 5.33 0 0.090 

5.44 2 0.165 

5-57 {0) 0.035 

5.64 0 0.060 

5.74 0 0.020 

5.80 0 O.J.20 

5.86 0 0.045 

23 5-95 ± .05 (0.1) 0 6.01 4 0.500 

24 6.09 ± .05 Weak 6.09 2 0.075 

6.17 2 0.103 

6.215n (4)n Weakn 

~xcitation ener~ ± 20 keV except as noted. The Q-value for the reaction was assumed to be -14.643 
· MeV. {See text. 

b Integrated from 8 = 12.5 to 57° except as noted. c.m. 
-----· --- ~~---· -

'·· t, 

~-----

(continued) 

.. . 

I 
0'\ 
0 
I 
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Table IV · (continued) 

cExcitation energy± 15 keV. 

~aken from Ref. 2 except as noted. All R. = 2 levels up to 5. 44 MeV are assumed d
512

• All R. = 4 

levels except g.s. are assumed g
712

• 

eTaken from Ref. 10. Only those levels believed to be populated in the g.s. (9/2+) decay are 

included. All energies± 1 keV or less. The upper limit for the decay is about 4.4 MeV. 

'f Not resolved. 

gintegrated from e = 12.5 to 52°. c.m. 

~aken from Ref. 4. All R. = 1 levels except 0.103 MeV are assumed p
312

• The 1.85 MeV level is 

assumed f
512

• 

iintegrated from e = 12.5 to 36.5°. c.m. 

jThe existence of this level was uncertain. 

k 
Integrated from 8 = 12.5 to 32°. c.m. 

R, 
Taken from Ref. 1. 

~ntegrated from e = 12.5 to 42°. c.m. 
n Taken from Ref. 6. 

0 0bserved at only 3 angles. The average differential cross section ratio to, the 4.179 MeV level 

(~ 0.9) was used in obtaining the intensity. 

~ 
...... 
I 

r .__ 

·,_ 

c 
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3.365 ± 0.010 MeV in the 90zr(p,y) reaction. If so, this would confirm 

2 the result of Vourvopoulos et al. and the (a,t) calibration obtained 

here. 

A triton spectrum of the 9°zr(a,t)91Nb reaction at 50 MeV and 

at= 30° is shown in Fig. 15. The resolution is 50 keV, full width at 

half maximum (FWHM). [This reaction was also studied at 65 MeV. In 

the higher energy experiment data were taken at only three angles and 

the resolution was worse, ~ 100 keV (FWHM). Since, within the limitations 

of the poorer resolution, the 65 MeV data are very similar to the data 

obtained at 50 MeV, only the lower energy results will be discussed in 

detail.] The g
912 

ground state is a factor of 15 more intense than any 

other single level in the spectrum. In the 9°zr( 3He,d)9~ data at 30.9 

4 MeV the ground state has only about half the intensity of the 3.36 MeV 

t = 2 level. Based on (3He,d) spectroscopic factors, 2 ' 6 the strength of 

the ground state indicates that a
912

+/CJ1;2+ ~ 5 for the (a.,t) reaction. 

Figures 16 and 17 show angular distributions of tritons leading 

to some of the stronger final states. The angular distributions of all 

strong triton groups show very little structure. One observable difference 

between the t = 4 (g.s.) and t = 2 (3.37 MeV) curves, displayed in Figs. 

16 and 17, respectively, is the forward-angle behavior: The t = 2 curve 

tends to flatten out near 10°, while the t = 4 curve is much steeper. The 

4.77 MeV level, assigned t = 4 by the (3He,d) reaction,2 ' 6 also shows a 

very steep angular distribution at forward angles (see Fig. 16). The 4.18 

MeV level, whose angular distribution is shown in both Figs. 16 and 17, 

has been assigned2 ' 6 t = 2 (the t value is bracketed in Ref. 2). The 

• I 

. . 

. ' -; 
' 
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200 

17F (0.0) 
90 Zr Ca,t) 91

Nb 

Ea =50 MeV 
; 

B.t = 30° 

15 .. 
8000 fL c 

120 18 :· ~ 

1/) -c: 
::::J 
0 13N(O.O) u 2 

( 17 13 \ 

12 

9 

Channel 

XBL713-3116 

Fig. 15. Triton energy spectrum from the 90zr(a,t) 9~ reaction at 8R,= 30°. 

The peak numbers correspond to·excitation energies given in Table 

IV. 
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90 Zr (a, t) 91 Nb 

Ea= 50 MeV 

.... 0.1 
(/) 

' ..c 
E -

0.01 

4.77 MeV 

MeVx J.. 
80 

0 10 20 30 40 50 60 70 80 90 

8 c.m. ( d eg ) 

XBL 713-3112 

Fig. 16. Angular distributions of tritons from the 90zr(a,t)9~ reaction 

leading ~o the 0.0, 4.18, and 4.77 MeV levels. Statistical · 

errors are shown for each point. The curves have no theoretical 

significance. 
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MeV 

90 Zr (a, t) 91.Nb 
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Fig. 17. Angular distributions of tritons from the 90zr(a,t)9~ 
reaction leading to the 3.37 and 4.18 MeV levels •. Statistical 

error.s are shown for each point •. The curves have 'no theoreti

c.al significance. 
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(a,t) angUlar distribution _agrees better with the t = 4 curves, although 

the di~~erences are very alight. 

Also in contradiction with the t = 2 assignment o~ the 4.18 MeV 

level is the strength o~ the state in the (a,t) reaction. The spectro-

scopic ~actors given ~or this level predict it to be weaker than the 

3.37 MeV state by a ~actor o~ between 14 (Re~. 6) and 20 (Re~. 2), while 

the relative cross sections o~ the levels seen in the (a,t) data (see 

Table IV) di~~er only by a ~actor o~ 2. (This is also true o~ the 65 

MeV data, where cr(3.37)/cr(4.18) is again about 2.) Thus, the 4.18 MeV 

level is between 1 and 10 times too strong to be consistent with the t = 2 

spectroscopic ~actors o~ previous work. 2 ' 6 This discrepancy seems rather 

large since it has been veri~ied58 that (a,t) spectroscopic ~actors are 

generally the same as those obtained ~rom (3He,d) experiments (within 

about a ~actor o~ 2). 

Additional evidence ~or the existence o~ a high-spin state in 

this region comes f'rom a recent study o~ the a decay o~ 9~o,10 which 

indicates a weak level at 4.179 ± 0.001 MeV. A summary o~ the levels 

observed in the f3 decay is included in Table IV. Since no intensity 

was measured ~or the y decay o~ the 4.179 MeV level, it is not possible 

to distinguish between an allowed and a ~irst-~orbidden _electron capture 

decay. For an allowed decay, ~inal spins o~ 7/2+, 9/2+, and 11/2+ are 

possible, while ~or a ~irst-~orbidden transition 5/2-, 7/2-, 9/2-, 11/2-, 

or 13/2- states are permitted. Shell model considerations rule out the 

11/2+, 9/2-, and 13/2- possibilities, since the level is strongly populated 

in proton trans~er. A 5/2- assignment seems unlikely because the 4.179 
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+ 10 MeV state is observed to decay only to the 9/2 ground state. There 

are at least two 5/2- levels and a number of 3/2- levels which should 

be fed from the decay of a 5/2- state, while none are observed. (A second 

decay branch of the 4.179 MeV level has, however, been tentatively assigned 

to a level at 2.992 MeV by Matthews et a1. 57 ) A 7/2- level strongly popu-

lated with the (a,t) reaction would presumably be an f
712 

proton-hole 

state. However, in the available (d,3He) experiments in this mass region3 ,59 

no f
712 

hole states were observed. The remaining choices, 7/2+, 9/2+, 

and 11/2- are all equally consistent with the a-decay results. 

In the excitation energy region between 2.5 and 3 MeV there are 

several levels observed in (a,t) which appear either weakly1 ' 6 or not at 

all2 ' 4 in the (3He,d) data. The many levels which are populated by both 

reactions make it seem likely that these "new" proton levels, e.g., 2.30, 

2.39, 2.53, 2.61, 2.77, 2.90, and 3.01 MeV, appear in the 9°zr(a,t)91Nb 

spectra because they are high angular momentum transitions. 'states con-

taining small amplitudes of, say, g
912

, g
712

, or h1112 strength would have 

larger cross sections in (a,t) than (3He,d) because the (a,t) reaction has 

the best momentum matching for ~ = 4 and 5 transitions. Of the seven levels 

seen in the (a,t) data between 2.30 and 3.01 MeV, only the 2.90 MeV level 

was not observed in the 91Mo(9/2+) a decay. 10 This supports the contention 

that these levels are high-spin states having at least some single-particle 

amplitude. 

The 4.89 MeV level observed in the (a,t) experiment corresponds to 

an unassigned doublet at 4.85 and 4.90 MeV in Ref. 2. A level at 4.912 MeV 

· d ' 1 · t 6 d ' d n 2 was observe ~n a ower-energy exper~men an ass~gne )(J = • The (a,t) 
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angular distribution of the 4.89 MeV level (not shown) corresponds more 

closely to the ~ = 4 shape and the strength of the state relative to the 

3,37 MeV level is too large by a significant factor. The spectroscopic 

factor for this level would correspond to a cross section relative to the 

3,37 MeV level of 1/16 instead of the observed intensity ratio of 1/2.3. 

Thus, the 4.89 MeV level is about 1 times stronger than its ~ = 2 assignment6 

would indicate. The 9~o(g.s.) a decay can only populate 91Nb levels up 

to about 4.4 MeV so it provides no additional information about the 4.89 

MeV state. 

The intensity of the (a,t) level at 5.14 MeV, relative to the 3,37 

MeV level, is about 1/3. Of the reported2 ' 6 levels in this region, only 

that at 5.24 MeV has a spectroscopic factor consistent with the observed 

intensity, However, the discrepancy in excitation energies is larger than 

the expected uncertainties if both reactions are populating the same state. 

(The state at 5.14 MeV was also observed in the 65 MeV experiment, with an 

intensity about half that of the 3,37 MeV state.) 

It is interesting that the intensity of tqe ~=4 level near 6 MeV in 

the (a,t) data is rather low compared with the spectroscopic factors from 

(3 ) 2 6 .. 6 He,d • ' Knopfle et al. show a cross section ratio cr(6.o4)/cr(4.82) ~ 2, 

while the data reported here give cr(5.95)/cr(4.77) ~ 1/2. Unfortunately, the 

6 MeV region of the (a,t) spectrum is obscured at forward angles by the 

17F(g.s.) impurity peak, so·the measured intensity of the 5.95 MeV level is 

only approximate. This level was not observed in the 65 MeV data, again due 

to impurity problems. Whether the apparent difference in strength is related 

to the fact that the upper level is unbound cannot be determined without 

DWBA (Distorted Wave Born Approximation) calculations. 

. ; 
.!·; 
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3. 9~o(a.,t)93Tc 

A triton spectrum of the 9~o(a.,t)93Tc reaction at 50 MeV and 

eR. = 15° is shown in Fig. 18. The resolution is 55 keV (FWHM). The 

intensity of the ground state (g
912

) is again much greater than that of 

any other level in the spectrum. A summary of the levels observed in the 

92Mo(a.,t)93Tc reaction, compared with the 9~o( 3He,d) resultsl,5 is given 

in Table V. The spectra were calibrated using the l7F(g.s.) and 93Tc(g.s.) 

peaks as a function of angle, with Q-values obtained from Ref. 51. As 

can be seen from Table V, the excitation energies determined here agree 

well with those found previously,1 ' 5 with very few exceptions. 

The largest energy discrepancy occurs for ·the (a.,t) level at 

3.10 ± 0.02 MeV, which may correspond to the (3He,d) state observed at 

3.17 ± 0.021 and 3.147 ± 0.0155 MeV~ Two recent studies of the 9~o(d,n) 

reaction have also indicated a state in this region at 3.21 ± 0.0260 

and 3.17 Mev. 61 This level has been assigned5 ' 61 R. = 2. However, the 

R. = 2 spectroscopic factor for the 3.147 MeV level is only 1/23 that of 

the 3.343 MeV leve1, 5 while the (a.,t) intensity ratio, o(3.10)/o(3.36), 

is about 1/4. Thus, the different values for the excitation energy may 

be due to population in (a.,t), but not.in (3He,d) or (d,n), of a high-

spin state near the 3.15 MeV level. Both the excitation energy and the 

strength of the 3.10 MeV state are confirmed by the 65 MeV (a.,t) data. 

The 0.68 and 2.14 MeV levels, both weakly populated in (3He,d) 

are relatively stronger in (a.,t), which indicates high spin assignments. 

Neither of these states was observed in the 9~o(d,n) eXperiments. 60 ,61 

The 2.13 MeV level was assigned R. = 3 (f
512

) in Ref. 5, in agreement with. 
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Fig. 18. Triton energy spectrum from the 9~o(a,t)93Tc reaction at 

at= 15°. The peak numbers correspond to excitation energies 

given in Table v. 
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No. 

·1 

2 

3 

4 

5 

6· 

7 

8 

9 

10 

11 

12 

13 

.. . .. 

Table V. Levels Observed in the 9~o(a,t)93Tc Reaction at 50 MeV. 

(a,t) (3He,d)a 3 b ( He,d) 

Levels Levels e Levels . e: 
c d Observed i c2s i c2s Observed Intensity Observed 

(MeV) (mb) (MeV) p (MeV) p 

o.o . 3t709 0.0 4 0.67 o.o 4 0.50 

0.39 0.118 0.390±.010 '1 0.30 0.396±.005 1 0.28 

0.68 o .o46 . o.66o±.o2o Weak ( 0. 66) .. Weak 

1.18 0.019 1.190±.015 1 0.03,0.01 1.21 ±.020 1 0.034,0.015 

1. 42± .b3 ~ 0.037. 

1.51 0.044 1.500±.015 1 0.10,0.04 1.500±.010 1 0.12, 0.052 

1.78 0.055f. 1. 78o± .020 1 0.12,0.05 1. 7B8± .• olb 1 0.11, o.o48 

2.14 0.097 2.130±.020 Weak 2.134± .015 3 0.045g 

2. 59± .04 0.082 2.565±~020 2 0.04,0.02 2.556±.015 2 0.037,0.019. 

3.10 . 0.091 

3.170±.020 (2) 3.147±.015 2 0.034,0.018 

3.36 0.390 3.360±.020 2 . 0.78,0.38 3.343±.015 2 0.78, 0.41 

3.58 0.064 

3.91 0.245 3.910±.020 2 0.09,0.05 3.89 ±.020 (2) (0.11, 0.06) 
------·-··- ---------

(continued) 
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Table V (continued) 

(a,t) (~e,d)a (3He,d)b 

Levels d Levels e Levels e 
No. c Observed R, c2s Observed R, c2s Observed Intensity 

(MeV) (mb) (MeV) p (MeV) p 

4.110±.020 (0) (0.15) 4.09 ±.030 0 0.23 

14 4.15±.04 0.059f 

15 4~37 O.l92f 4.43 4.39 ±.o4o 

16 4.47 o.o66h 

17 4.67±.03 0.071 I 
~ 
1\) 

0.0871 1 

18 4.77±.03 4.79 4.76 ±.030 

19 4.90 0.1661 4.92 4.88 ±.030 

5.02 

20 5.20±.03 0.097h 5.18 5.170±.015 1 0.23, 0.083 

5.33 5.302±.015 2 0.059,0.032 

5.49 5.50 ±.o4o (2) (0.051,0.028) 

5.65 5.64 ±.o4o 2 0.035,0.019 

21 6.01±.03 0.16h 5.98 ±.o4o ( 5 ) ( 0 • 079 ) j 

22 6.17±.03 0.17h 6.24 ±.o4o 
(continued) 

. . . . .. , 



• .. 1 .. 

Table V (continued) 

(a, t) (3He,d)a (3He,d)b 

Levels 
Intensityd 

Levels e Levels· e 
No·. c Observed ~ c2s Observed ~- c2s Observed 

(MeV) (mb) (MeV) p (MeV) p 

23 6.44±.04 O.llh 

a.raken from Ref. l. No spectroscopic information is given for levels above 4.110 MeV. 
b . . 

Taken from Ref. 5. 

cExcitation energy± 20 keV, except as noted. 
d . 
Integrate~ from e = 12.5 to 57° except as noted. c.m. 

eWhen two values are listed the first corresponds to j = ~ - 1/2, the second to j = 
f ·. 
Integrated from 8 = 12.5 to 52°. c.m. 

g Assumed f
512

• 

h Integrated from 8 = 12.5 to 36.5°. · c.m. 
i Integrated from 8 = 15.5 to 52°. c .m. 

jAssumed hll/2" 

~ + 1/2. 
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its stronger population in (a,t). The 0.68 MeV level, which is quite 

weak even in (a,t), might correspond to a 7/2+ level calculated to lie 

at about 0.7 MeV in 93Tc. 7- 9 Population of this level, which is mainly 

a (~g912 )~/2+ configuration, would indicate some mixing with the ~g712 
single-particle state. 

In the 9~o(a,t)93Tc data, as was the case for 90zr.(a,t)91Nb 

(see Sec. IV~A2), there is one level, at 3.91 MeV, whose strength is 

inconsistent with the 1 = 2 assignment from the (3He,d) reaction. 1 

[The 3.89 MeV level is also given a tentative 1 = 2 assignment in Ref. 5, 

although it does not have a typical 1 = 2 angular distribution. This 

m~ be an indication that there exist two closely spaced levels at this 

energy, but Kozub and Youngblood5 found no combination of two 1 values 

which would yield the observed shape.] The angular distribution of the 

3.91 MeV level (Figs. 19 and 20) shows a forward angle behavior similar 

to that of the ground state (1 = 4); it does not appear to flatten out 

at forward angles as does the 3.36 MeV level in 93Tc (and the 3.37 MeV 

level in 91Nb). As mentioned above, this difference in angular distri-

butions is very slight and would certainly not allow a determination of 

the 1 transfer by itself. The spectroscopic factors for this ievel from 

the (3He,d) experiments1 •5 predict it to be weaker than the 3.36 MeV 

level by a factor of about 7, while the ratio of (a,t) cross sections is 

about 1.6. The 3.91 MeV level observed in the 9~o(a,t) data is, there

fore, about 4 times too strong to be consistent with the 1 = 2 assign-

ment of previous work. 

9~o(d,n) experiments. 

A level in this region was also observed in the 

60 
The 3.95 MeV level reported by Bommer et al. 

. . 
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92 Mo (a, t ) 93Tc 

Ea=50 MeV 

o.o MeV x ~0 

3.91 MeV x ~ 

40 50 60 70 80 90 

8 ( deg) c.m . 
. _ XBL713- 3115 

Fig. 19. Angular distributions of tritons from the 9~o(a,t)93Tc 
reaction leading to the 0.0, 3.9~, 4.37, and 4.90 MeV levels. 

Statistical errors are shown for each' point. The curves · 

have no theoretical significance .• 
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92 Mo (a, t )93Tc 
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Fig. 20. Angular distributions of tritons from the 9~o(a,t)93Tc 
reaction leading to the 3.36 and 3.91 MeV levels. Statis

tical errors are shown for each point. The curves have no 

theoretical significance. 
: 
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was assigned Jl. = 3, while the 3.90 MeV level seen by Riley et &_. 61 

was given an Jl, = 0 assignment. It seems clear, therefore, that the 

Jl, = 2 assignment from (3He,d) must be regarded as uncertain. 

Around 4.5 MeV there are several levels (mostly doublets) which 

are more strongly excited by (a,t) than (3He,d). 1 '5 Thus, they may be 

populated by Jl, > 2 transfers. The angular distributions of the 4.37 

and 4.90 MeV states (Fig. 19) are similar to that of the J1, = 4 ground 

state transition. 2 Moreover, V ourvopoulos ~ al. found Jl, = 4 levels 

at about this energy in 9lNb. 

The 5.98 MeV level seen in Ref. 5 probably corresponds to the 

multiplet at 6.01 MeV in the (a,t) data. The tentative Jl, = 5 assign

ment made by Kozub and Youngblood5 for the 5.98 MeV level is in quali-

tative agreement with the observed strength of the 6.01 MeV multiplet 

in (a,t) (level 21 in Fig. 18). The (3He,d) experiment finds the d
512 

analog state at 8.4 MeV, which corresponds to a splitting between T> and 

T< centroids of about 4.7 MeV for the d
512 

configuration. Recent 

9~o(d,p)93Mo experiments62 ,63 show the existence of an h
1112 

neutron 

level at 2.30 MeV. Assuming the same splitting between T> and T< states 

for the h1112 configuration would then give 6.0 MeV as the expected 

location of the T< Jl, = 5 levels. The predicted g
712 

centroid (based on 

the neutron single-particle centroid from Ref. 62) would be about 5.2 

MeV, but this is somewhat higher than the strong levels observed in these 

2 
data. The data of Vourvopoulos ~&· indicate that the T>- T< 

splitting is about 1 MeV larger for the g
712 

states than it is for the 

d
512 

states in 9lNb and a similar difference in 93Tc would predict a 
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g
7 12 centroid in reasonable agreement with the obse.rved strong levels 

in 93Tc between 3.9 and 4.9 MeV. 

4. 92zr(a,t)93Nb 

A triton spectrum of the 92zr(a,t)93Nb reaction is shown in 

Fig. 21. The resolution is 50 keV full width at half maximum (FWHM). 

As was true for the 9°zr(a,t)91Nb reaction (Sec. IV-A2), the spectrum 

is dominated by the g
912 

ground state (level 1). (Based on the 90zr(a,t) 

data, the unresolved p112 level at 0.029 MeV is expected to contribute 

no more than about 5% to the ground state intensity. ) A summary of the 

93Nb levels observed in this work is given in Table VI, along with the 

results obtained from 92zr( 3He,d) 4 and Coulomb excitation.12 The excita

tion energies from (a,t) agree, in general, with those from the (3He,d) 

t . 4 reac J.on. 

The 1.08 MeV i = 4 level is populated about 1/20 as strongly as 

the ground state, in agreement with the spectroscopic factors measured 

4 by Cates, Ball, and Newman. The 1.29 MeV level, however, is too strong 

to be the i = 1 level assigned in Ref. 4. Rogers et a1.
12 observed a 

level at 1.295 MeV which agreed equally well with either a 7/2+ or 9/2-

assignment. More recently, Stelson et al. 64 investigated the Coulomb 

excitation of 93Nb with a particles and 16o ions and obtained a tenta

tive 9/2+ state at 1.297 MeV. The strength of the (a,t) state seen here 

. 12 64 tends to confirm the Coulomb excitation assJ.gnments ' of a high-spin 

state ~t 1.29 MeV in 93Nb. The angular distributions of the 0.0, 1.08, 

and 1.29 MeV levels are shown in Fig. 22. The shapes of the three curves 

are all quite similar but, as was indicated in Sec. IV-A2, the i-dependence 

of (a,t) angular distributions is not very pronounced. 

.· 
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Fig. 21. Triton energy spectrum from the 92zr(a,t) 9~ reaction at 

8)1,= 20°. The peak numbers correspond to excitation energies 

given in Table VI. 
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92 Zr ( a, t ) 93 Nb 

Ea= 50 MeV 
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XBL718-4101 

Fig. 22. Angular distributions of tritons from the 92zr(a,t)93Nb 

reaction leading to the 0.0, 1.08, and 1.29 MeV levels. 

The solid line through each set of data points represents 

a smooth curve drawn through the experimental angular dis

tribution of the ground state. Statistical errors are 

shown for each point. 
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Table VI (continued) 

(a,t) 3 a 
( He,d) Coulomb Excitationb 

Levels 
Intensityd 

Levels 
f c2s 

Levels 
No. c Observede Observedg J1T , Observed R,p 

(MeV) (mb) (MeV) (MeV) 

1.507 (9/2+,11/2+,13/2+) 

1.528 

8 1.57±0.03 0.028 1.57 1 0.02 

9 1.67 0.055 1.66 2 0.008 

1.71 2 o.oo6 . I 
Q:) 
1\) 

0.02li 
J 

10 2.00±0.03 

11 2.15±0.03 0.125 2.18 2 0.03 

12 2.30} r-087 2.32 2 0.03 

2.36 

13 2.48±0.03 0.089 2.52 (0) 

14 2.59±0.03 0.038 2.59 2 0.02 

15 2.81 0.067 

16 2.98 0.091j 

17 3.15 0.054 

(continued) 
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Table VI (continued) 

(a,t) (3He,d)a 

Levels Levels c Intensityd e Q,f No. Observed Observed 
(MeV) (mb) (MeV) p 

18 3.50 o.o66i 

19 3.72±0.03 0.038i 

20 3.84±0.03 o.o44i 

21 4.23 0.072i 

22 4.34 0.043i 

23 4.46 0.120i 

24 4.56 o.o8oi 

(4.65) 

25 4.70±0.03 0.067i 

26 4.81±0.03 o.o84i 

27 5.00±0.03 o.o66i 

28 5.34±o.o4 0.07li 

29 5.49±0.04 

c2s 

. .. 

Coulomb Excitationb 

Levels 
Observedg J'IT 

(MeV) 

(continued) 
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~ef. 4. 
b Ref. 12. 

Table VI (continued) 

cExcitation energy ± 20 keV except as noted. 

d Integrated from e = 12.5 to 52.2° except as noted. c.m. 

eExcitation energy ± 15 keV except as noted. 

fAll t = 1 transitions assumed p
312 

except for 0.029 MeV. All t = 2 transitions assumed d512 . All 

t = 4 transitions assumed g
912

• 

~xcitation energy± 2 keV. 

h Integrated from 6 = 15.7 to 52.2°. c.m. 

iintegrated from e = 12.5 to 36.7°. c.m. 

jintegrated from e = 12.5 to 47.1°. 
c.m • 
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In the 92Mo(a,t)93Tc experiment (Sec. IV-A3) a group of strong 

levels w.as observed at an excitation energy of about 6 MeV. A 9~o( 3He,d) 

experiment5 indicated a possible t = 5 assignment for one of these levels. 

A similar group of levels occurs in the 92zr(a,t)93Nb data at about 4.5 

MeV (see Fig. 21). The appearance of rather strong levels at this excita-

tion energy suggests a high angular momentum assignment, but it is not 

possible to assign t values from these data. 

5. 94zr(a,t)95Nb 

A triton spectrum of the 94zr(a,t)95Nb reaction is shown in Fig. 23. 

The resolution is 50 keV FWHM. A summary of the 95Nb levels observed 

in this work is given in Table VII, along with the results of the a-dec~ll 

and 94zr( 3He,d) 4 experiments. The excitation energies obtained here agree 

4 well with those reported by Cates, Ball, and Newman .. 

Information on the pair of 7/2+ states at 724.23 and 756.74 keV 

. 11 
observed by Brahmavar and Hamilton was, unfortunately, impossible to ob-

tain from the data. The 0.74 and 0.82 MeV levels (both assigned t = 1 in 

Ref. 4) are not adequately resolved in the spectra (see Fig. 23) and the 

doublet also contains a contribution from the 92zr(a,t)93Nb(g.s.) peak 

due to an isotopic impurity in the target. The existence of an t = 1 

level at 0.77 MeV was also reported in the 96Mo(d,3He) experiment of 

Ohnuma and Yntema,3 in agreement with the 94zr( 3He,d) results. 4 The 

intensities of both the 0.74 and 0.82 MeV levels appear somewhat large 

compared to the 0.25 MeV state based on the t = 1 spectroscopic factors 

of Ref. 4. However, in view of the experimental problems it is difficult 

to know whether this discrepancy is real. 



-86-

700 
Channel 

800 900 1000 

XBLTIB- 4118 

Fig. 23. Triton energy spectrum from the 94zr(a,t)95Nb reaction at 

a~= 20°. The peak numbers correspond to excitation energies 

given in Table VII. 
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No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

.. •' 

Table VII. Levels Observed in the 94zr(a,t)95Nb Reaction at 50 MeV. 

(a, t) 

Levels c 
Observed 

(MeV) 

o.o 

0.25 

0.74 

0.82 

1.00 

1.27 

1.43 

1.65 

1.72 

1.81} 
1.90 

2.10 

Intensityd 
(mb) 

2.540 

0.081 

0.104 

Q.l03 

0.038 

0.198 

0.054 

O.l39h 

0.079i 

r·15 
0.212 

Levels e Observed· 
(MeV) 

0.0 

0.26 

0.73 

0.80 

0.99 

1.20 

1.26 

(~e,d)a · 

g_f 
p 

4 

1 

1 

1 

3 

1 

(3,4) 

c2s 

0.86 

0.34 

0.045 

0.077 

0.030 

0.022 

95zr Decayb 

Levels 
Observedg 

(MeV) 

o.o 

0.23470 

0.72423 

0.75674 

J'TT 

9/2+ 

1/2-

(7/2)+ 

(7/2) 
+ 

(continued) 
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Table VII (continued) . 
(a,t) (3He,d)a 95zr Decayb 

Levels 
Intensityd 

Levels 
if c2s 

Levels 
No. c e Observed8 J1T Observed Observed 

(MeV) (mb) (MeV) 
p 

(MeV) 

12 2.42 0.090 

13 2.54 0.023j 

14 2.66 0.032j 

15 2.79 0.030j 

16 2.92 0.036j 
I 

0.062j 
()) 

17 3.11 ()) 
I 

18 3.51 0.035k 

19 3.90 0.073j 

20 4.05 0.04lj ' 

21 4.16 0.057j 

22 4.36 O.l25j 

23 4.52 O.l47j 

24 4.61 o.o6oj 

25 4.83 O.l02j 

(continued) 

'• 
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Table VII (continued) 

No. 

26 

27 

28 

~ef. 4. 
b Ref. 11. 

(a.,t) 

Levels . c 
Observed 

(MeV) 

5.20 

5.36 

5-77 

Intensityd 
(mb) 

· o.o68t 

Levels e Observed 
(MeV) 

(~e,d)a 

Q,f 
p 

cExcitation energy ± 20 keV except as noted. 

d Integrated from 8 = 12.5 to 52.1° except as noted. c.m. 

c2s 

. .. 

95zr Decayb 

Levels 
Observedg 

(MeV) 
J7T 

eExcitation energy± 15 keV. 

f All Q. = 1 levels except 0.26 MeV assumed p312 • The 0.99 MeV level assumed f 512 • 

~xcitation energy± 0.2 keV or less. 

hCorrected for 90zr(a.,t)91Nb (g.s.) impurity. 

i 
Integrated from 8 = 15.7 to 52.1°. c.m. 

jintegrated from e = 12.5 to 33.6°. 
c.m. 

(continued) 
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Table VII 

k Integrated from 8 = 12.5 to 26.1°. c.m. 
R, 
Integrated from 8 = 12.5 to 31.4°. c •. m. 
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The level observed in the data at 1.00 MeV appears to be populated 

relatively more strongly than was true for the (3He,d) experiment, which 

is consistent with the t = 3 assignments made in Refs. 3 and 4. 

The highest level reported in the 94zr( 3He,d) data,4 at 1.26 MeV, 

was believed to be a high angular momentum (t = 3, 4) state. As can be 

seen from Fig. 23, this state (level 6), at 1.27 MeV in these data, is 

strongly excited in the (a,t) reaction. Similarly, the levels 8 and 11, 

at 1.65 and 2.10 MeV, are also strongly populated. The 1.65 MeV level 

contains a contribution from the 90zr(a,t)91Nb{g.s.) impurity peak amount-

ing to about 1/3 of the total intensity. The 2.10 MeV level appears 

broad at all angles and is probably a doublet. Angular distributions for 

the 0.0, 1.27, 1.65, and 2.10 MeV levels (Fig. 24) are all very similar. 

The angular distribution of the 1.65 MeV level has been corrected for 

the presence of 9~(g.s.) tritons. 

Figure 23 shows a group of fairly strong excited states at about 

4.5 MeV in 95Nb. The strength of these levels in the (a,t) reaction 

suggests a high angular momentum assignment, although no definite t 

value can be assigned from these data. 

This data corresponds to that mentioned in Sec. IV-A2. A triton 

spectrum of the 9lzr(a,t)9~ reaction at at = 15° is shown in Fig. 25. 

The resolution is 65 keV FWHM. The spectrum is dominated by the multi-

plet of levels whose configuration is predominantly65 {ng
912

,vd512)2+ --~ 
7
+, 

i.e., by the capture of a g912 proton. Insofar as this simple picture 

is correct, two results are required: the cross sections of the states 
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94 Zr (a t) 95 Nb 
' 

Ea = 50 MeV 

100 

--~ 
1/1 

...... 

.a 
::l.. 

10 
~ 
"0 
...... 
b 
"0 

X l/12 

0 50 60 70 

XBL 718-4100 

Fig. 24. Angular distributions of tritons from the 94zr(a,t) 95Nb 

reaction leading to the 0.0, 1.27, 1.65, and 2.10 MeV 

levels. The solid line through each set of data points 

represents a smooth curve drawn through the experimental 

angular distribution of the ground state. Statistical 

errors are shown for each point. 

.: 
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Exc. energy (MeV) 

5 4 3 2 0.5 0 
200 

91 Zr (a, t) 82 Nb 

160 
Ea= 50 MeV 

81 = 15° 
11 F ( 0.0) 3000 fLC 

120 
en 4 -c 
::J 
0 17 u 18 16 14 80 91 N b(Q.O) 3 

1 

8 j 2 

40 93 Nb ( 0.0 ) 
95 Nb(0.0) 

500 600 700 800 900 1000 
Channel 

X8L718-4111 

Fig. 25. Triton energy spectrum from the 91zr(~,t)9~ reaction at 

8~= 15°. The peak numbers correspond to excitation energies 

given in Table IX. 
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should be proportional to (2Jf+ 1) and the total (a,t) strength of the 

multiplet should be the same as that for the g
912 

ground state of 9~. 

The angular distributions of the five strong levels (the 0.478 and 0.498 

MeV states were not resolved in the data) are shown in Fig. 26. The 0.27 

and 0.36 MeV levels were separated by means of a Gaussian peak fitting 

program (Sec. III-A). The similarity to the 90zr(a,t)91Nb {g.s.) angular 

distribution is clear. The (2Jf+ 1) dependence of the integrated cross 

sections is given in Table VIII. The results are consistent with the recent 

93Nb(d,tY) 92Nb experiment of Bhatia, Daehnick, and Canada65 and the 

91zr( 3He,d) results of Ball and Cates. 55 

The absolute target thicknesses (and therefore absolute cross sec-

tions) are not well known, but a check on the relative thicknesses of the 

90zr and 91zr targets .is possible due to the appearance of the 90zr(a,t) 91Nb 

(g.s.) peak as an impurity in the 91zr(a,t) spectra. Since the integrated 

cross section for this impurity peak is only about 6% higher than that ob

tained from the 90zr target (using the nominal target thicknesses given in 

Table I), it is possible to compare the 90zr(a,t) and 91zr(a,t) cross sec-

tions directly. The total integrated cross section of the five levels (from 

a = 15.7 to 57.4°) is 2.4 mb. The cross section for the 90zr(a,t)91Nb c.m. 

(g.s.) reaction (with the 90zr target) over the same angular range is 2.7 

mb. The agreement indicates that this multiplet does, in fact, contain most 

of the ng
912 

strength. 

A list of the levels observed in the 91zr(a,t) 92Nb reaction is 

given in Table IX, along with the 91zr(~He,d)92Nb results. 4 As can be 

seen in Fig. 25, there are few strong excited states except for the 1.40 

and 1.63 MeV levels, both of which are assigned i = 1 in the (3He,d) 

.· 
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91 Zr Ca,t) 92Nb 

Ea =50 MeV 

70 

XBL718·4103 

Fig. 26. Angular distributions of tritons from the 91zr(a,t)92Nb 

reaction leading to the 0.0, 0.14, 0.28, 0.36, and (unre

solved) 0.48-0.50 MeV states. The solid line through each 

set of data points represents a smooth curve drawn through the 

experimental angular distribution of the 9°zr(a,t)91Nb 

(g.s.) reaction from Fig. 16. Statistical errors are 

shown for each point. 
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Table VIII. (2Jf + 1) Dependence of the {ng912 , 

Multiplet in the 91zr(a,t)92Nb Reaction. 

a b (J c a Jn Level (J R 
(MeV) f (mb) (mb) 

0.0 7+ 0.590 0.236 

0.135 2+ 0.190 0.228 

0.285 3+ 0.255 0.219 

0.356 5+ 0.492 0.269 

0.478} 4+ r-899 0.245 

0.498 6+ 

a . 
Taken from Ref. 65. 

b Integrated from 8 = 15.7 to 57.4°. c .m. 

c ( 2J. + 1) 
1. x _ 6a 

(J - (2Jf + 1) 

~elative to ground state reduced cross section. 

Vd5/2) 

Ratiod 

1.00 

0.97 

0.93 

1.14 

1.04 

.· 
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. Table IX. Levels Observed in the 91zr(a,t)92Nb Reaction at 50 MeV • 

(a,t) (3He,d)a 
Levels b Levels 

c2s No. Observed Intensityc Observed R, 
(MeV) (mb) (MeV) p 

1 o.o 0.590 0.0 4 0.75 

2 0.14 0.190 0.130 ± 0.005 4 0.74 

0.225 1 0.40 

3 0.28 0.255 0.285 4 0.81 

4 0.36 0.492 0.350 4 0.67 

0.388 1 0.34 

5 0.49 0.899 0.478 4 1.00 

0.503 4 0.91 

6 1.10 O.Ol7d 1.09 ± 0.01 1 

1.32 1 

7 1.40 0.059 1.42 1 

8 1.63 0.055 1.64 1 

1.67 1 

1.72 1 

9 1.83 o.o48e 

10 2.49 o.o44r 
·~ 

o.038e 11 2.80 

"• 
12 2.94 0.032f 

13 3.36 

14 3.53 0.025g 

15 3.66 o.o6or 

16 4.83 ± 0.10 

(continued) 



No. 

(a.,t) 
Levels b 

Observed 
(MeV) 

17 4.93 ± 0.10 

18 5.21 ± 0.10 

a Ref. 4. 

..:98-

Table IX (continued) 

Intensityc 
(mb) 

Levels 
Observed 

(MeV) 

bExci tat ion energies ± 20 keV except as noted, 

c from e 15.7 to 57.4° except Integrated = as noted. c.m. 
d from e 15.7 36.5°. Integrated = to c.m. 
e 

52.3°. Integrated from e = 15.7 to c .m. 
f 

from e 15.7 47.1°. Integrated = to c .m. 

gintegrated from e = c .m. 15.7 to 31.4°. 

•· 
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work. 4 Weak levels at these energies were also reported in the 9~(d,t) 

reaction,65 but both were assigned t = 0 transitions. Since the neutron 

pickup and proton stripping reactions would not, in general, be expected 

to populate the same levels, the discrepancy is probably due to the for-

mation of different states. 

A weak group of levels appears at about 3. 5 MeV in both the (a., t) 

and (3He,d) data, which would be consistent with the formation of a 

( 9lwb(3.37 MeV) 8 vd512] multiplet at this energy. A similar group of 

levels at about 5 MeV which is populated rather strongly in (a.,t) might 

be associated with a ( 9lwb(4.77 MeV) e vd512] multiplet• Both multiplets 

would be expected based on the strong states observed in the 90zr(a.,t)91Nb 

reaction (see Sec. IV-A2). 
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B. (a,d) Reactions 

1. Selection Rules 

The general selection rules for two-nucleon stripping reactions 

are:19 

and 

where 

1T = f 
(-)L + R, 1r 

i 

(1) 

(2) 

(3) 

For light projectiles the relative motion is assumed to be pure s-state 

(i.e., t = 0), in which case 

L 
1rf = (-) 1ri (4) 

In the case of the (a,d) reaction, the overlap integral between 

the a particle and deuteron requires that the transferred pair have S = 1 

and T = 0 and equation (3) becomes 

-+ -+ -+ 
J = L + 1 (5) 

For (a.,d) reactions on even-even targets, where J;gt = o+, eqs. (1) and 

(2) can be further simplified to 

and 

L 
1ff = (-) 

2. 14N(a,d)16o 

(6) 

(7) 
I 

A deuteron spectrum of the 14N(a,d)16o reaction at 40 MeV and e1= 10° : 

is shown in Fig. 27. The resolution is 66 keV (FWHM) for the narrow states 

of 16o. Since a biased amplifier was used to look selectivelY at the high 



,. 

"' -c: 
::I 
0 
u 

Fig. 27. 

* 

500 

I 
14N (a,d) 1&0 

400~ Ea = 40 MeV 
N 
(X) . 

8.1 = 10° """ """ N . 
2500 p.C 1.0 -

300 I 

200 

ll~ 
1'-

,..: 

100 

~ 
~ 

-• 
~ 
+ -
ro . 

1111 ~~ ro 
10 
C\i 
8~ . . N_ 

.. . . 

1'
(X) 

a) 

"' c: 
0 

... 
1-

.n c. 

... 
Gl 

"' ::I 
0. 

N 

,.: 

0 .., I I I I I I I I I I . I ... '\a.J)IY!J\!J\,..J,V'l..Jl..Jl. J !J\ d I "'Y 
0 100 200 300 400 500 600 700 800 900 

Channels 
XBL706-3087 

14 16 . Deuteron energy spectrum from the N(a,d) O.reactJ.on at SR.= 10°. The "14 MeV" peak 

contains a contribution of unknown amount from the 
16o(a,d)18F (1.13 MeV) reaction on 

a target impurity. 

~· .. 
~~...,., 

'-• 

r-"-. 

.. 
\..., ~ 

c 
Q:; 

.-
:,._.,' 

"· 

~' 
I 

<:~,. 1-' 
0 
1-' 
I 0 



-102-

16 excitation energy region of 0, the ground state does not appear at any 

angle and the first two excited states, at 6.05 and 6.13 MeV, are visible 

only at the more backward angles. It can be seen that even with this 

improved experimental resolution the three members of the previously 

observed15 triplet still appear as single states. However, a new state 

at 15.80 MeV, which was unresolved in the earlier work,15 is now visible. 

The excitation energies determined from this work for the strongest states 

are 14.40 ± 0.03, 14.82 ± 0.03, and 16.24 ± 0.04 MeV. 

Angular distributions for the triplet from e = 12.9 to 57.7° c.m. 
. 14 15 17 are shown in Fig. 28. As was observed in the earl~er work, ' ' the 

angular distributions are rather structureless and decrease almost ex-

ponentially with angle. The integrated cross sections for these states 

(from e = 12.9 to 57.7°), after background subtraction, are 1.52, c.m. 

2.90, and 1.91mb. In Ref. 15, the cross section of the 15.8 MeV state 

was contributing to that of the 16.16.MeV level. This amounts to a 

correction of about 13% to the cross section reported15 for the 16.16 

MeV state. The uncertainty in the absolute cross sections is estimated 

to be about 10%. 

Widths were obtained for all three states based on an average of 

seven runs at five angles. The values for r (with the experimental c.m. 

resolution subtracted in quadrature) as well as previously measured widths 

for nearby T = 0 levels are given in Table X. The difficulty in obtaining 

accurate widths for the states was due to uncertainties in the background 

subtraction and to the experimental resolution. The latter was particularly 

important for the 14.40 MeV state, whose width is small compared with the 

~ 
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Ea=40MeV 

0.1 ~--~--~--~----~--~--~---L--~ 
10 20 30 40 50 60 70 80 90 

ec.m. ( deg) 

XBL706-3086 

Fig. 28. 
14 16 

Angular distributions of deuterons from the _N(a,d) 0 

reaction leading to the 14.40, 14.82, and 16.24 MeV levels. 

Statistical errors are shown for each point. The curves 

have no theoretical significance. 
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. 14 16 Table X. Widths of Levels Observed ~n N(a,d) 0 Compared 
with Previously Measured Nearby T=O Level Widths. 

This Work Previously Measureda 

E r b 
E r 

X em X em 
(MeV) (keV) (MeV) (keV) 

14.40 ± 0.03 30 ± 30 14.40 <30c 

14.72 4oo 

14.82 ± 0.03 69 ± 30 14.81 4o-6o,6oc ,67d,53e 

15.80 ± 0.04 

16.24 ±·o.o4 

17.17 ± 0.04 

(60) 

125 ± 50 

(70) 

14.85 

15.42 

15.7 

15.8 

16.2 

16.30 

16.41 

17.10 

17.14 

aTaken from Ref. 25 unless otherwise noted. 

75 

6o 

525 

30o-4oo,:::::::: 4of, <80c 

320g 

360h 

6o 

110 

:::::::: 8of,i 

bWith experimental resolution (:::::::: 75 keV) subtracted in quadrature. 

c Ref. 81. ~ef. 82. 
e . 
Ref. 83. f Ref. 95. 

~is value was changed from that in Ref. 25 by Ref. 73. 

h Ref. 76 

1This state is possibly a T=l analog to the 16N(4.32 MeV) level. 

-:: 

. . 
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resolution. In fact, in two of the seven runs the observed width (after 

background subtraction) was consistent with those of the lower energy, 

sharp states in 16o. The problem of background subtraction was most severe 

for the 16.24 MeV state, since it has a large width and, at backward angles, 

the peak shape was poorly defined. 

The selectivity of the (a,d) reaction in populating the various 

final states in 16o is indicated by Fig. 27. Aside from the triplet of 

states at 14.40, 14.82, and 16.24 MeV, the only other strongly populated 

states are those at 8. 87 and 11.09 MeV. At backward angles where the 6.13 

MeV level was observed, it too was found to be populated strongly. .(A 

summary of the states observed in this experiment and their intensities is 

given in Table XI.) In part, this selectivity is based on the kinematics 

of the reaction, i.e., on the fact that the favored momentum transfer (see 

Appendix A) is large. However, due to the 1+ spin of the target nucleus, 

the number of possible L values for a given transition is increased,.with 

the result that selection rules allow L ;;;= 2 for all values of J; except o-. 

Since the maximum angular momentum transfer for placing two nucleons in the 

sd shell is L = 4, this form of selectivity is somewhat reduced. 

The other reason for selective population of certain final states 

is based on the sensitivity of two-nucleon transfer reactions to the details 

of nuclear structure. In the notation of Glendenning,19 the states which 

can be strongly populated are those with a large "structure factor," i.e., 

those whose wave functions are predominantly of the form [target core + 

"deuteron"] for the (a,d) reaction. This implies that the final states in 

16o which are preferentially populated should be those described as lp-lh 
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Table XI. Comparison of 16o (T=O) Levels Observed in 
14N(cx.,d)16o with Those Reported Previously. 

. 
• T=O b a Levels Previously J1T Intensityc Levels Observed 

· Reportedb • . • 
(MeV ± keV) (MeV) (mb) 

d o.o o+ 

6.050 a+ 

6.13 6.131 3- 0.78e 

6.92 6.919 2+ Weak 

7.12 7.119 1- Weak 

8.87 8.872 2- 0.62 

-9.597 1 

9.85 9.847 2+ 0.10 

10.35 10.353 4+ 0.16 

10.952 o-

11.080 3+ 

11.09 11.096 4+ 1.01 

11.26 o+ 

11.52 11.521 2+ 0.24 

11.63 3-

12.05 ± 30 12.053 0 
+f 

o.o8g 

l -12.441 1 

12.53 12.528 2 - 0.27 : 

[Mainly] 
T=l 

(continued) 
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Table XI (continued) 

T=O 1Tb a Levels Previously Intensityc Levels Observed J 
Reportedb 

(MeV ± keV) (MeV) (mb) 

13~869 4+ 

(14.o)h 13.978 2-

14.40 ± 30 14.39 1.52 

14.6i i ·even 

14.78i (o+,l-)1 

14.82 ± 30 14.81 6+ 2.90 

14.851 

14.922 4+ 

15.22 2-

15.26 2+ 

15.42 T ,1-

15.7i 3-i 

15.80 ± 40 15.792 0.25j 

16.24 ± 40 16.23 6+ 1.91 

16.3 (o-) 

16.407 2+ 

'• 17.10i (1-:-,2+,o+)1 

17.17 ± 40 17.17 2+ 0.45 . . 
17.30 1-

(continued) 
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Table XI (continued) 

aAll energies ± 15 keV unless otherwise specified. 

binformation is taken from F. Ajzenberg-Selove, Energy Levels of Light 

Nuclei, Nucl. Phys. Al66, l (1971) and Ref. 74 unless otherwise noted. 

c Integrated cross section from 8 = 12.9 to 57.7° except as noted. c.m. 

~e ground state was not observed due to the experimental conditions. 

eintegrated from e = 30.5 to 54.3°. c.m. 
f Ref. 72. 

gintegrated from e = 12.7 to 49.9°. c.m. 
h . . ~ w Contains contam1nant peak due to the O(~,d) F reaction. 

i Ref. 25. 

jintegrated from e = 13.0 to 45.1°. c.m. 

. . 
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or 2p-2h with respect to the 16o core, since the target wave function
66 

is 

about 93% (p-2/ ) +• It has been suggested for some time that certain 
1 2 1 

states in 16o exhibit a rotational band structure25 ,67 based on the 6.05 

MeV o+ state. This result has been reproduced with various calcula

tions68-7l involving a mixture of 4p-4h and 2p-2h configurations in a 

deformed basis. The nature of the lowest even-parity band is believed to 

be mainly 4p-4h.70,7l Clearly such states should not be strongly popu-

lated in a two-nucleon transfer reaction on a target having only about a 

% 4 . . 't d t t 66 
7 mixture of 2p- h configurat~ons ~n ~ s groun s a e. 

These data are consistent with the interpretation that the 16o 

states assigned to the rotational band have a dominant 4p-4h configuration. 

As can be seen in Fig. 27, the 6.92 and 10.35 MeV states, 2+ and 4+, re-

specti vely, are both populated rather weakly. The angular distribution for 

the 10.35 MeV level is quite different from those of the strong states, 

being relatively flat as opposed to the rather steep envelope typical of 

the strongly populated levels. This result has been observed previously14 ,l7 

in (a,d) reactions leading to weakly populated final states. The angular 

distribution of the 6.92 MeV level could not be extracted since it was 

obscured by the pulser at most angles. At those angles where the 6.13 

MeV level appeared it had a width (and peak position) consistent with only 

a single state being populated. However, assuming the 6.05 MeV state has 

a cross section similar to those of the other 4p-4h states (or to that of 

the other excited o+ state72 at 12.05 MeV), it would probably not be visi-

ble next to the much stronger 3- level. On this basis, strong population 

of the 4p-4h 6+ state observed in the a-12c resonance work25 seems highly 

unlikely. 
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The a-12c resonance experiment25 ,73 yields a width for the 16.2 

MeV 6+ state of r = 320 ± 90 keV. This is to be compared with a 
c.m. 

value from this work of f = 125 ± 50 keV for the 16.24 MeV level. c.m. 

In contrast to the large width quoted for the 16.2 MeV 4p-4h 6+ level, 

it is worth noting that there are other natural parity levels in 16o 

which, although unbound by a large amount, have very small a widths. For 

example, the 12.05 MeV 0+ level is unbound by nearly 5 MeV and yet it shows 

up as a very weak a resonance with a measured width of only 1.5 ± 0.5 

keV,72 while the 10.35 MeV 4+ state, which is a member of the 4p-4h 

rotational band, has a width of 27 ± 8 kev74 for a lower energy L = 4 

a decay. The 0+ level, however, is believed to be the predominantly 

2p-2h member of the triplet of o+ states arising from a mixture of Op-Oh, 

2p-2h, and 4p-4h states,71 and thus has a configuration which overlaps 

poorly withr2c +a]. This interpretation is consistent with the data 

reported here inasmuch as the integrated cross section for the 12.05 MeV 

state is about half that for the 10.35 MeV state. Thus, the reduced 

cross section of the o+ state in (a,d) is about 4 times larger than that 

of the 4+ state, in spite of the expected preference for the 4+ state 

based on the kinematics argument given above. It would seem, therefore, 

that the large width and the strong a resonance characteristic of the 

16.2 MeV level observed by Carter, Mitchell, and Davis 25 do suggest a 

dominant 4p-4h configuration for that state. 

Another way of comparing the large states observed in the 

14
N(a,d) 16o reaction with levels of 4p-4h configuration is to look at 

the results of the four-nucleon transfer reactions leading to 16o. These 

: 
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should preferentially populate 4p-4h states if the reaction mechanism 

corresponds to a direct a-particle transfer. The 12c( 6Li,d)16o,75-78 

12 7 16 77 79 12 12 8 16 80 . . C( Li,t) 0, - and C( C, Be) O, . react1ons have all been reported 

by various groups. The 12c( 6Li,d) reaction75 ,76 shows strong population 

+ of the 10.35 MeV 4 level as well as large cross sections for states at 

about 14.4, 14.8, and 16.3 MeV. The 12c( 7Li,t) results are essentially 

identica1,78 ,79 showing strong population of the 10.35 MeV state and 

broad structure at 14-15 and 16.2 MeV. The 12c(12c,8Be) data, while 

hampered by poor resolution, give results in agreement with those of the 

lithium-induced reactions, the strongest states appearing at 10.34, 

80 14.67, 16.27 MeV. 

The interpretation of these results, of course, requires some 

knowledge of the reaction mechanism. In the case of a-particle transfer 

the final states expected would be only natural parity, T = 0 levels, 

although in either reaction the selection rules allow formation of un

natural parity states, and in the (7Li,t) reaction T = 1 levels are also 

allowed. Bethge et al.77 have made a careful comparison of both reactions 

and concl~de that, while the (6Li,d) reaction seems to have some compound

nucleus contributions, the 12c( 7Li,t) reaction, at least at 20 MeV, can 

be interpreted as an a-particle transfer reaction. It appears that the 

strongest states observed in both reactions can be understood in terms 

of a-particle transfer. This allows population of np-nh states in 
16

o, 

where 
12 0 ~n ~ 4, assuming the C ground state is mainly Op-4h. 

A comparison of the 14N(a,d)16o data with the above results 

indicates that both the four- and two-particle transfer reactions show 

strength for states at about 14.5 and 16.3 MeV. The level near 16.3 MeV 



-112-

appears broad in the four-nucleon transfer data. A precise measurement 

of the excitation energy and width of this state made by Bassani et a1. 76 

yielded E = 16.304 ± 0.02 MeV and f = 360 ± 40 keV. These values x c.m. 

· th th · · 1 12c t f c t M · t h 11 agree w1 e or1g1na a- resonance measuremen o ar er, 1 c e , 

and Davis,25 ,73 and disagree with the values obtained from the 14N(a,d) 

data reported here. Recently the 14N(a,d) experiment was repeated at 

81 30 MeV by Lowe and Barnett. Their results for the triplet of strong 

states are: 14.4oo ± 0.003 MeV (r ~ 30 keV), 14.815 ± 0.002 MeV c.m. 

{r = 60 ± 12 keV), and 16.214 ± 0.015 MeV (r = 96 ± 16 keV). c.m. c.m. 

This latter value tends to confirm the belief that there are two distinct 

states in this region, one of which is the broad state of 4p-4h nature, 25,75-80 

and the other of which is a 2p-2h state whose dominant configuration is 

The fact that the four-nucleon transfer reactions appear to populate 

the states at 14.4 and 14.8 MeV which are observed in the (a,d) reaction 

m~ indicate that four-nucleon transfer reactions can populate both states 

in the 16.2 MeV region, while the 14N(a,d) reaction is able to strongly 

populate only the 2p-2h level. The 14.82 MeV state, which is the strongest 

14 12 state in the N(a,d) data, has been observed recently in the a- C resonance 

. 82,83 6+. reaction and ass1gned a spin of Both the excitation energy and 

width of the state seen in the resonance experiments agree with the 

14
N(a ,d) 16o results18 ' 81 (see Table X). The state which appears to be "miss-

.. 

• u · 12c · d t · th · 14 ·4o v · h ( d) 1ng 1n the a- resonance a a 1s e one at • Me 1n t e a, data. : 

Evidence for an unnatural parity assignment was obtained by Artemov ~ al. 
84 

who studied the a decay of the strong states formed in 14N(a,d). They 
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observed no dec~zy of the 14.40 MeV state to the 12c {g.s.) while the· 

14.82 and 16.24 MeV states were seen to decay with equal probability to 

both the ground and first excited state of 12c. The absence of a ground 

state a decay argues strongly for the assignment of [ 14N{l+) + {d512 )~+J 5+ 
to the 14.40 MeV state. It is interesting that the 12c( 6Li,d) reaction75,76 

appears to strongly populate this state, since an unnatural parity state 

would be forbidden in a direct a-transfer reaction. 

The expectation of a triplet of 16o states with the configuration 

[
14

N(l+) + (d512 )~+ J 4+ ,
5
+ , 6+ is based on the systematics of the (a,d) 

reaction in this mass region. On even-even targets such as 12c and 
16o the 

(d512 )~+ state was always the most strongly populated in the {a,d) data. 14 ,l5 

Additional support for interpreting the 14.40, 14.82, and 16.24 MeV states 

as members of this triplet comes from the shell model calculations of Zuker, 

Buck, and McGrory85 {referred to hereafter as ZBM). ZBM perform a complete 

diagonalization in the space of up to four particles in the lp
112

, 

ld
512

, and 2s
112 

orbitals and predict the existence of very pure (~95%) 

6+ and 5+ states of the above configuration which essentially do not mix 

with the 4p-4h leyels. The purity of these states is very insensitive to 

changes in either the matrix elements or the single-particle energies used 

in the calculation. Based on the matrix element set Bin Ref. 85, the 

states are predicted at 13.4 and 14.4 MeV, with the 6+ being lower. This 

ordering is also more or less independent of the choice of matrix elements 

and single-particle energies, although adjustments in these quantities do 

alter the predicted excitation energies and splitting somewhat. The exis-

tence of a nearby 4p-4h 6+ state, containing less than 1% admixture ?f 
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2p-2h configuration, is also predicted by this model. The fact that the 

4p-4h state is calculated to lie at 16.9 MeV {again using matrix element 

. set B) is consistent with the interpretation by Carter, Mitchell, and 

Davis25 that the 16.2 MeV 6+ resonance is a 4p-4h state. 

The situation for the 4+ state is, unfortunately, not so clearcut. 

The ZBM results predict appreciable mixing of this state, both with 4p-4h 

components and with other 2p-2h configurations. + There are two 4 states 

+ + 
(referred to as 43 and 44 in ZBM) expected to carry the major part of the 

. 2 
(d

512
>
5
+ strength. The results from matrix element set B indicate that 

+ the (a,d) strength would go mainly to the upper, 44 , state at an excita-

tion energy of 15.8 MeV. However, this prediction is sensitive to the 

choice of matrix elements, since the wave functions for 4; and 4~ essen

tially interchange in going to matrix element set Al, with the result that 

+ the lower 4 level now becomes the (expected) stronger (a,d) transition. 

+ The results for the 4 level would also be less certain than those for the 

+ + 
5 and 6 levels if there are any. effects d t th · · f th d ue o e omass1on o e 

3
; 2 

2 orbital, since a small amount of (d
312

)
3
+ could alter the expected strengths 

+ of the various 4 levels. 

The reduced cross sections for the 14.40, 14.82, and 16.24 MeV 

states, after dividing by [(2Jf+ l)/(2Jtgt+ 1)], are 0.51, 0.67, and 0.52 

b t . 1 Th. . b d . 4+ 6+ + m , respec 1ve y. 1s 1s ase on a sp1n sequence , , 5 , since the 

observed cross sections are cr14 •82 > cr16 •24 > cr14 •40 • The spin sequence 

predicted from the ZBM mode185 for the [ 14N(l+) + (a512 )~+] triplet is 6+, 

5+, 4+, in order of increasing excitation energy. However, the evidence 

presented above implies that the 14.82 MeV level is a 6+ state82 , 83 and 

the 14.40 MeV level is an unnatural parity (and presumably, therefore, 
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Thus, the 16.24 MeV level should be a 4+ state if the strong 

(CX,d) states are interpreted as a (d5; 2 ) 2 triplet. The "experimental" 

ordering is in disagreement both with the 2Jf+ 1 sequence and the ZBM pre

dictions. The former discrepancy is perhaps not surprising since there 

can be coherent effects in the two-nucleon transfer process which change 

the observed cross sections by significant amounts. Within the framework 

of the ZBM calculation, however, it is difficult to change the ordering 

of the 6+ and 5+ states, since, as mentioned above, the purity and ordering 

of the levels are essentially independent of the adjustable parameters in 

the model. As yet there is no explanation for this anomaly, unless the 

14 [14 + 2 J identification of the strong N(cx,d) states as a · N(l )+(d512 >
5
+ 4+,

5
+,6+ 

triplet is itself incorrect. 

The other strong positive parity peak observed in this reaction is 

the 11.09 MeV doublet. These states, at 11.080 and 11.094 MeV, were both 

observed in the 14N( 3He,p) reaction,74 and the lower member was assigned 

J n 3+ . h 14N(3H ) t' 86 Th ~ . = ~n t e e,pyy reac ~on. e upper memuer was seen 1n the 

12c(cx,cx0 )12c reaction72 and assigned Jrr= 4+ with a width r = 0.3 ± 0.1 c .m·. 

keV. A peak at this energy has also been observed in almost all other 

stripping reactions leading to 16o, including l5N( 3He,d),87 l5N(cx,t),88 

14N(3He,p),89 13C(6Li,t),90 12C(6Li,d),75 12C(7Li,t),91 and 12C(l2C,8Be).80 

The 14N(cx,d) results, as well as those from 12c( 6Li,d), 12c(7Li,t), and 

13c( 6Li,t), indicate that it is mainly the upper member of the doublet which 

is being populated (based on the observed peak energy). A precise measure-

81 ment of the energy of this state by Lowe and Barnett, also using the 

14N(cx,d) reaction, gives E = 11.094 ± 0.003 MeV which confirms that it is 
X 

the 4+ which appears in the (cx,d) data. 
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The ZBM calculations predict a pair of levels with Jn = 3+, 4+ 

which appear rather close together [E(3+) = 13.39 MeV, E(4+) = 13.02 MeV] 

although the order is inverted and the energies are too high. These states 

both contain large amplitudes of the 2p-2h configurations (d
512

s
112

)
3
+ 

and (d512 )~+ which have fairly large L = 2 structure factors92 for forma

tion in the 14N(~,d)16o reaction. If the association of these levels 

with the observed doublet at 11.09 MeV were correct, the peak should con-

tain comparable contributions from both levels, but the data of Ref. 81 

indicate that this is not true. The relatively weak population of this 

level in 12c( 7Li,t)91 and the small~ width72 argue against a dominant 

4p-4h configuration. This is consistent with the very strong population 

of this state in the 14N(~,d) and 13c( 6Li,t) reactions. The 14N( 3He,p) data 

of Weibezahn et al., 89 however, showed only 1/5 of the 2p-2h strength for 

this state expected from the ZBM wave functions, and suggested that this 

state might be due mainly to configurations with an excited 12c core. 

The appearance of this state in so many different reactions would seem to 

12 imply a great deal of configuration mixing, some of which, e.g., C 

core-excited states, is not included in the ZBM model. 

The negative parity 16o levels which are strongly populated in 

the 14N(~,d) reaction should be those with a lp-lh configuration. The 

6.13 and 8.87 MeV levels, 3- and 2-, respectively, are both described as 

having large amplitudes of the (p~~2d512 ) configuration85 ,93 which over

laps well with the _[target core+ deuteron] struct.ure expected for the 

strongly populated levels in the (~,d) reaction. Both levels were excited 

·with an~= 2 transition in the 15N( 3He,d)16o reaction,87 ,94 in agreement 

, 
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with this picture. The other negative parity state excited in 14N(a,d), 

at 12.53 MeV, was also observed in the 15N( 3He,d) experiments and is 

described as being mainly a (p~~2d312 ) 2_ leve1. 94 This state would also 

be expected in the (a,d) reaction based on Glendenning's structure factors. 92 

The spin and parity of the 15.80 MeV level have not been established. 

It was observed by Comfort, Baglin, and Thompson9 5 in the 14N( 3He,p)16o 

reaction and was suggested to be aT = 0 state, since no analog in 
16

N is 

known. A preliminary analysis of the 14N( 3He,p) data yielded a width of 

about 40 keV for the 15.80 MeV level, but no L value was assigned. The 

appearance of this state in the 14N(a,d)16o reaction confirms that it is 

a T = 0 level. The width obtained here for the 15.80 MeV level is approxi-

mately 60 keV, but the low cross section and the position of the peak pre-

elude anything but a rough estimate of this quantity. A peak at 

15.7.8 ± 0.05 MeV with a width of~ 80 keV was also reported in the lower 

energy 14N(a,d) data. 81 

The highest sharp state observed in this work is at 17.17 ± 0.04 

MeV. States in this region have also been observed in the a-12c and p-15N 

. 25 96 resonance react1ons ' at 17.10 and 17.14 ± 0.015 MeV, respectively, in 

the 14N( 3He,p)16o reaction95 at 17.14 ± 0.02 MeV, in the 14N(a,d)16o 

reaction81 at 17.18 ± 0.05 MeV, and in the 15N( 3He,d)16o reaction94 at 

17.12 MeV. The state observed in the p-15N resonance was assigned J = 1 

and has r = 33 ± 5 kev. 96 It is assumed to be the T = 1 analog of 
c.m. 

the 4.32 MeV 1+ level in 16N, based on the fact that its observed width 

is much less than that of the T = 0 resonance observed by Carter, Mitchell, 

. 25 . r _ ~ ( - + +) and Dav1s at 17.10 MeV w1th - 110 keV and J = 1 , 0 , 2 • c .m. 
The 
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14N( 3He,p) data95 yield a value off ~ 80 keV for the 17.14 MeV level. c.m. 

It would appear, therefore, that this state has a much larger width than 

96 that of the known T = 1 resonance. The data obtained here indicate a 

width of approximately 70 keV for the 17.17 MeV state, but this is uncer-

tain due to problems with background subtraction. If the 17.17 MeV level 

seen here is identical to that at 17.14 MeV observed by Comfort, Eaglin, 

and Thompson,95 then aT= 0 assignment is required. The 17.12 MeV level 

observed by Fulbright et a1. 94 in the 15N( 3He,d) reaction is believed to 

be a negative parity state, since its strength would be inconsistent with 

a positive parity assignment. However, no ~value was determined in that 

work. 

3. 90zr(a,d) 92Nb 

A spectrum of the 90zr(a,d)92Nb reaction at 8~= 20° is shown in 

Fig. 29. The resolution is 50 keV (FWHM). A summary of the levels observed 

in this work is given in Table XII. Except for the low-lying (Tig
912

,vd
5

; 2 ) 

multiplet in 92Nb, very few levels are populated in both the 91zr(a,t) and 

90zr(a,d) reactions. This implies that most of the states observed in (a,d) 

do not contain appreciable vd
512 

strength. The 1.08 MeV level appears 

(weakly) in all reactions leading to 92Nb, including the 93Nb(d,t) experi

ment;65 thus, it probably has a rather complicated structure. The level 

density is too high to make detailed comparisons between the 9lzr(a,t) and 

90zr(a,d) data, but the (a,d) levels at 2.46, 2.81, and 4.83 MeV may corre-

spend to levels seen in the single-nucleon transfer (cf. Table IX). 

The selectivity of the (a,d) reaction is evident from the relative 

intensities of the levels belonging to the (Tig
912

,vd
512

) multiplet (see 

; 

... 
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Exc. energy (MeV) 

6 5 4 3 2 
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Fig. 29. Deuteron energy spectrum from the 90zr(a,d)92Nb reaction at 

at= 20°. The peak numbers correspond to excitation energies 

given in Table XII. 
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Table XII. Levels Observed in the 90zr(a,d) 92Nb Reaction at 50 MeV. 

No. Levels Observed a Intensityb 
{MeV) (mb) 

1 0.0 0.278 
• . 

2 0.13 We·ak 

3 0.21 Weak 

4 0.28 0.025 

5 0.36 0.069 

6 0.49 0.01 

7 1.08 0.022 

·8 1.75 0.03 

9 2.03 0.019 

10 2.15 0.051 

11 2.28 0.097 

12 2.47 0.166c 

13 2.58 0.345 

14 2.81 0.047c 

15 3.72 0.057 

16 3.81 0.040 

17 3.92 0.053 

18 4.45 o.o4d 

19 4.83 0.05d . 

20 5.62 0.124 

21 (6.0 ± 0.1) 

(continued) 
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Table XII (continued) 

. ~xcitation energy ± 30 keV except as noted. 

b from e 12.4 to 56.8° Integrated = except as noted. c.m. 
c e 12.4 51.7°. Integrated from = to 

c .m. 
d 

from e 12.4 to 31.1°. Integrated = c .m. 

·. 
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Sec. IV-A6). The 7+ (g.s.) is populated much more strongly than the other 

states in the multiplet; it is about 20 times stronger than the 4+, 6+ 

doublet at 0.50 MeV. The only level populated as strongly as the ground 

state (7+) is No. 13, at 2.58 MeV. Angular distributions for the ground 

and 2.58 MeV states are shown in Fig. 30. The higher excited states tend 

to have rather structureless angular distributions, differing from one 

another only in slope. The ground state (7+), however, does exhibit some 

oscillatory behavior. Similar structure was reported15 for the o+ --> 7+ 

transition in the 40ca(a,d) 42sc reaction although the oscillations were 

attributed to the presence of a nearby 1+ level in that case. This 

o+ --~ 7+ (L = 6) pattern (Fig. 30) does appear to reproduce in the other 

examples studied in this work (see below). 

4. 92Mo(a,d) 94Tc 

A spectrum of the 92Mo(a,d) 94Tc reaction at et = 20° is shown in 

Fig. 31. The resolution is 65 keV (FWHM). The spectrum is quite similar 

to that of the 90zr(a,d) 92Nb reaction (Fig. 29): only two levels are 

strongly excited, the ground and 2.68 MeV states. A summary of the levels 

observed in this work is given in Table XIII. 

Relatively little is known about the 94Tc level scheme. The ground 

state is known to be a 6+ or 7+ based on the observed iso~eric transition 

from the 107 keV 2+ level and the allowed S decay of 94gTc to the 2.4232 

+ . 94 97 MeV 6 level ln Mo. The observed strength of the ground state in (a,d) 

is inconsistent with a 6+ assignment since the 6+ should be at least 20 

times weaker than the 7+ based on the 90zr(a,d)92Nb results (Sec. IV-B3). 

Also, the angular distribution of the ground state (Fig. 32) is identical 
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90 Z r ( a, d ) 92 Nb 

Ea=50 MeV 

0.0 MeV 

2.58 MeV 

X I I 10 

40 50 60 70 80 

ec.m. (deg) 

90 

X B L 7 I 8 - 41 02 

Fig. 30. Angular distributions of deuterons from the 9°zr(a,d)9
2

Nb 

reaction leading to the 0. 0 and 2. 58 MeV states. Statistical 

errors are shown for each point. The curves have no theoreti

cal significance. 
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Exc. energy (MeV) 
6 5 4 3 2 0 

5 00 
92M o (a, d ) 94Tc 

Ea = 50 MeV 

400 8£ = 20° PULSER 
5000 fL c 18 F ( 1.13) 15 

I 300 
1/) - 18F ( 0.94) c: 
:::J 
0 

I (.) 

'
8 F (0.0) 200 Tritons 

~20 
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II t 
100 18 13 

500 600 700 800 900 1000 
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XBL718-4113 

Fig. 31. Deuteron energy spectrum from the 9~o(a,d)94Tc reaction at 

9~= 20°. The peak numbers correspond to excitation energies 

given in Table XIII. 
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92 Mo ( a,d) 94 Tc 

Ea =50 MeV 

0.0 MeV 

2.68 MeV x 1/10 

I 0 20 30 40 50 60 80 90 

t{,m. (deg) · 

XBL718- 4105 

Fig. 32. Angular distributions of deuterons from the 92Mo(a,d)94Tc 

reaction leading to the 0.0 and 2.68 MeV states. The solid 

lines through the data points represent smooth curves drawn 

through the experimental angular distributions of the 
90zr(a,d)92Nb reaction leading to the ground and 2.58 MeV 

states (see Fig. 30). Statistical errors are shown for 

each point. 
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Table XIII. Levels Observed in the 92Mo(~,d)94Tc Reaction at 50 MeV. 

No. a Intensityb Levels Observed 
(MeV) (mb) 

.. 

1 o.o 0.336 

2 0.10 0.040 

3 0.21 0.083 

4 0.34 Weak 

5 0.45 0.027 

6 0.93 0.040 

7 1.22 0.039 

8 1.30 0.042 

9 1.41 0.040 

10 1.64 o'.o45 

11 l. 74 0.139 

12 2.14 Weak 

13 2.35 O.l09c 

14 2.43 o.o4d 

15 2.68 0.446 

16 2.86 0.083 

17 2.95 0.06 

18 3.08 0.117 . . 

19 5.07 0.09e 

20 5.24 0.183 

21 5.38 0.197 

{continued) 
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Table XIII (continued) 

~xcitation energy ± 30 keV. 

b 
12.5 to 56.9° except Integrated from 8 = as noted. c.m. 

c e 12.5 to 41.6°. Integrated from = c,.m. 
d from e 12.5 to 36.2°. Integrated = c.m. 
e from e 12.5 to 51.9°. Integrated = c.m. 
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with that of the 7+ 92Nb (g.s.). Thus, the (a,d) results indicate clearly 

that 7+ is the correct assignment for the 94Tc ground state, in agreement 

with the predictions of Bhatt and Ba117 and Vervier. 9 

The only other member of the [<~g912 )~/2 ,vd512] multiplet expected 

in (a,d) is the 5+, which is predicted7 ' 9 at an excitation energy of about 

0.2 MeV. The most reasonable possibility for the 5+ state in 94Tc is the 

(a,d) level at 0.21 MeV. The intensity of this state relative to the 

ground state is 0.25, in agreement with the value of cr(5+)/cr(7+) = 0.25 

from the 90zr(a,d) results. The angular distribution of the 0.21 MeV level 

(Fig. 33) is similar to that of the 0.36 MeV 5+ level in 92Nb. The 

94Mo(p,n) experiment98 indicates two closely spaced levels, at 209 and 

216 keV, either (or both) of which could be responsible for the observed 

(a,d) strength of the 0.21 MeV state. However, the 90zr(a,d) results 

(Table XII) indicate that only the 5+ and possibly the 3+ levels will give 

strong (a,d) transitions. 

In previous (a,d) studies15- 17 preferential population of a level 

in a given mass region was shown to be due to capture of a proton-neutron 

pair into one specific shell-model configuration (e.g., (d512 )~+ or 

2 
(g

912
)
9
+). The identification of the level in various final nuclei was 

made on the basis of: (a) strong population in (a,d), (b) similar angu-

lar distribution, and (c) regular dependence of the Q-value for forming 

the level on mass number. In this case the strongest (a,d) states are 

those at 2.58 MeV in 92Nb and 2.68 MeV in 94Tc. The strengths of these 

states (relative to their 7+ ground states) are almost identical. More

over, the angular distribution of the 94Tc 2.68 MeV level (Fig. 32) is 

.· 
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1000 

o sozr (a, d ) 92N b ( 0.36 MeV) 

o 92
Mo 
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(a,d) Tc ( o. 21 MeV) 
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Fig. 33. Deuteron angular distributions from the 90zr(a,d)92Nb(0.36 MeV) 

and 9~o(cx.,d)94Tc(0.21 MeV) reactions. Statistical errors are 

shown. for each point. 
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very similar to that of the 92Nb 2. 58 MeV level. Possible shell-model 

configurations for these levels will be discussed below. 

5. 92zr(a,d) 94Nb 

92 . 94 
A spectrum of the Zr(a,d) Nb reaction at e~ = 20° is shown in 

Fig. 34. The resolution is 50 keV (FWHM). As with the 9°zr and 92Mo 

targets (Figs. 29 and 31) only two levels, at 0.08 and 2.42 MeV, are 

strongly populated. A summary of the levels observed in this work is 

given in Table XIV. 

In contrast to the situation for 94Tc, the levels in 94Nb have 

been studied extensively, both by 93Nb(n,y)99,lOO and 93Nb(d,p).62 ,101 

The 79 keV level is believed to be the 7+ state based on its relative 

intensity in (d,p)101 and its weak dec~ to the ground state. 99 [The 

62 ground state was given a tentative 7+ assignment by Moorhead and Moyer, 

but the excitation energy determined here of 0.08 ± 0.03 MeV argues against 

this assignment. Calculations of the 94Nb level scheme7,9,99-lOl all 

give 6+ as the lowest level.] The 5+ level of the [ng
912

,(vd
5

; 2);;2] 

multiplet, at 0.113 Mev,62 •99 was not resolved.from the 7+ in the data. 

The angular distribution of the Q.08 MeV level in (a,d) is less structured 

than those of the 7+ levels in 92Nb or 94Tc (Figs. 30 and 32) but is 

accounted for rather well (Fig. 35) by assuming a 7+ + 5+ doublet with 

relative intensities the same as those observed in 90zr(a,d). 

The 2.42 MeV state has an angular distribution (Fig. 35) similar 

to that of the 92Nb 2. 58 MeV leve~. + Its strength relative to the 7 level 

is consistent with those obtained for the strong states in 9~ and 
94

Tc. 

Based on (a,d) systematics this level should have th~ same configuration 

as the 92Nb 2.58 MeV and 94Tc 2.68 MeV states. 

' . 

·. 
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Fig. 34. Deuteron energy spectrum from the 92zr(a,d)94Nb react.ion at 

6i= 20°. The peak numbers correspond to excitation energies 

given in Table XIV. 
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92zr (a, d) 94Nb 

Ea "50 MeV 

2.42 MeV 

X 1/10 

30 40 50 60 

Bc.m. ( deg) 

70 

XBL71B-4108 

Fig. 35. Angular distributions of deuterons from the 92zr(a,d)94Nb 

reaction leading to the 0.08 and 2.42 MeV states. The solid 

line through the 0.08 MeV data points represents a smooth 

curve drawn through the experimental angular distribution of 

the summed 0.0 MeV (7+) and 0.36 MeV (5+) levels in 

9°zr(a,d)92Nb. The solid line through the 2.42 MeV data 

points is a smooth curve drawn through the experimental 

angular distribution of the 90zr(a,d)92Nb (2.58 MeV) reac

tion. Statistice~ errors are shown for each point. 

.. 
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. Table XIV. Levels Observed in the 92zr(a,d)94Nb Reaction at 50 MeV • 

No. Levels Observed a Intensityb 
(MeV) (mb) 

1 o.o8c 0.178c 

2 0;32 0.01 

3 0.65 0.01 

4 0.95 o.o4d 

5 1.19 Weak 

6 1.25 0.049 

7 1.39 0.044 

8 1.65 0.027 

9 1.84 0.02d 

10 2.05 0.059 

11 2.18 0.098 

12 2.25 0.095 

13 2.42 0.166 

14 2.53 0.03d 

15 2.69 0.060 

16 2.84 0.051e 

17 2.95 0.02d 

. 18 3.7 ± 0.10 Weak 

~xcitation energy ± 30 keV except as noted. 
b . 

Integrated from e = 12.4 to 51.8° except as noted. c.m. 

(continued) 
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Table XIV (continued) 

cThis level is a doublet made up of the 0.078 and 0.113 MeV states. 

About 80% of the observed intensity should be due to the 0.078 MeV state. 

See text. 

d Integrated from 8 = 12.4 to 36.4°. c.m. 

eintegrated from e = 12.4 to 46.7°. c.m. 
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6. 94zr(a,d)96Nb 

A spectrum of the 94zr(a,d)96Nb reaction at ei = 20° is shown in 

Fig. 36. The resolution is 50 keV (FWHM). The low-lying levels in 96Nb 

were studied with the 96zr( 3He,t)96Nb reaction by Comfort et ~. 102 
They 

obtained excellent agreement with the predictions of the Pandya transfor

mation, which relates the energies of the [7fg
912

,(vd
512

)-
1
] particle-hole 

multiplet in 96Nb to those of the [7fg
912

,vd
512

] particle-particle multiplet 

in 92Nb. In particular the 7+ level, which should be strong in (a,d), 

was observed102 at 233 ± 5 keV in 96Nb. Results from the 96zr(p,ny)
96

Nb 

reaction103 are in agreement with those from (3He,t). 

·. 104 105 96 96 S1.nce recent measurements , of the Nb -» Mo S decey 

indicate a mass excess for 96Nb different from that in the published 

Q-value tables , 51 an energy scale obtained by fitting (a,d) data on the 

9°zr, 92zr, and 92Mo targets (along with light impurities) was used to 

determine the energy of the 7+ level. An excitation energy of 

0.26 ± 0.03 MeV was obtained using the Q-value consistent with the S-decay 

data104 while the published51 Q-value, -12.3342 MeV, gives an excitation 

energy o·f about 0. 30 MeV. Thus, based on these data, the mass excess of 

96Nb obtained from the S decay, which is 37 keV more positive than that 

from Ref. 51, seems preferred. In order to minimize the effect of shifts 
.... 

between the various targets, the final calibration was done using a 

94zr(a,d)96Nb Q-value of -12.371 MeV (inferred from Ref. 104) and assuming 

+ an excitation energy for the 7 level of 0.233 MeV as given by Comfort 

et a1. 102 The excitation energies determined in this manner are given in 

Table XV along with the 96zr( 3He,t) 96Nb results. These energies depend 
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Exc. energy (MeV) 

3 2 I 0 
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Fig. 36. Deuteron energy spectrum from the 94zr(a,d)96Nb reacti~n at 

8~= 20°. The peak numbers correspond to excitation energies 

given in Table XV. 
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Table XV (continued) 

~ef. 102. 

bExcitation energy ± 30 keV except as noted. 

cintegrated from e = 12.4 to 33.2° except as noted. 
c .m. 

~elative energies ± 5 keV. 

eintegrated from e = 12.4 to 51.8°. 
c .m. 

fUsed as a calibration point. The excitation energy of the 7+ was obtained 

from Ref. 102 and the ground state Q-value, -12.371 MeV, was inferred from 

the S-dec~ Q-value of Ref. 104 (See text.) 

.• 
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on the choice of Q-value and may have a systematic error if the Q-value 

of the calibration state is incorrect, but this causes only small errors 

( ~ 20 keV) over the energy range covered in Table XV • 

As with the other Zr isotopes only two levels are strongly popu-

lated. Angular distributions of these levels, at 0.23 and 2.38 MeV, are 

shown in Fig. 37. The 0.23 MeV level has a shape consistent with the 

+ 102 7 assignment made by Comfort et al. and the 2.38 MeV level is simi-

lar in shape to the 92Nb 2.58 MeV state. 

7. 91zr(a,d)93Nb 

A spectrum of the 91zr(a,d) 93Nb reaction at e~ = 20° is shown in 

Fig. 38. The resolution is 65 keV (FWHM). A summary of the levels seen 

in this ·work is given in Table XVI. 

It is interesting to compare the low-lying levels seen in the 

91zr(a,d)93Nb data with those seen in 92zr(a,t) 93Nb (Sec. IV-A4 and Table 

VI) and Coulomb excitation.12 The ground state (9/2+) is populated quite 

weakly in (a,d) compared with the dominant rrg
912 

capture in .(a,t). A 

stronger group of levels appears at about 1.3 MeV in the (a,d) data. 

These levels have been assigned12 spins of: 0.952 MeV (13/2+), 1.337 MeV 

(17/2+), 1.492 MeV (9/2+, 11/2+, 13/2+), and 1.507 MeV (9/2+, 11/2+, 

13/2+). Shell model calculations of the 93Nb level scheme7,9 predict 

low-lying 11/2+, 13/2+, 15/2+, and 17/2+ levels whose wave functions are 

of the type [rrg912 ,-(vd512 )~n] J' From the 9°zr(a,d)92Nb results (Sec. 

IV-B3) it seems clear that only those levels having appreciable amplitudes 

of the type [(rrg912 ,vd512 )
7
+,vd512J and [(rrg912 ,vd512 )

5
+,vd512J will be 

populated strongly, since the 7+ and 5+ have the most favorable structure 
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94 zr (a, d) 96Nb 

Ea;: 50 MeV 

100 

... 
"' ...... 
.0 
::l 

2.38 MeV x 2 

~ 
"t:l 
...... 
b 

"t:l 

10 0.23 MeV 

0 90 

( deg) 
XBL718-4107 

Fig. 37. Angular distributions of deuterons from the 94zr(a,d)96Nb 

·reaction leading to the 0.23 and 2.38 MeV states. The solid 

lines through the data points represent smooth curves drawn 

through the experimental angular distributions of the 
90zr(a,d)92Nb reaction leading to the ground and 2.58 MeV 

states. (See Fig. 30.) Statistical errors are shown for 

each point. 
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Exc. energy (MeV) 
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Fig. 38. Deuteron energy spectrum from the 91zr(a,d) 93NO reaction at 

8~= 20°. The peak numbers correspond to excitation energies 

given in 'I' able XVI. 
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Table XVI. Levels Observed in the 9lzr(a.,d)93Nb Reaction at 50 MeV. 

No. 
·a Intensityb Levels Observed . . 

(MeV) (mb) 

1 0.0 0.020c 

2 0.80 0.010 

3 0.96 0.056 

4 1.33 0.077 

5 1.48 0.052 

6 1.66 0.039 

7 3.54 0.078 

8 3.84 0.094c 

9 3.93 0.050c 

lO 4.06 o.o8od 

11 . 4.21 0.052d 

12 4.52 0.100 

~xcitation energy ± 30 keV. 

b from e 15.5 to 56.7° except Integrated = as noted. c.m. 
c 

15.5 46.5°. Integrated from 8 = to c.m. 
d . e 15.5 51.7°. Integrated from = to c .m. 
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for the (a,d) reaction. The strongest levels, then, should be the 17/2+ 

and 15/2+ since these must contain only 5+ t 6+, or 7+ couplings of the 

transferred (1Tg
912

,vd
512

) pair. The 17/2+ state, which is the "stretched" 

configuration of the [rrg
912

,(vd512 )
2J multiplet, should be populated only 

through the 7+ coupling, i.e., it should be the same transfer as that for 

the 9°zr(a,d)92Nb (g.s.) reaction. (The 6+ is not expected to contribute 

apprec~ably to the cross section either experimentally (Sec. IV-B3) or 

theoretically. 92 ) This prediction is borne out by the angular distribution 

of the 1.33 MeV level (Fig. 39) which has the same shape as that from the 

9°zr(a,d)92Nb (g.s.) reaction. Also, the 1.33 MeV level is the strongest 

of the low-lying levels seen in 91zr(a,d). Thus, the data tend to sub-

+ stantiate the identification of the 17/2 level at 1.337 MeV made in 

Ref. 12. 

The 15/2+ level is predicted7'9 to lie slightly higher than the 

17 /2+ level. Based on these data the l. 48 MeV level would seem to be a 

reasonable candidate, although Rogers et a1. 12 assigned (9/2+, ll/2+, 

13/2+,) to both the 1.492 and 1.507 MeV levels. Both the 1.48 MeV and 

0.96 MeV levels have angular distributions (Fig. 39) which can be "fit" 

with the assumption of 7+ + 5+ contributions similar to those from the 

ground and 0.36 MeV states of 92Nb. 

At about 4 MeV a second strong group of states appears in the 

91zr(a,d) data (Fig. 38). The angular distributions of these levels, 

at 3.54, 3.84, 3.93, 4.06, 4.21, and 4.52 MeV, are all similar to that 

of the 2~58 MeV level in 92Nb and probably correspond to the same proton-

neutron transfer. Angular distributions of two of these levels (3.54 
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91 Zr (a, d) 93Nb 

Ea =50 MeV 

0.96 MeV 

I. 3 3 MeV x 1/5 

1.48 MeV x 1/10 

0 10 20 30 40 50 60 70 80 90 

e ( deg) c.m. 
X 8 I. 718 ~ 4106 

Fig. 39. Angular distributions of deuterons from the 91zr(a,d)93Nb 

reaction leading to the 0.96, 1.33, and 1.48 MeV levels. The 

solid lines represent smooth curves drawn through experimental 

angular distributions from the 90zr(a,d)92Nb reaction leading 

to the 7+ (g.s.) and 5+ (0.36 MeV') with weighting factors of: 

0.96 MeV [7++ 5+], 1.33 MeV [7+), and 1.48 MeV. [7+ + 2 X (5+)]. 

(See text, Sec. IV-B7.) Statistical errors are shown for 

each po.int. 
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and 4.52 MeV) are shown in Fig. 40. The splitting between the two multi-

plets is about 2.7 MeV. This is consistent with a simple "weak coupling" 

picture of these groups of states, although it is very unlikely that the 

levels do not mix with other available configurations in 93Nb. 
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100 

10 

0 

91 Z r ( a , d ) 93 N b 

E 0 =50 MeV 

MeV x 5 

4.52 MeV 

XBL718- 4109 

90 

Fig. 40. Angular distributions of deuterons from the 9lzr(a,d)93Nb 

reaction leading to the 3.54 and 4.52 MeV states. The solid 

lines represent smooth curves drawn through the experimental 

angular distribution of the 90zr(a,d)92Nb (2.58 MeV) reaction. 

(See Fig. 30.) Statistical errors are shown for each point. 
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C. . Heavy Ion Reactions 

1. Selection Rules 

The selection rulesfor heavy ion induced single-nucleon transfer 

reactions have been obtained by several authors within the DWBA . frame .. : . 
106 107 work. • They are : 

and 

R.i + if ~ L ;;;. ) \-R.fl 

ji + jf > L ;,;;..lji-jfl 

(1) 

(2) 

(3) 

where .ti, ji and if' jf are the orbital and total angular momen~a. of the 

captured nucleon in the projectile and final nucleus, respectively, and L 

is the transferred angular momentum. For both the (16o,15N) and (16o,15o) 

reactions. reported here, ii= 1 and ji= 1/2 (i.e., the transferred nucleon 

in the projectile is in a lp112 state), and equations (1) to (3) become 

if + 1 ;> L ;;;;r.l if-11 (4) 

jf + 1/2 ~ L ;> ljf-1/2 J ( 5) 

and 

L + if = odd (6) 

A consequence of the above selection rules is that different L 
'. 

values are required for stripping to states with jf=R.f+l/2 and jf=if-1/2. 

This can be seen by substituting into eq. (5). For jf=if+l/2, 

(7) 
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(8) 

The parity selection rule, eq. (6), then further restricts these values 

so that, for (16o,15N) and (16o,l5o) reactions, 

or 

L = Q, - 1 
f 

(9) 

(10) 

This result is in contrast with the light ion selection rules (see Sec. 

IV-Al) where, because !l.i= 0, a single L value, L = Q,f' is allowed for both 

jf= !l.f + 1/2 and jf= !l.f- 1/2 transfers. 

It has been· pointed out108 that the parity selection rule, eq. (3), 

is only approximate, since it :results from ignoring "recoil effects" (see 

Appendix A) in obtaining the DWBA expression for 'the transition amplitude. 

At present, very little is known about the consequences of ignoring the 

recoil terms. These terms are important in DWBA calculations insofar as 

ignoring them leads to differences of several orders of magnitude in pre-

dieted cross sections obtained'by using the (formally equivalent) post or 

prior form of the DWBA transition amplitude. 109 Since the predicted DWBA 

. 49 
cross sections depend very strongly on L, (aL+2 ~ lOaL), an implication 

of the above selection rules is that a very strong j-dependence is expected 

in the (16o,15N) and (16o,15o) reactions. However, the experimental evi

dence110 indicates a'j-dependence which is considerably weaker than would 

be obtained from the DWBA predictions. Possibly, this can be traced back 

to the neglect of the recoil terms. In any case, it must be remarked 

'• 

: 
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that the degree of validity of the approximate parity selection rule 

above has not been investigated. 

2• 9~zr(l60 ,15N)91Nb 

A 15N spectrum from the 90zr(16o,15N)91Nb reaction at 8R,= 25° is 

shown in Fig. 41. The resolution is about 200 keV (FWHM). This reaction 

has been observed previously by Nickles et al. 27 at 60 MeV. Table XVII 

summarizes the states observed in this work and their intensities. An 

interesting feature of these data, compared with those of Nickles et al.,27 

is that the cross sections are much larger at the higher beam energy used 

here. The peak cross section for the ground state is about 6 times that 

reported at 60 MeV, and the 3.37 MeV state is stronger by a factor of 16. 

Angular distributions for the ground and 3.37 MeV states are 

shown in Fig. 42. Based on the selection rules (Sec. IV-Cl) the ground 

state corresponds to an L = 5 transition while the 3.37 MeV d
512 

state 

requires L = 3. It can be seen from Fig. 42 that the 9°zr(16o,15N) 

reaction shows essentially no L-dependence in the angular distributions, 

· t 'th th lt of other (16o,15N) stud4es. 27,lll The. ~n agreemen w~ e resu s • 

observed angular distributions can apparently be understood in terms of 

a semi-classical picture (see AppenQ:ix A) even at energ~es much greater 

than the Coulomb barrier (which is about 39 MeV for the 16o- 90zr system). 

At backward angles (small impact parameters) the transfer reaction cross 

sections decrease due to absorption, i.e., compound nucleus formation, 

and at forward angles (large impact parameters) the cross sections decrease 

because the projectile and target nuclei are outside the range of the 

nuclear force which is responsible for the transfer. The peak of the 
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Fig. 41. 15N position spectrum tram the 90zr( 16o,15u)9~ reaction at 

8.f.= 25°. The two-dimensional arrqs corresponding to this 

spectrum are disp1qed in Figs. 11 to 14. 
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• 9ozr ('6o,lsN)91Nb 
--

• E ('60) = 104 MeV 

-

0.0 MeV • ----
-
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F_ig. 42. Angular distributions of 15N from the 9°zr(
16o ,15N)9

1
Nb 

reaction leading to the 0.0 and 3.37 MeV states. The angu

lar distributions for the-two states have identical shapes, 

although the ground state (p112---· ~ g912 transition) should be 

L=5 and the 3.37 MeV state (p
112

---:> d512 transition) L=3 based 

ob the selection rules. 
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'rable XVII. Levels Observed in the 9°zr( 16o / 5N)91Nb Reaction 
ut. .lOlt MeV Compared with Previous Results. 

This work Ref. 27 

Levels 
Intensityb 

Peak 
Observed a Cross Section c Levels Peak 

Observed Cross section 
(MeV) (mb) (mb/sr) · (MeV) (mb/sr) 

o.oe 5.30f 7.83 ± o.o8f o.o 1.39 

1.29 0.20 0.22 ± 0.01 

1.60 0.24 0.34 ± 0.02 1.61 0.03 

1.88 0.31 0.29 ± 0.02 

2.18 0.04 

2.75 0.08 

2 o9r{ 0.24 0.34 ± 0.02 

3.37e 1.66 2.4~ ± 0.04 3.36 0.15 

4.26 0.32g 0.47 ± 0.02 

4.81 o.47g 0.59 ± 0.02 

5.25 o.66g 0.94 ± 0.03 

5.9 ± 0.15 1.35 1.89 ± 0.04 

6.6 ± 0.15 1.110 2.07 ± 0.04 

uExcitation energy± 100 keV except as noted. 

bintegrated from 8 = 18 to 41° except as.noted. The cross sections 
c .m. 

d 

have been corrected for charge state as described in the text (Sec. III-B). 

c·Differential cross section at 8t= 25°. The error shown is only that due 

to counting statistics. The cross section has been corrected for charge 

state as described in the text (Sec. III~B). 

(continued) 

. 
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Table XVII , (continued) , 

~ifferential cross section at et= 60°. 

eUsed as a calibration point. 

fContains a contribution of about 15% from the unresolved 0.10 MeV level. 

gintegrated from e = 18 to 35°. c.m. 
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angular distribution comes at the grazing angle, where cr/crR deviates 

from unity. For these data the grazing angle is about 25° (lab). 

. . 16 15 27 
In. the low energy ( 0, N) data the spectrum cuts off at about 

4 MeV excitation energy due to the Coulomb barrier, so only states below 

3.37 MeV can be compared. In both (16o,15N) experiments the ground and 

3. 37 MeV states are the strongest, with the gr.)und state being stronger 

by a factor of 4 in these data and by a factor of 9 in the 60 MeV experi-

ment .. (The weaker population of the 3,37 MeV state at 60 MeV might be 

due to the nearness of the 15N to the Coulomb barrier.) Near the 1.61 

MeV state reported in Ref. 27 there are three states seen here, at 1.29, 

1.60 and 1.88 MeV. 
. 27 

The 2.18 MeV state reported by Nickles et al., 

whose intensity was somewhat larger than that of their 1.61 MeV state, 

does not appear here (see Fig. 41). This state and the state at 2.7~. MeV 

were tentatively suggested to be core-excited states of the type 

[
90

zr(2+) 8 1Tg912] and r0
zr(3-) ~ 1Tg

912
], respectively, in Ref. 27, 

based mainly on their excitation energies. The 2.75 MeV state is also 

absent in the (
16o,15N) data obtained here, unless it corresponds to the 

level at 2.97 MeV. A 200 keV error in the excitation energy of the 2.97 

MeV level seen here is unlikely,, however, since it is so close to the 

3,37 MeV state, which was used as a calibration point at all angles. 

Above the 3.37 MeV state there are several levels seen in the 

90
zr(

16o / 5N) data which were not observed in the previous experiment. 

These states extend up to 6 •. 6 MeV of excitation energy, above which no 

states.were observed. The highest of these states, at 5.9 and 6.6 MeV 

are very broad (see Fig. 41) • This could be due to population of unbound 

.. 
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states in 91Nb at these energies but, since similar groups at high exci

tation energies appear in the 15N spectra of the other targets studied, 

it seems reasonable to also consider the possibility of (Doppler broadened) 

15N excited states. Such •ishadow peaks" have been observed in some heavy 

ion reactions,112 but not in (16o,15N) specifically. 

The first excited states of 15N occur at 5.27 and 5.30 MeV. How

ever, these states are 5/2+ .and 1/2+ levels and cannot be reached directly 

16 from the 0 ground state except through admixtures of 2p-2h, etc., com-

ponents. The third excited state in 15N, at 6.33 MeV, is a p;~2 level 

and thus can be reached from the major (closed shell) component of the 

16o ground state. [The 16o(d,3He) 15N reaction,113 for example, yields 

a cross section for the. 5. 27--5.30 MeV doublet about 10 times smaller than 

those for the ground and 6.33 MeV states~] Obviously neither of the 

observed excited states has exactly the right energy to be the 6.33 MeV 

state in 15N, but the average of the two energies (6.25 MeV) agrees 

quite well. 

A similar result was observed in the inelastic scattering data, 

which was obtained simultaneously with the (16o,15o) results reported 

later. In all of the inelastic 16o spectra (Fig. 43) a broad doublet 

appears at excitation energies of 5.7 and 6.4 MeV. The appearance of 

these states at the same excitation energies and with the same cross 

sections (within about 20%) in the 90zr, 9~o, and 9~ targets suggests 

a similar transition is involved. Here too, neither of the peaks corre-

16 ·6.05 spends in energy to an 0 excited state, but the average energy, 

MeV, could be explained by population of the 6.13 MeV·3- state in 16o. 

(The 6.05 MeV o+ state in 16o is unlikely to be populated by inelastic 
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93Nb ('so'so'l93Nb 

E ('60) = 104 MeV 

81 = 2 oo 

600 130fLC 
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Position spectra from the inelastic scattering of 104 MeV 
16 90 92 93 . 

0 on targets of Zr, Mo, and Nb. The broad states 

near 6 MeV may be due to (Doppler broadened) 16o excited 

states. 
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16 scattering since it is orthogonal to the 0 ground state and is believed 

to be mainly a 4p-4h level.) 

The reason for the appearance of a double peak in these two cases 

is not clear. However, such an effect could presumably occur if the 

excited states are aligned with respect to the outgoing particle direc-

tion. From the results obtained here it is not possible to unambiguously 

interpret the highest excited states in the 15N spectrum. All that can 

be said is that the levels above 5.27 MeV m~ be due to 15N excited states. 

3 • 92Mo(l60 ,15N)93Tc 

The 92Mo( 16o,15N)93Tc reaction was studie.d only at 8_q,= 20 and 25°. 

As can be seen from Fig. 44, the spectra look very similar to those from 

the 9°zr(16o,15N)91Nb reaction (Fig. 41). A summary of the levels identi

fied in the 92Mo( 16o,15N) reaction is given in Table XVIII, along with 

the cross sections for the ground and 3.36 MeV states seen by Christensen 

et al.i14 at 66 MeV. As was true for the 90zr( 16o,15N) data (Sec. IV-C2), 

the cross sections observed at 104 MeV are significantly higher than those 

reported at 66 MeV.· The cross section ratio of the ground and 3.36 MeV 

states in 93Tc is about the same as that observed for the corresponding 

91Nb levels. The low-lying p
112 

state, at 0.39 MeV in 93Tc, is resolved 

from the ground state in these data, and has a cross section about 1/6 

of the latter. The 0.10 MeV p
112 

state in 91Nb was not resolved from the 

ground state in 9°zr(16o,15N). Therefore, assuming the same relative 

strengths as in 93Tc, the 9~ ground state cross section quoted in 

Table XVII is too large by about 15 to 20%. 
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Table XVIII. Levels Observed in the 92Mo( 16o,15N)9 3Tc Reaction 
at 104 MeV Compared with Previous Results. 

This work 

Levels Peak a Cross Sectionb Observed 
(MeV) (mb/sr) 

o.od 4.70 ± 0.19 

0.4 0.75 ± 0.08 

2.7 0.23 ± 0.04 

3.2 0.37 ± 0.05 

3.36d 1.39 ± 0.10 

3.8 0.26 ± 0.04 

4.4 0.42 ± 0.06 

4.8 0.43 ± 0.06 

5.1 0.29 ± 0.05 

5.9 1.39 ± 0.10 

6.7 1.61 ± 0.11 

~xcitation energy ± 200 keV. 

Levels 
Observed 

(MeV) 

o.o 

Ref. 114 

Peak· 
Cross Sectionc 

(mb/sr) 

0.47 ± 0.05 

(0.12) 

bDifferential cross section at 8~= 25°. The error shown is only that due 

to counting statistics. The cross sections have been corrected for 

charge state as described in the text (Sec. III-B). 

cDifferential cross section at 8~= 50°. The excited state has about 1/4 

of the ground state intensity. 

<\Jsed as a calibration roint. 
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Near 6 MeV in 93Tc there are broad states in the 15N spectrum 

similar to those found in 90zr(16o,15:N). If the 91Nb ground state cross 

section is corrected for the presence of the unresolved p
112 

level~ then 

the cross sections (relative to the ground states) of the 5.9 and 6.7 

MeV states seen in the two reactions differ by less than 10%. This is 

consistent with the hypothesis that these states are due to excited 15N 

levels, but clearly it is not conclusive evidence. 

4. 94zr(l6o,l5N)95Nb 

This reaction was observed at ei= 25 and 30°. A summary of the 

levels observed here, compared with those seen in the 60 MeV 94zr(16o,15N) 

data of Nickles et al., 27 is given in Table XIX. A spectrum of the 

94 16 . 15 95 . Zr( 0, N) Nb react1on at ei= 25° is shown in Fig. 45. The resolu-

tion is 300 keV (FWHM). Here too the cross sections are larger than 

those observed in the 60 MeV experiment, although by much less than was 

true for the 90zr( 16o,15N) data (see Sec. IV-C2). The strong low-lying 

states at 0.75, 1.6~ and 2.05 MeV seen by Nickles et a1. 27 are also the 

strongest states seen at 104 MeV. The cross section listed in Table XIX 

for the p
112 

state at 0.26 MeV was obtained from the Gaussian peak fitting 

program DERTAG mentioned above (Sec. III-A). The contribution of the 

upper level to the ground state peak is about 16%, in agreement with the 

ratio obtained from the (resolved) 0.39 MeV level in 93Tc. Since .the 

spectroscopic factors for the low-lying p
112 

levels in 91Nb, 93Tc, and 

95Nb are all quite similar, a correction of about 15% to the 91Nb ground 

state cross section listed in Table XVII seems to be a reasonable estimate. 

.~ 

• • 
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Fig. 45, 15N position spectrum from the 94zr(16o / 5N)95Nb reaction at 

aR.= 25° • 
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Table XIX. Levels Observed in the 94zr(
16

o,15N)95Nb Reaction 
at 104 MeV Compared with Previous Results. 

This work 
Levels 

a Observed 
(MeV) 

0.7 

1.1 

1.5 

1.7 

2.0 

3.0 

3.2 

3.8f 

4.8f 

5.9f 

6.8f 

Peak b 
Cross Section 

(mb/sr) 

3.24 ± 0.09 

0.64 ± 0.04 

1.12 ± 0.05 

0.17 ± 0.02 

0.24 ± 0.02 

0.31 ± 0.03e 

0.94 ± 0.05 

o.4o ± 0.03 

0.21 ± 0.02 

1.48 ± 0.06 

l. 56 ± 0.06 

1.86 ± 0.07 

1.46 ± 0.06 

~xcitation energy ± 200 keV. 

Ref. 27 
Levels 

Observed 
(MeV) 

0.0 

o. 75} 

0.92 

1.6 

2.05 

Peak 
Cross Sectionc 

(mb/sr) 

1.43 

0.34 

0.41 

0.52 

bDifferential cross section at 9~= 25°. The error shown is only that due 

to counting statistics. The cross sections have been corrected for 

charge state as described in the text (Sec. III-B). 

cDifferential cross section at 9~= 60°, 

~sed as a calibration point. 

(continued) 

.· 

.· 
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.Table.XIX (continued). 

eCorrected for 90zr(16o,15N) 91Nb (g.s.) impurity by about 30%. 

fCentroids and cross sections are for broad structures (see Fig. 45). 

Individual levels were not separated. 



-164-

At higher excitation energies there appear four broad groups in 

the 15N spectrum (see Fig. 45). The upper groups, at 5.9 and 6.8 MeV, 

are similar to those seen in the 90zr(16o,15N) and 9~o( 16o,15N) reactions 

and are possibly due to an 15N excited state. The other two groups,· at 

3.8 and 4.8 MeV, must be 95Nb levels since they are well below the first 

excited state in 15N. However, with data at only two angles, it was not 

possible to obtain any meaningful information about individual levels in 

these groups. The energies and cross sections for these "states" refer 

to the whole multiplet, rather than to any single level. as is indicated 

by the arrows in Fig. 45. 

5 • 91Zd160 ,l5N)92Nb 

The 91zr(16o,15N)92Nb reaction was studied only at e = 25°. The .R, 

spectrum is shown in Fig. 46. Due to the fact that the target ground 

state has JTI= 5/2+, each single-proton state forms a multiplet of levels. 

The ng
912 

state, for example, forms a (ng
912

,vd
512

)2+ -> 
7
+ multiplet in 

92Nb which spans 500 keV of excitation energy (cf. Table VIII). As can 

be seen from Fig. 46, the largest peak has a centroid (0.4 MeV) and width 

( ~ 500 keV FWHM) consistent with populating all of the states of this 

multiplet. A summary of the levels observed in the 9lzr(16o,15N)92Nb 

reaction is given in Table XX. A comparison of the cross section of the 

0.4 MeV "state" in 92Nb with that of the ground state of 91Nb (Table XVII) 

indicates that about 90% of the ng
9 12 

strength can be accounted for in 

this multiplet. This result agrees very well with the corresponding mea-

surement made with the (a., t) reaction· (Sec •. IV-A6). 'l'he otl;ler strong group 

in the spectrum, at 3.6 MeV, is expected to be a [9~(3.37 MeV)® vd
512

] 

. .,, 
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91 Zr (160, 1sN) s2Nb 

E (160) = 104 MeV 
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Fig. 46. 15N position spectrum from the 91zr(16o,15N) 92Nb reaction at 

e R, = 25°. The peak near channel 50 is due to leak-through of 

an intense 17o peak from the 150(7+) gate (see Fig.· 54) • 
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Table XX. Levels Observed in the 91zr( 16o,15N)9~ Reaction 
at 104 MeV. 

a Levels Observed 
(MeV) 

0.4 

1.8 

3.6 

6.3 

~xcitation energy ± 200 keV. 

Peak Cross Sectionb 
(mb/sr) 

7.22 ± 0.14 

0.65 ± 0.04 

1.38 ± 0.06 

6.85 ± 0.14 

bDifferential cross section at 8~= 25°. The error shown is only that 

due to counting statistics. The cross sections have been corrected for 

charge state as described in the text (Sec. III-B) • 

.... 
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multiplet based on the observed strong population of the 3.37 MeV ~d512 
state in the 9°zr( 16o,15N)9~ reaction (Sec. IV-C2). 

At higher excitation energy a very broad group appears with a 

centroid energy of 6.3 MeV. This group does not look like the 6 MeV 

groups observed.in the spectra of the even-even targets (see, for 

example, Fig. 41), since it is not a double peak. The centroid energy 

-1 of the group, however, still agrees well with the energy of the p
312 

excited state in 15N. The difference in shape in this case may be due 

to the "valley" between the 5.9 and 6.6 MeV peaks in 90zr( 16o,15N) being 

destroyed by averaging over the 500 keV wide ground state multiplet in 

92Nb. Also, since the level density of the odd-odd 92Nb nucleus is 

undoubtedly greater than that of 91Nb at the same excitation energy, 

there is probably more cross section in this region due to "real" 92Nb 

states, which might have the effect of washing out the double peak structure. 

6 • 93Nb(l60115N)94Mo 

The 93Nb(
16o,15N) 94Mo reaction was studied at 8t= 20 and 25°. 

The spectrum taken at 8t= 20° is shown in Fig. 47. The ground state 

and low-lying levels are populated rather weakly and the spectrum is 

dominated by a :doublet at 2. 6 and 2. 9 MeV. Based on the 93Nb ( 3He ,d} 

results of Cates, Ball, and Newman, 4 there are many 94Mo levels in the 

region near 2.6 MeV. Spin assignments to some of these have been made 

by Lederer, Jaklevic, and Hollander 115 in a study of in-beam y-ray 

spectroscopy of the even molybdenum isotopes. The y-decay data 115 

indicate levels at 2.421 MeV (6+), 2.608 MeV (5-), 2.738 MeV (4+), 

2.870 MeV (6+ or 6-), and 2.953 MeV (8+ or 8-). These last two levels 

are connected by an E2 decay and thus must have the same parity. The 
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93Nb( 3He,d) reaction
4 

assigns i = 4 to the 2~875 and 2.960 MeV states, 

which suggests that these levels are the 6+ and a+ of the (rrg9/2) 2 con

figuration. Similarly, the ~trong i = 1 transition to the 2.614 MeV 

level in (3He,d) indicates a dominant (rrp~~2 g
912

)
5

_ configuration for 

that state. A summary of the levels observed in the 93Nb( 16o,15N) reaction, 

as well as those seen in the (3He,d) andy-decay experiments, is given in 

Table XXI. 

The highest state seen here, at 4.1 MeV, was not reported in Ref. 4. 

A number of levels in this region were seen in the y spectroscopy experi-

ment and given high-spin assignments (J ~ 8). Such high-spin states are 

likely to be multiparticle states. (The exceptions to this are the 9- and 

10- states which arise from the (rrh1112 g
912

) configuration. However, 

the rrh1112 single-particle energy is quite high ( > 6 MeV) in 93Tc and is 

probably not too different in 94Mo. ) The probable 10+ state at 3. 894 MeV, 

for example, was tentatively associated with the Frrg912 >~.+ (vd512 >~+] 
configuration. In a single-step stripping reaction, such a level could 

only be reached through an admixture of [{rrg
912

) (vd512 )~+] 912
+ in the 

93Nb ground state. Another possible explanation for states in this region 

would be levels with a dominant rrd
512 

configuration~ Such states would 

be expected at about this excitation energy. The i = 2 admixtures deter

mined for the low-lying levels seen in 93Nb( 3He,d) were all quite small, 

indicating that the major rrd
512 

strength does lie at higher energies. 

At very high energies in 94Mo very broad structures appear. in the 

spectrum. The excitation energies of these "levels", 8.8 and 9.9 MeV, 

could correspond to the double excitation which gives 94Mo (2.9 MeV) and 

l5N (6.33 MeV), in agreement with previous evidence. 



Table XXI. Levels Observed in the 93Nb( 16o,15N) 94Mo Reaction at 104 MeV Compared with Previous Work. 

This work 9~(3He,d)94Moa b In-beam y spectroscopy 
Levels Peak d Levels Levels f c Cross Section e 

9, J'IT J'IT Observed Observed Observed 
(MeV) (mb/sr) (MeV) p (MeV) 

o.o 0.18 ± 0.02 o.o 4 o+ (0.0) 0+ 

0.9 0.22 ± 0.03 0.873 2,4 2+ 0.870 2+ 

1.5 0.10 ± 0.02 1.582 2,4 4+ 1.572 4+ 

1.868. 2,4 2+ 

. 2.08 4 (o)+ 

2,4 ( )+ 
I 

2.295 2.300 I-' 
~ 
0 

2.422 2,4 6+ 2.421 6+ I 

2.527 1 (3,4,5,6)-

2.566 2,4 ( ) + 

2.6 1.22 ± 0.06 2.614 (3,4,5,6)- 2.608 5 -1 

2.773 2,4 ( )+ 2.738 (4+) 

2.837 1 (3,4,5,6)-

2.9 2.71 ± 0.09 2.875 4 (8)+ . 2.870 
6(±)g 

2.960 4 (8,1t 2.953 
8(±)g 

----~ 

(continued) 
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This work 

Levels c Observed 
(MeV) 

Peak d 
.cross Section 

(mb/sr) 

4.1 0.54 ± 0.04 

h 8.8 1.53 ± 0.07 

h 9.9 1.20 ± 0.06 

~ef. 4. b 
Ref. 115. 

Table XXI (continued) 

93Nb(3He,d)94Moa 

Levels e Observed R, 
(MeV) p 

3.026 1 

Jrr 

(3,4,5,6)-

cExcitation energy± 200 keV. 

' . 

b In-beam y spectroscopy 

Levels f rr 
Observed J 

(MeV) 

3.318 (8 to 10) 

3.357 (8+) 

3.364 (7-) 

3.803 (9 to 12) 

3.865 

3.894 10 
(±)g 

4.005 (8 to 10) 

4.187 (11,12) 

4.493 (8 to 10) 

~ifferential cross section at 8t= 25°. The error shown is only that due to counting statistics. 

Ccon~finued) 
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Table XXI (continued) 

The cross sections have been corrected for charge state as described in the text (Sec. III-B). 

eExcitation energy± 5 keV. fExcitation energy± 1 keV. 

gThe 2.870, 2.953, and 3.894 MeV states are connected by E2 decay and must all have the same parity. 

hCentroids and cross sections are for broad structures (see Fig. 47). Individual levels were not 

separated. 
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. 90 16 15 91 . 
A spectrum of the Zr( 0, 0) Zr react~on at e1= 25° is shown 

in Fig. 48. The resolution is about 250 keV (FWHM). To facilitate later 

comparison, a spectrum of the 90zr(a,3He) 91zr reaction at 65 MeV is included 

in Fig. 48. As an example of the particle identification capabilities of 

the heavy ion focal plane detector, a spectrum of the 9°zr(~6o,15o)91zr 

reaction at a field setting corresponding to the 15o(7+) magnetic rigidity 

is shown in Fig. 49. This spectrum is clearly identical to that shown in 

Fig. 48. The 15o(7+) spectrum was separated from that of 15N (see Fig. 41) 

by means of the two-dimensional arrays shown in Figs. 11-14. As can be seen 

from Figs. 48 and 49, only two levels are strongly populated, the ground 

and 2.16 MeV states. The angular distributions for these states, shown in 

Fig. 50, are quite similar to those from the 90zr(16o,15N)91Nb reaction 

(Fig. 42). Both the 15o and 15N angular distributions peak at about the 

same angle, but the 15o angular distributions fall off more rapidly at 

forward angles than do those of 15N. 

The expected Q-value dependence of heavy-ion induced transfer 

reactions has been discussed by Buttle and Goldfarb. 109 They find that 

for neutron transfer the favored Q-value is zero, This is a consequence 

of requiring that the distance of closest approach be approximately the 

. 16 15 
same in both the initial and final channels. (In the case of the ( 0, N) 

reaction this requirement favors a negative Q-value since there is a 

change in the outgoing Coulomb barrier,) For neutron transfer, a zero 

Q-value corresponds roughly to a momentum transfer of zero. In the present 

case, the ground state (d
512

) transition requires L = 3 and the transition 



. -174-

500 

90zr ( 160 ,150 ) 91Zr 
2.16 0.0 

t + 
400 E (160) = 104 MeV 

e, = 25° 

300 558 p..C 
,(/) 

c 
:::J 
0 
u 200 

100 

700 800 

Channel 

XBL727-3410 

Fig. 48. 15o position spectrum from the 90zr(16o,15o)91zr reaction at 

6Jl.=,25°. A 9°zr(a,3He)9lzr spectrum at 6R.= 25° is shown for 

comparison. 
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Fig. 49. 15o(7+) position spectrum from the 90zr( 1~o,15o)91zr reaction 

at a 1,= 25°. The small peaks near channel 50 are due to the 

{16o,17o) reaction on isotopic impurities in the target lead

ing to the final states indicated above the peaks. 
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Fig. 50. 15o angular distributions from the 90zr(16o,15o)91zr reaction 

leading to the 0.0 and 2.16 MeV states. According to the 

selection rules the ground state transition is 1=3 and the 

2.16 MeV transition is L=6. 
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to the 2.16 MeV state (h1112 ) requires L = 6 according to the selection 

rules (Sec. IV-Cl). From the kinematic model described in Appendix A, 

an L = 3 transition corresponds to a Q-value of -1. 5 MeV, while an L = 6 

transition corresponds to a Q-value of -6 MeV. Thus, in this simple 

picture the ground state (L = 3) is about 7 MeV away from the favored 

Q-value and the 2.16 MeV state (L = 6) is off by about 4.5 MeV. 

The Q-value dependence of heavy ion reaction cross sections is 

116 predicted to be quite steep. Von Oertzen showed a factor of 10 decrease 

in cross section for a change from the optimum Q-value of 5 MeV for the 

54Fe(16o,12c) reaction. Similarly, Manko et a1. 117 observed changes in 

cross section of about 1 order of magnitude for a Q-value change of 5 MeV 

iri the (16o,15N) reaction on the nickel isotopes leading to the rrg
912 

states in copper. According to the calculations of Buttle and Goldfarb,109 

the Q-value dependence for neutron transfer is even more pronounced than 

for proton transfer. In fact, both von Oertzen108 and Buttle and Goldfarbl09 

suggested that it would be necessary to select a reaction whose Q-value 

was near the optimum value in order to obtain "measurable" cross sections 

for single nucleon transfer reactions •. 

The data obtained here show cross sections for the ground and 2.16 

MeV states (whose Q-values are -8.5 and -10.6 MeV, respectively) of 3 mb/sr 

at 8~= 25°. This indicates that measurable cross sections are obtainable 

with the (16o,15o) reaction, at least for the higher angular momentum 

transfers, even at very negative Q-values. If the Q-value dependence 

suggestedabove were correct, then the cross section for the (16o,15o) 

reaction near the optimum Q-value would be very large, perhaps as much as 
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100 times larger than the cross sections observed here. While this may 

be possible (peak cross sections of about 20 mb/sr were obtained for the 

94zr(16o,17o)93zr reaction discussed below), it does seem improbable. 

Since conventional no-recoil DWBA calculations do predict correctly the 

magnitude of the cross 

the Q-value dependence 

lower energy results. 

sections measured here,49 it seems apparent that 

108 at 104 MeV is less steep than suggested by the 

The levels of 91zr have been studied by means of the 90zr(d,p)91zr 

. 118-120 
react~on. The ground state is the vd

512 
single-particle level and 

is observed with a spectroscopic factor of approximately unity in all cases. 

The situation for the doublet at 2.16 and 2.19 MeV is not so clearcut since 

they are assigned different t values by the various groups. Cohen and 

. 118 119 
Chub~nsky and Graue et al. see only t = 4 strength, while Bingham 

120 63 . and Halbert and Booth et al. ass~gn the upper member as t = 4 (g
712

) 

and the lower member as t = 5 (h1112 ). The 91zr(p,p') data of DUBard and 

Sheline121 also give JTI= 11/2- for the 2.16 MeV state. Since the two levels 

were not resolved by Cohen and Chubinsky118 and the data of Graue et a1. 119 

are fit equally well with ei~her an t = 4 or an t = 5 curve, it will be 

assumed here that the 90zr(d,p) data establish the existence of an h1112 

state at 2.16 MeV. A summary of the 90zr(16o,15o) results, compared with 

90 90 3 those from the Zr(d,p) and · Zr(a, He) reactions, is given in Table XXII. 

The contribution to the 2.16 MeV peak from the unresolved vg
712 

state at 2.19 MeV cannot be obtained from the data. However, it can be 

estimated with the help of the 9~o( 16o,15o)93Mo data presented below (Sec. 

92 16 15 IV-C8). In the Mo( 0, 0) spectrum the vg
712 

and vh1112 levels are no 

.. 

- ' 

.. 
' 
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Table XXII. Levels Observed in the 90zr( 16o,15o)91zr Reaction at 104 MeV compared with previous work. 

This work 90zr(d,p)9lzra 90zr(a, 3He) 91zra . .--.. 
"'"·'-"'· 

Levels b Peak Levels 
J7T 

Levels 
Observed Cross Section c Observed s Observed s --~ 

(MeV) (mb/sr) (MeV) (MeV) 
~·.'· 

o.od 3.07 ± 0.06 o.o 5/2+ 1.04 o.o 0.98 c. 
t!' 

1/2+ 
...... 

1.201 0.93 
c: 

1.459 5/2+ 0.03 
~ 

1.871 7/2+ 0.08 1.874 0.09 ..., 
::- ~ 

2.031 3/2+ 0.63 2.040 0.45 I ·fa::·· 
f-' 

2.16d 11/2-
---1 

3.38 ± 0.06 2.157 0.37 r.41 \0 b~.;..? : ~ 
I 

. + 2.176 v 2.186 7/2 0.48 0.48 .. 

2.309 11/2- 0.05 2.323 0.05 

2.541 +/2+ 0.34 

2.7 0.12 ± 0.01 2.681 
e 

2.792 (3/2+) ,5/2+ e 0.07,0.03 

2.853 3/2+. 0.08 2.847 0.13 

2.902 (1/2+) 0.10 

2.992 

( contiimed) 



Table XXII (continued) 

This work 90zr(d,p)9lzra 90zr(a.,~e)9lzra 

Levels b Peak Levels Levels 
Observed Cross Section c Observed J1T s Observed s 

(MeV) (mb/sr) (MeV) (MeV) 

3.068 3/2+ 0.28 3.063 0.22 

3.270 3/2+ 0.17 3.277 0.19 

3.4 0.31 ± 0.02 3.444 7/2+ 0.42 3.466 0.34 

3.533 7/2+ 0.09 3.575 0.08 

3.610 
I 

1-' 
co 
0 

3.661 (3/2+,11/2-) (0.11,0.03) 3.676 (0.11,0.03) 
I 

3.721 

3.824 (3/2+) 0.12 3.817 0.19 

3.8 0.29 ± 0.02 3.880 (3/2+,11/2-) (0.05,0.08) 3.904 (0.05,0.09) 

4.1 0.11 ± 0.01 11/2- 4.081 0.04 

11/2- 4.254 0.06 

4.4 0.12 ± 0.01 

4.7 0.12 ± 0.01 

5.0 0.15 ± 0.01 
------ - -~----------

(continued) 

''·· -I". 
, . .~_ 
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Table XXII (continued) 

a Ref. 120. 

bExcitation energy± 200 keV. 

cDifferential cross section at 8.Q,= 25°. The error shown is only that due to counting statistics. 

~sed as a calibration point. 

e Ref. 119. 

I 
I-' 
CP 
I-' 
I 

. ···~ 
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longer degenerate but are separated by about 800 keV. The spectroscopic 

factors for the g
712 

levels at 1.359 and 1.516 MeV, 0.26 and 0.14, respec

tively,62 are about the same as that for the unresolved g
712 

state at 2.19 

MeV in 91zr, whose spectroscopic factor is 0.48. 120 Similarly, the $1, = 5 

spectroscopic factors for the 91zr 2.16 MeV state and 93Mo 2.32 MeV state 

. . . . 120 62 
are 0.37 and 0.33, respectively. '· From the cross section ratio of 

the 1. 5 and 2. 3 MeV groups in 9\io, we can then estimate that about 20% 

of the 2.16 MeV peak in the 9°zr(16o,15o)91zr reaction is due to the vg
712 

state at 2.19 MeV. This is only a rough estimate but it does justify the 

assumption that the peak in the 90zr(16o,15o) data at 2.16 MeV is mainly 

h1112 • An explanation for the dominance of the h
1112 

over the g
712 

state 

can be found in the selection rules, which indicate L = 6 for the h
1112 

state and L = 3 for the g
712

. In a situation of poor momentum matching 

(the favored (16o,15o) L transfer at these Q-values is about 10) the high 

spin states will be closer to the favored conditions than the lower spin 

states and thus the high angUlar momentum transfers are preferred, 

The higher states seen in the 90zr(16o,15o)91zr reaction are all 

quite weak. The 2.7 MeV state seen in the (16o,15o) data with about 3% 

of the ground state cross section could correspond to-the 2.8 MeV, $1, = 2 

state in the 90zr(d,p) data119 with a spectroscopic factor about 1/30 

that of the ground state. The level in the 15o spectrum at 3.4 MeV prob

ably corresponds to the g
712 

state observed at 3.47 MeV in the 9°zr(d,p) 

. 119 120 120 react1on. ' Similarly, $1, = 5 levels have been reported near 4.1 

MeV. Above this point the level density is too high to attempt to com

pare the 9°zr(16o,15o) data with the light ion results. 

.... 

-·· 
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8. 92Mo(l60 ,150 )93~0 
The 9~o( 16o,15o) 93Mo reaction was observed at 8~= 20 and 25°. 

A spectrum at 8~= 20° is shown in Fig. 51. The resolution is about 250 

keV (FWHM). Included in Fig. 51 

reaction at 65 MeV. As was true 

is a spectrum from the 92Mo(a, 3He)93Mo 

90 16 15 91 for the Zr( 0, 0) Zr data, very few 

levels are populated strongly. A summary of the levels observed in the 

9~o( 16o,15o) reaction and their intensities is given in Table XXIII. 

The 92Mo(d,p)93Mo reaction has been studied by Moorhead ar..d Moyer,62 

63 who assigned the 2. 32 MeV level as ~ = 5 (h
1112

). Booth et al. also 

assigned ~ = 5 to this level in the 92Mo(d,p) reactiop. The complementary 

94Mo(d,t) reaction has been studied by Diehl et a1. 122 in order to con

firm the assignments from (d,p) for the low-lying levels in 9~o. The 0.94 

MeV state was found to be the strongest ~ = 0 transition, with a spectre-

scopic factor of 0.64. Near 1.5 MeV several states are reported. From a 

92 94 62 122 comparison of the Mo(d,p) and Mo(d,t) data the levels are: ' 

1.359 MeV(7/2+), 1.489 MeV(9/2+), 1.502 MeV(3/2+), and 1.529 MeV(7/2+). 

Based on the (16o,15o) selection rules, the 9/2+ would be the most favorable 

transition (L = 5). -1 However, this is a vg
912 

state, since it was populated 

strongly in the (d,t) experiment and not observed at all. in the (d,p) data. 

Of the remaining states, it seems likely that the g
712 

(L = 3) would be 

stronger than the d
312 

(L = 1) in a situation where the momentum matching 

for low L transfers is poor. From Fig. 51 it is obvious that the relative 

intensities of the doublet at 1.5 MeV in the 9~o( 16o,15o) reaction can-

not be ,explained by populating only the g
712 

states. + The 1. 36 MeV 7/2 

+ 62 
state has a larger spectrosco~ic f~ctor than does the 1.53 MeV 7/2 state, 

.-
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92Mo ('so.'so) 93Mo 2.32 
l 

E (160) = 104 MeV 

(/) 

-+-

c: 
::J 
0 
u 

Eft= 200 

53 7 fL c o.o 

1.5 
! 1.3 

200 
Channel 

soo.--.~.--.-,~~~--~ 
92 Mo(a,3 He)93Mo 
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0 

2.32 

3.96 
4.46 3.38 t 
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Ea= 65 MeV 

e1 = 25° 
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! 1.37 
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Fig. 51. 15o position spectrum from the 92Mo(l6o,l5o)93Mo reaction at 

a~= 20°. A 92Mo(a, 3He)9~o spectrum at a~= 25° is shown for 

comparison. 
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Table XX:UI. Levels Observed in the 92Mo( 16o ,15o )93Mo 
Reaction Compared with Previous Work. 

\: .. -. 

This work 
Levels b 

Observed 
(MeV) 

0.9 

1.3 

1.5 

Peak 
Cross Sectionc 

(mb/sr) 

2.64 ± 0.11 

0.05 ± 0.02 

0.22 ± 0.03 

0.48 ± 0.05 

2.50 ± 0.11 

aRefs. 62 and 122. 

bExcitation energy± 200 keV. 

92Mo(d,p)9~oa .... , 
Levels d .,.· .. , 

Observed Jn 
(MeV) 

0.0 5/2+ 

0.950 1/2+ 

1.371 7/2+ 

1.486f 9/2+ 

1.502 3/2+ 

1.529 7/2+ 

1.706 3/2+ 

2.157 1/2+ 

2.194 3/2+ 

2.320 11/2-

s 

0.87 

0.64 

0.26 

0.50 

0.14 

0.18 

0.007 

0.053 

0.33' 

cDifferential cross section at at= 25°. The error shown is only that 

due to counting statistics. 
d . 

Only levels below 2.32 MeV are included here. 

eUsed as a calibration point. 

fObserved only in the 94Mo(d,t) data of Ref. 122. 
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while the (16o,15o) data show more intensity to the upper level by roughly 

a factor of 2. (This is also true for the 9~o(a, 3He) data in Fig. 51.) 

Whether the intensity of the 1.5 MeV state seen here is due to population 

of the d
312 

state or to the appearance of the 1.49 MeV g
912 

state cannot 

be determined without greatly improved experimental resolution. It should 

be remarked here that the estimate of the vg
712 

contribution to the 2.16 

MeV peak in the 90zr(16o,15o)91zr reaction (Sec. IV-C7) was based on the 

assumption that all of the observed intensity at 1.5 MeV in 93Mo was due 

to the vg
712 

states. Therefore, the estimate of 20% should be considered 

as roughly an upper limit to the expected contribution. 

As in 9lzr, the ground state of 9~o is the vd
512 

single-particle 

state •. Although the ground state Q-value for the 92Mo( 16o,15a)93Mo 

reaction, -7.6 MeV, is 0.9 MeV less negative than that for the 

9°zr(16o,15a)91zr reaction, the latter reaction has a larger cro~s section 

at e2= 25° for the ground state transition. This runs counter to all 

arguments regarding optimum Q-values for neutron transfer. A tentative 

explanation for this is that the grazing angle for the 9~o( 16o,15o) 

reaction should be about 2° larger than that for 9°zr(16o, 15o) due to 

the higher Coulomb barrier. Since the angular distributions of the 

( 16o,15o) reaction are sharply peaked at the grazing angle (see Fig. 50), 

a 2° shift could account for the 10% lower cross section at e - 25° R--

observed for the 92Mo( 16o,15o)93Mo {g.s.) transition. 

9 • 93Nb(l60 ,l50 )94Nb 

The 93Nb( 16o,15o)94Nb reaction was observed at 8R-= 20 and 25°. 

A spectrum at 8R-= 20° is shown in Fig. 52. The resolution was about 250 

_. 
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6
0) = 104 MeV 
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XBL 727-3445 

Fig. 52. 15o position spectrum from the 93Nb( 16o,15o)94Nb reaction at 

a1= 20°. Due to difficulty with the calibration, the energy 

of the [~g912 ,(vd512 );;2 ] multiplet was found to be -0.05 

MeV. The excitation energies for all three states are believed 

to be low by about 110 keV. (See text, Sec. IV-C9.) 
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keV (FWHM). Only three levels were populated strongly. Based on a 

calibration curve from the 93Nb( 16o,15N)94Mo reaction, the excitation 

energies determined for the three strong levels are -0.05, 1.8, and 2.2 

MeV. The peak cross sections for these levels are given in Table XXIV. 

The 93Nb(d,p) 94Nb reaction has been studied by Moorhead and Moyer62 

and by Sheline et a1. 101 The low-lying levels are interpreted as being a 

multiplet whose main configuration is ['Jfg912 , (vd5 ;2 )~;2] 2+_:;;.7+. These 

states are analogous to the low-lying multiplet seen in 92Nb (see Sec. IV-A6). 

However, in 94Nb the states are very close together. Five of the six states 

lie within 113 keV of the ground state in 94Nb, while in 92Nb the six levels 

span 500 keV of excitation energy. This explains why the peak in Fig. 52 

looks narrow compared with the peak seen in the 9lzr(16o, l5N) 92Nb spectrum 

'(Fig. 46). The cross section obtained for this multiplet in 94Nb is only 

90 . 16 15 91 . . . 
about half that found for the Zr( 0, 0) Zr _(g.s.) reactJ.on, although the 

Q-values are the same in the two cases. In the 93Nb( 16o,15o) reaction, 

however, the presence of two d
512 

neutrons in the target ground state will 

reduce the vd
512 

cross section compared with that in the 9°zr(16o,15o) 

reaction, since there are only 4 holes in the d
512 

shell (in a simple pic

ture) rather than 6. Moreover, there is expected101 to be mixing between 

the (vd512 );;2+, (vd512 )~;2+, and (vd512 )~;2+ configurations which will 

remove some of the vd
512 

strength from the ground state multiplet. (The 

93Nb(d,p) data indicate100 ~ = 2 strength up to 1.5 MeV.) 

The excitation energy obtained here for the vd
512 

multiplet is 

clearly incorrect. The-problem is due to there bel.ngno known states to 

include in the calibration curve. (In most other reactions at least the 

ground state was useful as a calibration point. While the overlap of known 

J 
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Table XXIV. 

a Levels Observed 
_{MeV) 

-0.05 

1.8 

2.2 
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. 93 16 15 94 Levels Observed ~n the Nb{ 0, 0) Nb 
Reaction at 104 MeV. 

b AdJusted Energy 
(MeV) 

0.06 

1.91 

2.31 

Peak Cross Sectionc 
(mb/sr) 

1.68 ± 0.06 

1.23 ± 0.05 

0.96 ± 0.04 

~citation energy± 200 keV. 

bNormalized to the expected excitation energy of the low-lying 

[TTg9/2'(vd5; 2>;12] multiplet. (See text, Sec. IV-C9.) 

cDifferential cross section at e1= 25°. The error shown is only that 

due to counting statistics • 
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points from various runs was never perfect, it was always possible to 

obtain reasonable excitation energy values when there were known points 

from each of the spectra being calibrated.) A first guess at the true 

excitation energy of the -.0.05 MeV peak would be the centroid of the 

states seen in the 93Nb(d,p) reaction. From Ref. 6~ this is about 0.06 

MeV. Thus, the excitation energies reported for the three states seen 

here are estimated to be low by about 110 keV. 

16 15 The strength of the groups near 2 MeV in the ( 0, 0) data argues 

strongly for a {ng
912

,vh
1112

) multiplet at this energy in 94Nb. As is 

92 16 15 . . 
clearly evident from the Mo( 0, 0) data (F1g. 51) only the vh11; 2 

transition is comparable in intensity to the vd
512 

transition. The energy 

differences between the vd
512 

and vh1112 groups in the 9°zr(
16o,15o) and 

9~o( 16o,15o) reactions, 2.2 and 2.3 MeV, respectively, agree quite well 

with the 2.1 MeV difference between the strong groups in the 93Nb(
16

o,
1

5o) 

data. No ~ = 5 neutron transfers have been reported in the 93Nb(d,p) 

reaction, but the cross sections for such transitions were estimated62 

to be less than 70 ~b/sr at a deuteron energy of 12 MeV. 

10. 94zr(l6o,l5o)95zr 

The 94zr( 16o,15o)95zr reaction was observed only at 0i= 25°. The 

15 . 
spectrum obtained from the 0(7+) charge state is shown in Fig. 53, 

Due to the fact that only the 7+ charge state was observed, the amount 

of data is rather small. Still, it was possible to identify the ground 

and 2.0 MeV states in 95zr. 

94 . 95 
The Zr(d,p) Zr reaction was studied by Cohen and Chubinsky118 

some years ago, The ground state was found to be a vd
512 

level with a 

spectroscopic factor 8 = 0.30. As would be expected from a simple picture 
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Fig. 53. 150(7+) position spectrum from the 94zr(16o,15o)95zr reaction 

at 8~= 25°. The large peak at the bottom of the spectrum is 

due to the 94zr(16o,17o)93zr (g.s.) reaction. 
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of the Zr isotopes, the spectroscopic factor of the vd
512 

transition 

decreases about a factor of 3 in going from 90zr (6 holes in the vd
512 

shell) to 94zr (2 holes in the vd
512 

shell). 

The 2.03 MeV state seen by Cohen and Chubinsky118 was assigned 

Jl, = 4 (g
712

). From the "systematics" of the (16o,15o) reaction observed 

here, strong population of a vg
712 

state would be unlikely. However, 

the 2.02 MeV state seen by Booth et a1. 63 was assigned Jl, = 5 (h11; 2), 

which agrees with the observed preference (see Sees. IV-C7 and IV-C8) 

for the (16o,15o) reaction to populate vh1112 states. 

As discussed earlier, there are serious difficulties in attempt-

ing to obtain cross section information from data corresponding to ions 

which are not fully stripped (see Sec. III-B). However, in this case 

no data from the 15o(8+) charge state were taken. In order to obtain 

at least an estimate of the cross sections for this reaction, the data 

were corrected with values of R
817 

obtained from Sec. III-B, eq. (5b). 

Because of the possible error in this procedure, an arbitrary 50% error 

is given to these corrected values. Both the uncorrected and corrected 

cross sections are given in Table XXV. 

11. 9lzr(l6o,l5o)92zr 

The 91zr(16o,15o)92zr reaction was observed (with the 15o(7+) 

charge state) only at 851,= 25°. The spectrum is shown in Fig. 54. Three 

states, at 0.9, 1.5, and 3.5 MeV, were identified. Their intensities, 

both uncorrected and corrected for charge state, are given in Table XXVI. 

91 92 . 118 120 The Zr(d,p) Zr react1.0n ' indicates that the 0.0, 0.936, 

and 1.495 MeV levels are mainly (vd
512

)2 states with spins of o+, 2+, 

.. 
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Fig. 54. 15o(7+) position spectrum from the 91zr( 16o,15o)92zr reaction at 

a1= 25°. The peaks at the bottom of the spectrum are due to 

the 91zr(16o,17o)9°zr(g.s.) reaction, with the larger one being 

·due to 17o in its ground state and the smaller one to 17o in 

its 0.87 MeV (s112 ) first excited state. 
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Table- XXV. 
. 94 16 15 95 Levels Observed 1n the Zr( 0, 0) Zr 

Reaction at 104 MeV. 

Levels Observed a Peak Cross Sectionb Peak Cross Section 
(uncorrected) (corrected) 

(MeV) (mb/sr) (mb/sr) 

0.0 0.16 ± 0.02 0.87 ± 0.44 

2.0 0.14 ± 0.02 0.72 ± 0.36 

~xci tat ion energy ± 200 keV. 

b 150(7+) differential cross section at 89.= 25°, but calculated as for 

15o(8+). See Sec. III-B, eq •. (lOb). The error shown is only that due 

to counting statistics. 

c l50(7+) cross section from column 2 after correction by R
817 

from 

Sec. III-B, eq. ( 5b). An arbitrary error of ± 50% is assumed for the 

correction. 

c 

• 

... 



• 

-195-

Table XXVI. Levels Observed in the 91zr(16o,15o)92zr 
Reaction at 104 MeV. 

Levels Observed a Peak Cross Sectionb Peak Cross Section 
(uncorrected) (corrected) 

(MeV) (mb/sr) (mb/sr) 

0.9 0.20 ± 0.02 1.13 ± 0.67 

1.5 0.37 ± 0.03 2.03 ± 1.02 

3.5 0.21 ± 0.02 1.11 ± 0.56 

aExcitation energy± 200 keV. 

b 1 50(7+) differential cross section at ei= 25°, but calculated as for 

15o(8+). See Sec. III-B, eq. (lOb). The error shown is only that due 

to counting statistics. 

c l50(7+) cross section from column 2 after correction by R
817 

from 

Sec. III-B, eq. (5b). An arbitrary error of± 50% is assumed for the 

correction. 

c 
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and 4+, respectively. The expected (2Jf+ 1) dependence of the stripping 

cross sections, which is followed rather well for these states in the 

(d,p) data, is the probable explanation for the lack of an identifiable 

ground state peak. (The (16o, 15o) cross sections of the 0.9 and 1. 5 MeV 

peaks also follow the (2Jf+ 1) rule almost exactly.) 

In the region near 3.5 MeV there were several ~ = 5 transitions 

observed by Bingham and Halbert. 120 The strongest of these was at 3.581 

MeV. It seems reasonable to associate the 3.5 MeV level seen here with 

this h1112 state, based on the observed selectivity of the (16o,15o) 

reaction in strongly populating only vd
512 

and vh
1112 

states in the other 

targets studied •. 

12. (16o,17o) Reactions 

Due to the method of gating employed with the heavy ion focal 

plane detector (see Sec. III-B), there are certain ambiguities in the 

particle identification. An example of this is l70(8+) and l50(7+), 

which have the same Z and (within the resolution of the detector) the 

same value for M/q. If the Q-values for the (16o,15o) and (16o,17o) 

reactions are appropriate, they will fall in different regions of the 

focal plane and can therefore be observed simultaneously. Such is the 

case for the (16o,17o) reaction on most of the Zr isotopes. Peaks 

corresponding to the (16o,17o) reaction (leading to the ground state of 

the final nucleus) have been observed for 91zr, 92zr, 94zr, and possibly 

96zr. These peaks were all observed in the 150(7+) gate set for the 

90 Zr target at 8 ~ = 2 5° • They are labelled in Fig. 49. (The small peak 

between the 9°zr and 93zr ground state peaks has a position appropriate 

• 
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for the 96zr( 16o,17o)95zr ground state, although it corresponds to a very 

large cross section. Compared with the other (16o,17o) cross sections 

determined here, however, it does not appear to be unreasonably large.) 

Fortunately, it was possible to confirm the identity of some of the 

peaks seen in Fig. 49 by finding them in the 150(7+) gate~ of the other 

targets studied. Based on the isotopic abundances from Table I, cross sec

tions for all of the 17o peaks were calculated for the 90zr target. In the 

case of the 91zr(16o,17o) and 94zr( 16o,17o) reactions (see Figs. 53 and 54), 

the cross sections calculated from the 90zr target agreed quite well with 

those from the 91zr and 94zr targets. No confirmation for the 92zr( 16o,17o) 

or 96zr(16o,17o) cross section was possible since these targets were not 

used in the heavy ion experiments. The cross sections obtained for the 

(16o,17o) reaction on the various targets are summarized in Table XXVII. 

In the 9lzr(16o,17o) reaction (Fig. 54), a peak corresponding to 

the 17o first excited state at 0.87 MeV was also observed. For all 

of the other cases, the Q-value was such that the l7o (0.87 MeV) peak 

was off the detector. Although the 17o excited state was only observed 

once, its interpretation seems unambiguous. The intensity of the peak 

is roughly a factor of 20 higher than can be accounted for by an isotopic 

impurity, and the excitation energy, 0.9 MeV, cannot correspond to a 

state in the residual nucleus since the first excited state of 90zr is 

at 1.75 MeV. (Furthermore, the cross section for the 1.75 MeV o+ state 

91 . ) . 123 -3 ) in the Zr(p,d react1on was less than 10 · that of the ground state. 

The 

was 

cross section observed for the 91zr(16o,17o*)90zr {g.s.) reaction 

22% of that for the 9lzr(16o,17o)90zr (g.s.) reaction. From the 

selection rules, the latter reaction (d512--~ d
512 

transition) can have 
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Table XXVII. Zr( 16o ,17 0). Cross Sections at 104 MeV. 

Reactionb 

9lzr(l60 ,170 )90zr(g.s.) 

9lzr(l60 ,170*)90zr(g.s.) 

92zr{l60 ,170 )9lzr(g.s.) 

94zr(l60 ,170 )93zr(g.s.) 

96zr(l60 ,170 )95zr(g.s.) 

Target: 

12.6 ± 1.0 

12.1 ± 1.2 

20.5 ± 1.8 

(51. ± 6)c 

Peak Cross Sectiona 
(mb/sr) 
9lzr 94zr 

12.4 ±. 0.2 

+ 2.8 - 0.1 

21.8 ±· 0.2 

~-ifferential cross section at 8R,= 25°. Isotopic abundances are taken 

from Table I. The error shown is only that due to counting statistics. 

b "17 *" 17 The 0 refers to the outgoing 0 being in its 0.87 MeV (s112 ) 

first excited state. 

cThe amount of 96zr is given as < 0.1%, so only a lower limit to the 

cross section can be calculated. 
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contributions from L = O, 2, and 4, while the former reaction (d512--~ s112 
transition) .is restricted to L = 2. The factor of 5 difference in cross 

section between the two reactions m~ be related to the preference for high 

{ · ) . llO L transfers a1+2 ~ 10a1 suggested by DWBA calculations. 

The trend in (16o,17o) cross sections with mass number can be 

qualitatively understood in terms of the filling of the vd512 shell. In 

a simple picture the cross sections should be in the ratio 1:2:4:6 in 

91 96 . . 91 92 going from Zr to Zr. With the exception of the Zr to Zr ratio, 

the experimental results (Table XXVII) are in reasonable agreement with 

this prediction. The states observed here were also seen in the (16o,17o) 
114 data of Christensen !i~· at 60 MeV. They report peak cross sections 

of 0.77, 2.13, and 8.4 mb/sr for the 92zr, 94zr, and 96Zr targets, re

spectively. Since the 94zr(16o,17o)93zr {g.s.) cross section seen here 

is a factor of 10 larger than that reported at 60 MeV, a> 50 mb/sr cross 

section for the 96zr(16o,17o)95zr (g.s~) .transitib~ appears reasonable 

compared with the 8 mb/sr erose section observed in the lpwer energy 

experiment • 



-200-

V. DISCUSSION 

A. Single-nucleon Transfer 

l. Comparison with Shell Model Predictions 

As pointed out previously, there have been extensive shell model 

calculations performed in the Zr-Mo region. 7- 9 These calculations have 

generally assumed that the low-lying levels can be described by configu-

rations which include the "active" orbitals 1Tp
112

, 7Tg
912

, and vd
512

, i.e., 

by the assumption of a closed shell at 88sr. (In some calculations a 

90zr core, i.e., no 7Tp
112 

orbital, was assumed,7 but the experimental 

evidence shows4 that in the ground states of the Zr isotopes the 7Tp112 

shell is only about half filled.) Within this model there are some 

low-lying states which can mix with the high-spin single particle orbitals. 

In this region the configurations which can mix are (7Tg912 )~;2+ with the 

7Tg
712 

single-particle orbital and (7Tg912 )~;2+ with the 7Tg
912 

single-particle 

orbital. 

For example, in the "unperturbed" picture of 9~ there are three 

9/2+ states expected, two with seniority v = l and one with v = 3. (The 

seniority, v, is the number of particles which are unpaired, i.e. , not 

coupled to J7T= o+.) The v = l states would be 

and 

2 In fact, however, the residual interaction mixes the (7Tp112 >0+ and 

(7Tg912 )~+ states in 9°zr so that the ground and first excited states 

(both o+) are 

(la) 

(lb) 
.. 
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2 2 
(2a) g. s. : a(npl/2)o+ + S(ng9/2)o+ 

2 2 
and l. 75 MeV: S(npl/2)o+- a(ng9/2)o+ (2b) 

with8 a 2 ~ 0.6 2 and 8 ~ 0. 4. By analogy with configuration (1)' the v = l 
9/2+ states in 91Nb become 

a'(Tipl/2)~+ (Tig9/2) + 8 '(Tig9/2)~+ (ng9/2) (3a) 

.and 

(3b) 

If a' = a and 8' = 8, we can describe configurations (3a) and (3b) as a 

Tig912 single particle coupled to the ground and first excited (l. 75 MeV o+) 

states of 90zr. In this case, the state (3b) would have no overlap with 

the 
90

zr ground state and would have a spectroscopic factor for proton 

transfer in 90zr( 3He,d) or 90zr(a,t) of zero. However, if a' =I= a and 

8' ~ 8, a non-zero spectroscopic factor is allowed for the upper level as 

well, although generally it will be small. 

In 91Nb, the 9/2+ state corresponding to configuration (3b) (calcu

lated to lie at 1.64 MeV) is expected4 to have an intensity about l/1800 

that of the ground state. In this case the level would not be observed 

3 8 . 
even in (a,t). The (ng

912
>
7

; 2+ state was calculated to lie at 1.62 MeV • 

. -1 
Due to the nearby p

312 
state in the experimental spectrum, it is not clear 

whether or not this state is populated. At higher energy there is a 

calculated (ng912 )~;2+ state with v = 3 at about 2.9 Me.V.
8 

This state 

might be associated with the observed56 9/2+ state at 2.63 MeV which is 

very weak in 90zr( 3He,d)1 but is populated in 90zr(a,t) (Sec. IV-A2) with 

about l% of the ground state intensity. A 7/2+ state· at 2.792 MeV was 
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also observed by Rauch56 and may correspond to the (a,t) state at 2.77 MeV. 

This state is not included in the shell model calculations since only one 

7/2+ state can be formed from the (ng
912

)3 configuration. ·At pigher exci

tation energies, of course, it is unlikely that the few configurations used 

in the shell model calculations7- 9 will be adequate to describe the levels, 

since the presence of other single proton levels such as ng
712 

and nd
512 

becomes important. 

In 93Tc the low-lying levels are described in a manner similar to 

that for 91Nb. The ground state is of the form 
2 2 4 

(npl/2)o+ (ng9/2)o+ (ng9/2) + (ng9/2)o+ (ng9/2) 

There is a very low-lying (ng
912

)i;2+ state caiculated to be at 0.69 Mev,8 

which probably corresponds to the 0.68 MeV level seen in the 9~o(a,t) data. 

This state has about 1% of the ground state intensity in (a,t). The weak 

mixing with the ng
712 

single particle state is not surprising. The single 

particle energy for ng
712 

is quite high (about 5 MeV) in 91Nb, and is 

probably similar in 93Tc. It is unlikely that levels so far apart would 

strongly mix unless the off-diagonal matrix elements connecting them are 

extremely large. There are calculated8 9/2+ states at 1.9 and 2.4 MeV. 

For the upper level, the only candidate in 92Mo(a,t) would be the 2.59 

MeV state (possibly a doublet), which appears to be considerably stronger 

compared with the 3.36 MeV state than indicated by the ( 3He,d) spectroscopic 

factors. The (a,t) strength of this state al!lounts to about 2% that of the 

ground state. A candidate for the lower 9/2+ level is less obvious. The 

2.14 MeV state is relatively strong in (a,t) but was assigned i = 3 by 

Kozub and Youngblood. 5 The only low-lying (a,t) level unreported in ( 3He,d) 

was that at 1,42 MeV, which has about 1% of the ground state intensity. 



-203-

However, this level is rather far away from the calculated 9/2+ state 

(at 1.9 MeV) and may have been unobserved in ( 3He ,d) due to resolution 

problems rather than structure, since it is only about 90 keV away from 

the 1.51 MeV state. 

The situation for 93Nb is very complicated since there is appre-

ciable mixing between the various states. Near 1 MeV both a 7/2+ and 9/2+ 

level are predicted.7'9 Levels at this energy are populated in both the 

92zr(a.,t) and 92zr( 3He,d) reactions. 30 ' 4 The 1.08 MeV state was assigned 

5I, = 4 by Cates, Ball, and Newman4 and associated with the first calculated 

9/2+ level. The calculated 9/2+ level was predicted4 to have a spectre-

scopic factor about 12% that of the ground state, but the 1.08 MeV level 

3 has only 5% of the ground state intensity (in both (a.,t) and ( He,d) ). 

Conflicting assignments for the 1.08 MeV level were obtained from Coulomb 

64 TI 12 excitation measurements, one group assigning J = 9/2+, the other 

JTI= 7/2+. The level at 1.29 MeV seen in (a.,t) is almost certainly a high-

spin level based on its strength (12% that of the ground state). In fact, 

this ratio would be in better agreement with the predicted strength of the 

9/2+ level than that from the 1.08 MeV level. The tentative assignments 

from Coulomb excitation of the 1.29 MeV level are J'IT= (7/2+, 7/2-, 9/2-)
64 

and JTI= (9/2+). 12 

In view of the number of high-spin levels expected7,9 in this 

region of 93Nb, the strong (a.,t) levels cannot be easily associated with 

unique states. One point seems worth making, however. The 1.29 MeV state 

in (a.,t) is actually stronger than the rrg
712 

state observed at 4.8 MeV in 

9lNb (whose spectroscopic factor in (3He,d) is2 0.34). Thus, if this 
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level is not associated with the 9/2+ state calculated in Ref. 4, there 

must be significant mixing with the ng
712 

state even at a rather low 

't t' . 93Nb exc1 a 1on energy 1n • This seems s·omewhat surprising considering 

the situation in 91Nb, but, if true, it would mean that wave functions 

computed by ignoring the Tig
712 

orbital cannot be compared with the 

experimentally observed states with any degree of confidence. 

In 95Nb the predicted 9/2+ state comes at 1.15 MeV and has about 

1/30 of the ground state spectroscopic factor. 4 The 1.27 MeV state is 

assigned~= 3,4 in the 94zr( 3He,d) reaction. 4 The intensity ratio for 

the 1.27 MeV state seen in (a,t), about 8% of the ground state, is quite 

a bit larger than expected. The presence of strong Tig
712 

states may be 

important here too, so no association of the calculated and experimental 

levels seems possible. 

2. Comparison Between a Pa~ticle and Heavy Ion Induced Reactions 

The 60 MeV (16o,15N) data obtained by Nickles~ a1. 27 on the 

Zr isotopes were compared with the ( 3He,d) data of Cates, Ball, and Newman4 

in order to find the single-particle states in the odd Nb isotopes. The 

(a,t) data (Sec. IV-A) on the same targets, however, showed many strong 

levels which were not reported in the ( 3He,d) reaction. The reason for 

the difference in the ( 3He,d) and (a,t) results is related to the different 

momentum matching in the two reactions, the (3He,d) reaction preferentially 

populating low angular momentum (~ ~ 2) states and the (a,t) reaction 

··preferentially populating high angular momentum (~ ~ 3) states. As was 

shown in Appendix A, the favored momentum transfer for the (16o,15N) 

16 15 reaction, L = 3, suggests that the ( · 0, N) data should be compared with 

(a,t) as well as (3He,d) data, in order to better reproduce the "momentum 

·-
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matching" features of the heavy ion reaction. Table XXVIII lists the 

assumed core-excited levels reported by Nickles ~~.27 along with nearby 

strong states seen in the (a,t) reaction. As can be seen, essentially 

all of the levels reported in the (16o,15N) reaction also appear as strong 

(a,t) transitions. The levels at 2.18 and 2.75 MeV in 9°zr(16o,15N)91Nb 

may not have counterparts in the (a,t) data. However, neither Of these 

states was observed in the present 90zr(16o,15N) experiment (see Fig. 41). 

It is clear from the heavy ion data obtained in the experiments 

reported here that the preference for high angular momentum transfer is 

less pronounced than for the (a,t) reaction. As an example, consider the 

90 16 15 91 __ Zr( 0, N) -Nb results. The intensity of the 3.37 MeV (2d
512

) state 

is greater relative to that of the ground state (lg
912

) than was true for 

the 90zr(a,t) reaction. Moreover, the cross section for the 3.37 MeV (2d
512

) 

state (1=3) is much larger compared with that of the 4.81 MeV (lg
712

) state 

(1=3) in the heavy ion than in the light ion data. The apparent explana-

tion for these observations is that heavy ion reactions, because they occur 

in a region well outside the nucleus, are even more sensitive to the "tail" 

of the nuclear wave function than are light ion reactions. The magnitude 

of the nuclear wave function at a give radius, however, depends on both 

the quantum numbers n and t. For a given radial quantum number, n, the 

wave function peaks at a larger radius as t increases. On the other hand, 

increasing the number of radial nodes of a wave function (i.e., increasing 

n) will also ,cause it to have a larger amplitude at large radius. Based 

on data from the 208Pb(16o,15N) reaction,110 it appears that the effect 

of an extra radial node is approximately the same as the effect of two 

additional units of transferred angular momentum. 



Table XXVIII. Collective Levels Observed in Zr(16o,15N)Nb Compared with the Zr(a,t) Results 

(160 ,15N)a (a,t) b (160 ,15N)a (a,t)b 

Target E c . d 
E Ie E f I d E Ie 

2 I2 3 3 
(MeV) (MeV) (MeV) (MeV) 

90zr 2.18 0.03 2.30 0.01 2.75 0.06 2.61 0.007 

2.77 0.003 

2.90 0.02 

I 

92zr 
[\) 

0.05 0.95 0.02 2.34 0.17 2.30} 0 
0.93 0"\ 

0.03 I 

2.36 

94zr 0.92 0.82 0.04 2.05 0.36 2.10 0.08 

"1.00 0.01 

a -
· Taken from Ref. 27. 

b Taken from Sec. IV-A. 

cAssumed [Zr(2+) ® Tig
912

J configuration. 

(continued) 
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Table XXVIII (continued) 

~atio of differential cross section (at 8~= 60°) to that of ground state. 

eRatio of integrated cross section to that of ground state. 

fAssumed [Zr(3-) ® rrg912 ] configuration. 
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In the case of the 90zr(16o,15N) 91Nb reaction, if we divide the 

observed cross sections for the ground and 3.37 MeV states by the values 

of (2Jf + 1) c2s from Ref. 2, we obtain reduced cross sections of 

crR(lg
912

) = 0.5 and crR(2d512 ) = 0.7. The same calculation using the 

9°zr(a,t) cross sections yields crR(lg
912

) = 0.4 and crR(2d
512

) = 0.1. 

Thus, in (a,t) we would expect that the lg
912 

cross section would be 

about 4 times larger than that for a 2d
512 

state with the same spectro

scopic factor, while in (16o,15N) the states would be populated about 

equally. (This argument is not meant to be quantitative, since Q-value 

effects have been ignored. However, for similar Q-values the estimates 

above are probably reasonable.) From the heavy ion selection rules, a 

lg
712 

and 2d
512 

state require the ~ L transfer, and in this case the 

2d
512 

state (with the extra radial node) is clearly favored. A nice 

example of this effect can be found in the 92Mo( 16o,15o)9~o spectrum 

(Fig. 51). (The (16o,15o) and (16o,15N) reactions have identical selection 

rules.) The ground state of 93Mo is 2d
512

, the states near 1.5 MeV are 

lg
712

, and the 2.32 MeV state is lh1112 • Comparison with the 92Mo(a, 3He) 

spectrum (also in Fig. 51) shows that, relative to the lh
1112 

level, the 

2d
512 

state is stronger in the heavy ion data, while the lg
712 

states are 

considerably weaker compared with both the 2d
512 

and lh
1112 

levels. 

The 94zr(16o,15N)95Nb data obtained here show population of the 

same states observed by Nickles et a1. 27 In 94zr(a,t), the 0. 74 - 0.82 

MeV (~ = 1) doublet had about twice the intensity of the 0.25 MeV (~ = 1) 

state. Based on the results of fitting the ground state peak as a doublet, 

this ratio is essentially the same in the 94zr(16o,15N) data (see Table XIX). 
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Similarly, the 1.65 and 2.10 MeV states, which were strong in the (a,t) 

reaction, are also strong in the (16o,15N) reaction. The 1.27 MeV level 

94 in Zr(a,t), which had about 8% of the ground state intensity, looks 

weaker in the heavy ion data (assuming it corresponds to the 1.1 MeV 

level). However, the intensity ratio of the l.l MeV state to the ground 

state, about 5%, does not differ greatly from the light ion ratio. The 

2.0 MeV state appears relatively stronger in the heavy ion data, but this 

would occur even for d
512 

states, for example, which would be expected 

to begin to appear at about this excitation energy. A strong d
512 

state, 

of course, should have been observed in 94zr( 3He,d), but only levels up 

to 1. ~6 :>1eV were reported in Ref. 4. 

The apparent absence of the 0.68 MeV level in the 92Mo( 16o,1 5N) 

data provides an argument .against the importance of a multi-step reaction 

mechanism for this reaction. If this 7/2+ state is populated through a 

rrg
712 

admixture., its weakness (compared with the lg
912 

and 2d
512 

states) 

in the (16o,15N) reaction would be expected, based on the arguments 

given above. On the other hand, if a multi-step mechanism were important, 

the transition could proceed by a rrg
912 

transfer along with uncoupling 

the (g912 )~+ protons. Fig. 44 indicates that the likelihood of such a 

process is small. Particularly in 93Nb, there is good experimental evidence64 

that the low-lying states do have appreciable admixtures of the core-excited 

configuration [92zr(2+.) 0 rrg
912

] , but the (a,t.) levels at 0.80 MeV (5/2+) 

and 0.95 MeV (9/2+) could account for the (16o,l5N) state reported by 

Nickles ~ al. 27 at 0.93 MeV. 
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An estimate of the importance of a multi-step reaction mechanism 

can also be made in the case of the 90zr( 16o,15o)91zr reaction. From 

Fig. 48 it is obvious that only two levels are strongly populated - the 

same two levels which are strongly populated in the 90zr(a,3He) reaction. 

The locations of core-excited levels in 91zr have been determined by . 

~ard and Sheline121 with the 91zr(p,p') reaction. They find that the 

2.16 MeV level is indeed a mem~er of the [ 90zr(3-) 0 vd5/~ multiplet, as 

are the states at 2.630 MeV (1/2-), 2.683 MeV (7 /2-), 2.800 MeV (9/2-), 

2.821 MeV (5/2-), and 3.022 MeV (3/2-). As is evident from Fig. 48, only 

one member of this core-excited multiplet is populated with reasonable 

intensity. It seems extremely unlikely that only the 11/2- state (which 

· k 63 , 120 to h · bl h · 1 t' 1 l't d ) ~s nown ave an apprec~a e v 1112 s~ng e~par ~c e amp ~ u e 

would be strongly populated in the (16o,15o) reaction if core-excitation 

were an important part of the reaction mechanism. 92 16 15 . The Mo( 0; 0) react~on 

(Fig. 51) also yields a spectrum very similar to that from the (a,3He) 

reacti.on. Although it has not been experimentally verified, it is quite 

likely that the 2.32 MeV 11/2- state in 93Mo is also partly a 

[
92

Mo(3-) 0 vd5/~ level. Here too, no other states except the known 

single-particle states are observed. 

From the comparisons made above it must be concluded that, contrary 

t th t . f N. kl t 1 27 ,ll4 t.h . t . d o e sugges ~on o ~c es ~ ~·, · ere ~s no s rong ev~ ence 

for the population of states which do not have single-particle strength. 

. '• 
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B. Two-nucleon Transfer 

1. Q-value Dependence 

As mentioned previously, the three criteria used for selecting 

(a.,d) states of the same configuration are: (a) large cross section in 

(a.,d), (b) similar angular distribution, and (c) regular dependence of 

the Q-value for forming the level, Qf, on mass number. It has been shown 

that requirements (a) and (b) are met by the strong (a.,d) levels seen in 

this work. A summary of the Q-values for formation of these levels in 

(a.,d) is given in Table XXIX. Unfortunately, neither of the strong (a.,d) 

groups seen here displays the regular Qf ~· mass dependence observed pre-

15-17 viously. It is clear that the lack of regularity in Qf is not due 

to a failure of the reaction to selectively populate specific shell model 

configurations, since the 7+ levels (which correspond to the energies 

labeled E
1 

in Table XXIX) have been identified in all but one case by 

Other react~ons. 65,99,l02 s· b th f t 1 l h th ~ ~nee o groups o s rong eve s s ow e 

~ Q-value behavior (i.e., the relative energy difference between the 

two groups remains nearly constant at about 2.4 MeV), it seems reasonable 

to associate the levels listed as E2 in Table XXIX with a specific shell 

model state in spite of the irregular Qf vs. A dependence. 

One possible explanation for the anomalous behavior of the 7+ 

levels is that both the g
912 

proton and d
512 

neutron are entering partially 

filled shells and thus the wave function is somewhat different in each 

case. For example, in 92Nb the 7+ is mainly a "simple" two-particle 

( ng9 /2. Vd5/2) 7+ state. while in 
94

Tc the wave function is r ng9 /2 )~ /2. Vd5 I 2 ]r-
and in 

94
Nb it is [ng912 , (vd512 )~/2]7+. This was not the case for the 
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Table XXIX. Q-Values of Strong (a,d) States 

Final Nucleus 

90y 

92Nb 

94Tc 

94Nb 

96Nb 

E a 
1 

(MeV) 

. o.69c 

o.o 

o.o 

0.08 

0.23 

Qb 
1 E2 

(MeV) (MeV) 

-12.79 3.llc 

-13.03 2.58 

-13.37 2.68 

-12.89 2.42 

-12.60 2.38 

Qb 
2 

(MeV) 

-15.21 

-15.61 

-16.05 

-15.23 

-14.75 

a(ng
912

,vd
512

)
7
+ states. All levels except the 94Tc ground state have 

been assigned 7+ by other groups. See text, Sec. IV-B. 

bGround state Q-values taken from Ref. 51 except for 96Nb, which is 

inferred from Ref. 104. 

c . 88 ( )90 Obta1ned from . Sr a,d Y data, M. S. Zisman, E. A. McClatchie, and 

B. G. Harvey, University of California, Lawrence Radiation Laboratory 

Report UCRL-19530, p. 100 (1970), (unpublished). 

I 

. . 
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levels observed in previous (a,d) studies15- 17 except for the 5+ levels 

in 22Na and 26Al, which are in a deformed mass region. Consistent with 

this hypothesis is the fact that the Qf ~· A dependence for the Zr isotopes 

alone is similar to that observed previously. From evidence presented 

below it seems likely that the higher group of levels also contains a 

ng912 configuration, which would account for its behavior being similar 

to that of the 7+ levels. 

2. Shell Model Calculations 

In this mass region there are a number of high-spin proton-neutron 

states which might be strongly populated in (a,d). One of these configura-

tions, {ng
912

,vd
512

)
7
+, is already known in the nuclei studied here. As 

expected, this configuration is selectively populated in the (a,d) reaction 

in all cases. Other possible high-spin states, to which the higher (a,d) 

group might correspond, are (ng912 ,vh11; 2 )10_, (ng
9

; 2 ,vg
7

; 2 )8+' 

2 
(Tig7/2'vd5/2)6+' (g7/2)7+' and (Tig7/2'Vhll/2)9_. 

In order to determine which possibilities are reasonable, simple 

shell model calculations have been performed using the code PHYLLis. 124 

The method of calculation is outlined by Brody and Moshinsky,125 and is 

described in Appendix B. The calculations were done using a Gaussian 

14 66 potential employed by True in calculating the N spectrum: 

VTE = -52 exp(-0.2922 r
2

) (MeV) 

VTE 
VSE = 1.6 

VSO = VTO = O 

(la) 

(lb) 

(lc) 

where VTE' VSE' VTO' v80 refer to the triplet-even, singlet-even, triplet 

odd and singlet-odd potentials, respectively. The oscillator parameter, b, 
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was de.termined by requiring that the calculated residual interaction, VRES, 

for the (Tig
912

,vd
512

)
7
+ state be the same as the empirical value for the 

92__ 6 -2 
~ ground state, -0.679 MeV. This yielded a value of b = 0.15 fm • 

In previous calculations17 the oscillator parameter was calculated according 

to the formula 

b = 2n + ~ + 3/2 
R2 

(2) 

Our value of the oscillator parameter would correspond to a radius parameter 

ro = 1.32 fm. 

Matrix elements and excitation energies obtained with this oscillator 

parameter are given in Table XXX. The single-particle energies required to 

calculate the excitation energi~s are taken from single-nucleon transfer 

data2 ' 120 and are listed in Table XXXI. Figure 55 illustrates the results 

of the calculation for the states belonging to the (Tig
912

,vd
512

) multiplet. 

The ordering and splitting of these levels are reproduced reasonably well 

by the calculations. Based on the results in Table XXX, it seems clear that 

the most likely configurations for the 2.58 MeV level in 9~ are 

{Tig
9

; 2 ,vh11; 2 )10- and (Tig
912

,vg
712

)8+. (The predicted excitation energies 

for states containing an h1112 neutron are lower limits because not all of 

the ~ = 5 strength was observed in Ref. 120 and the remainder presumably 

lies at higher excitation energies in 91zr.) The large single-particle 

energies for excited proton states make it extremely unlikely that a state 

with other than a g
912 

proton would appear at such a low excitation energy 

in 9~. As can be seen from Table XXX, the calculated interaction energies 

are quite si~lar for all of the high-spin,configurations considered here. 

., 

: 
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Fig. 55. Comparison between the calculated and.experimental spectra for 

the [~g912 ,vd512 l multiplet in 9~. 
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Table XXX. Summary of Shell Model Calculations for the 

Two-Particle States in 92Nb. 

a E b 
VRES X 

Configuration J'JT 

(MeV) (MeV) 

('1Tg9/2'\)d5/2) 7+ -0.678 o.o 

('1Tg9/2'Vhll/2) 10- -1.263 > 2.10 

(-1.472)c (> 1.89 )c 

('1Tg9/2'Vg7/2) a+ -1.098 2.35 

(d5/2) 
2 5+ -1.129 3.75 

('1Tg7/2'Vd5/2) 6+ -0.543 5.66 

(g7/2)
2 7+ -1.268 7.70 

('1Tg7/2'vhll/2) 9- -0.975 > 1·90 

(-1.136)c (> 7.74)c 

a -2 Calculated with a single oscillator parameter b = 0.156 fm except as 

noted. 

b . 
Based on single-particle energies summarized in Table XXXI. 

cCalculated with oscillator pa;ameters 0.156 and 0.184 fm-2 for the 

proton and neutron, respectively. 

.' 

'• 

: 
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Table XXXI. Single-Particle Energies for A = 91. 

o.o 

4.20 

5.27 

6.43 

5.52 

from Ref. 2. 

from Ref. 120. 

91 b 
Zr 

(MeV) 

---
0.04 

1.66 

2.76 

2.77 

> 2.68 
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Thus, the predicted excitation energies depend strongly on the single-

particle energies but are not particularly sensitive to the choice of 

oscillator parameters. 

One problem in doing these calculations arises because the h1112 

level is in a different oscillator shell than the other levels. From 

eq. (2) above this should correspond to a different oscillator parameter. 

To see what effect this has on predicted interaction energies, a modified 

calculation (see Appendix B) with different oscillator parameters for the 

two particles was performed using the code NAOMI. 124 The generalized 

transformation brackets can be expanded in terms of products of standard 

Moshinsky brackets125 using a formula derived by Ga1. 126 The Talmi inte-

grals must also be modified slightly because the transformation to relative 

coordinates requires a "redefined" oscillator parameter 

b' = 
blb2 

(3) 

where b1 and b2 are the oscillator parameters for particles 1 and 2. The 

oscillator parameter for the hll/2 neutron was obtained by assuming the 

shell dependence indicated in eq. (2): 

b = 2n2 + t 2 + 3/2 
2 2n

1 
+ t 1 + 3/2 

= 6 •5 
X 0.156 

5.5 

= 0.184 fm- 2 

X 

The results of this calculation are included in Table XXX. The larger hlJ./
2 

oscillator parameter has the effect of increasing the residual interaction 

matrix elements by about 15%. The predicted excitation energies are, there-

fore, decreased by about 200 keV. 

: 

.· 
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3. (a,d) Structure Factors 

Shell model calculations (Sec. V-B2) suggest that the best candi-

dates for the higher level observed in the (a,d) data are {Tig912 ,vh11; 2)10_ 

and {Tig
912

,vg712 )8+. Such high-spin states are kinematically favored in 

(a,d), because the momentum matching (see Appendix A) for the reaction is 

best for large L transfers. [The semi-classical angular momentum transfer 

+ + 
is q x R ~ 8.] The structure of these high-spin states is also favorable 

for the (a,d) reaction, since they contain relatively large amounts of 

the [target core + deuteron] configuration required for strong population 

in (a,d). Structure factors for these levels have been tabulated by 

Glendenning92 and are listed in Table XXXII. The probability of finding 

the favored 3s correlation for the transferred pair (with center of mass 

angular momentum L) is given by 

PL = ~ GiL (4) 
N 

This probability, weighted by 2J + 1, is also given in Table XXXII. Since 

no kinematic effects are included in this probability, the ratios in Table 

XXXII cannot be interpreted as relative cross sections even if the wave 

functions are adequately described by these simple configurations. However, 

the relative probabilities do serve to indicate, for example, that the 

(Tig912 ,vg712 )8+ would probably be weaker than the (Tig912 ,vh1112 )10_ 

(assuming the L = 8 and L = 9 kinematics are similar) and that either 

of these states would be comparable in strength to the {Tig912 ,vd5; 2>7+ 

level. 



·~ 

Configuration 

(1rg9/2'\)d5/2)7+ 

(1rg9/2'Vhll/2)10-

(1rg9/2'Vg7/2)8+ 

(1rd5/2'Vd5/2)5+ 

~aken from Ref. 92. 

b 

PL = L GiL 
N 

wave function. 

Table XXXII. Structure Factors for (a,d) States. 

G a 
NL 

G16 = -0.0221, G26 = 0.3140 

G
19 

= 0.4396 

G18 = 0.3277 

G14 = 0.0447, G24 = 0.0351, G34 = 0.3278 

p b 
L 

0.099 

0.193 

0.107 

0.111 

(2J + l)PLc 

1.0 

2.7 

1.2 

0.8 

P
1 

represents the probability of finding the appropriate 3s correlations in the 

cRelative to the (1rg
912

,vd
512

)
7
+ state. This ratio does not include any kinematic 'effects, which 

are also important in determining which states will be strongly populated. 

··~ .. 

I 
!\) 
!\) 
0 
I 
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4. Other Evidence 

The (a,d) structure factors (Sec. V-B3) indicate that the 

(ng
912

,vh1112 )10_ state should be stronger than the (ng912 ,vg712 )8+ 

state. The shell model calculations (Sec. V-B2) predict these states 

to be close together in 92Nb, because the residual interaction matrix 

'elements are similar for the two configurations and the vg712 and 

vh1112 single-particle energies in 91zr (see Table XXXI) are almost 

identical. In 93Mo the situation may be different. The 92Mo(d,p)9~o 

reaction62 indicates single-particle energies for the vg712 and vh1112 
configurations of 1.6 and 2.3 MeV, respectively. This would argue for 

a 10- assignment for the 94Tc 2.68 MeV level, since the observed vg712 
centroid (1.6 MeV) corresponds to a repulsive residual interaction if 

the 2.68 MeV level is associated with the (ng912 ,vg712 )8+ configuration. 

Unfortunately, large fractions of both the vg712 and vh1112 spectro

scopic strengths have not been observed, so it is not yet possible to 

reach any firm conclusions. 

One consequence of the assumed configurations for the strong 

(a,d) state is that the level should be observable in a reaction where 

a neutron is transferred to 93Nb, i.e., 9~(d,p), 93Nb(a,3He), or 

93Nb( 16o,15o), since the 93Nb ground state is a ng
912 

level. As 

mentioned previously, the 93Nb(d,p) 94Nb reaction62 ,101 did not locate 

any vh1112 transfers. No 93Nb(a, 3He) data were obtained in these 

experiments and the reaction has not been reported in the literature. 

However, from the results obtained here with the (16o, 15o) reaction · 

(Sec. IV-C), this may be the best of the three reactions for looking 



-222-

at vh
1112 

transfers, since these are significantly stronger than vg
712 

transfers (see Sec. V-A2). In spite of the calibration problem, the 

93Nb( 16o,15o)94Nb data (Sec. IV-C9 and Fig. 52) indicate clearly that 

the (ng
912

,vh
1112

) levels are located near the energy of the strong 

92zr(a,d)94Nb state (2.42 MeV). This does not prove that (Tig
912

,vg
712

) 

states are not also located in this region, but three vg
7 12 states were 

reported62 in 93Nb(d,p) below 2 MeV, none of which correspond to strong 

(a,d) transitions. In any case the 93Nb( 16o,15o)94Nb data do demonstrate 

experimentally that at least one of the configurations suggested here 

for the strong (a,d) state appears plausible. 
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VI. CONCLUSIONS 

A. (a,t) Reactions 

A search for high-spin proton levels in 9l,92 ,93 ,95Nb and 93Tc 

has been made with the (a,t) reaction. Based on relative strengths 

compared with (3He,d) data, the following levels are believed to be 

populated with~> 2 transitions: 9~ [2.39, 2.53, 2.61, 2.77, 2.90, 

3.01, 4.18, 4.77, 4.89, and (5.14) MeV], 93Tc [0.68, (3.58), 3.91, 4.37, 

(4.47), (4.67), 4. 77, 4.90, 6.01 (multiplet), 6.17 and 6.44 MeV], 92Nb 

[~ 5 MeV multiplet], 93Nb [1.08, 1.29, and~ 4.5 MeV], and 95Nb [1.27, 

1.65, (2.10), and~ 4.5 MeV]. The states near 5 MeV in these nuclei are 

in a region where ~ = 5 proton strength has been tentatively identified 

in the 92Mo( 3He,d)93Tc reaction. 5 The 4.18 MeV level in 91Nb and the 

3.91 MeV level in 93Tc have been assigned~= 2 in (3He,d), 4 ' 1 but both 

states are populated too strongly in (a,t) to be consistent with the 

measured spectroscopic factors. In the case of the 91Nb 4.18 MeV level, 

additional evidence for a ~igh-spin assignment is obtained from the fact 

that it is fed by the S decay of 9~o(9/2+). 1° Comparison with published 

shell-model calculations7- 9 suggests that the 91Nb 2.63 and 2.77-MeV 

states, the 93Tc 0.68 MeV state, the 93Nb 1.08 or 1.29 MeV states, and 

the 95Nb 1.27 MeV state may be populated through small admixtures of 

rrg
912 

and rrg
712 

single-particle strength in the calculated (rrg912 )~;2+ 
and (rrg912 )~;2+ levels. The (2Jf+ 1) dependence of the (rrg

912
,vd512 ) 

multiplet in 92Nb was investigated with the 91zr(a,t) reaction. The 

results are in good agreement with recent spin determinations for these 

states. 65 Finally, a new Q-value for the 90zr(a,t)91Nb reaction, 
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-14.643 ± 0.027 MeV, was determined from this work. This value corresponds 

to a change in the 9~ mass excess of +98 keV, and is consistent with 

several other recent determinations of the 9~ mass.53,54 ,56 

; 
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B. (a,d) Reactions 

The 14N(a,d)16o reaction has been investigated with improved reso

lution. The excitation energies and widths for the previously observed15 

triplet whose proposed configuration is [
14

N(l+) + (d512 J~J4+, 5+, 6+ 

are: 14.40 ± 0.03 MeV (r = 30 ± 30 keV), 14.82 ± 0.03 MeV c.m. 

(r = 69 ± 30 keV), and 16.24 ± 0.04 MeV (r = 125 ± 50 keV). From c.m. c.m. 
. 82 83 TI + other evidence, the 14.82 MeV state has been ass1gned ' J = 6 , and 

the 14. 40 MeV state has been shown 84 to have unnatural parity. A com

parison of this work and the 12c( 6Li ,d) measurements of Bassani et al. 76 

indicates that the 16.24 MeV state seen here is different from the 4p-4h 

6+ state near this energy. Two excited states, at 15.80 ± 0.04 and 

17.17 ± 0.04 MeV can be assigned T=O by this work •. Compared with the 

population of the known lp-lh and 2p-2h states, the 4p-4h states in 

16o are 1 t d t ,,. · akl · 14N(N,d)16o · popu a e ex reme~ we y 1n the ~ react1on. 

It has been demonstrated that the tendency of the (a,d) reaction 

to selectively populate high-spin states continues in the Zr-Mo region. 

The {ng
912

,vd
512

)
7
+ transfer is strong in all of the Nb isotopes studied 

here. The ground state of 94Tc has been shown to be a 7+ by this work, 

based on its strengthand angular distribution, and the 94Tc 0.21 MeV 

level is a probable 5+ state. Levels of the [ng
912

,(vd
512

)j configura

tion have been observed in 93Nb. In particular, the 17/2+ assignment12 

for the 1.337 MeV level is in agreement with these results and a candidate 

for the 15/2+ level has been observed at 1.48 MeV in 93Nb. A second 

strong (a;d) state was observed in all the nuclei studied here at about 

2.4 MeV higher excitation energy than the 7+ level. (See table XXIX for 
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a summary of the preferentially populated (a,d) states.) Simple shell 

model calculations suggest that (1Tg912 ,vg712 )8+ and ('1Tg
9

; 2 ,vh11; 2)10-

are the most likely high-spin configurations expected in this energy 

region. The structure factors for (a,d)92 indicate that either of these 

levels would be strong in the (a,d) reaction. The 93Nb(16o,15o)94Nb 

reaction has given experimental evidence for the existence of (ng912 ,vh11; 2) 

levels near the energy of the strong state in the 92zr(a,d)94Nb reaction 

(2.42 MeV). This fact, as well as the apparently low value for the vg
712 

centroid in 93Mo, make the (ng912 ,vh1112 )10 .. assignment appear more probable 

at present, although a (ng912 ,vs712 )8+ assignment cannot be conclusively 

eliminated. 

. 
" 
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C. Heavy Ion Reactions 

The heavy ion data obtained here provide a good example of the 

resolution and particle-identification capabilities offered by a magnetic 

spectrometer and position-sensitive focal plane detector. 47 The present 

Zr(16o,15N) results, when compared with the 60 MeV results of Nickles 

et a1.,27 generally show population of the same states. The cross sections 

measured at 104 MeV, however, are much larger than those reported at 60 

MeV. As expected, the (16o,15N) reaction shows a preference for high 

angular momentum transfers similar to (but not as pronounced as) that shown 

by the (~,t) reaction. There also appears to be a preference for populating 

levels with high radial quantum numbers which is roughly as important as 

the preference for high angular momentum transfer. 

The (16o,15o) reaction was also observed on the targets studied 

here. Although the Q-values for this reaction are supposed to be very 

unfavorable,lOB,l09 measurable cross sections (about 3 mb/sr) were observed 

in all cases. The data from the 90zr(16o,15o) and 92Mo( 16o,15o) reactions 

are very similar to those from the (a, 3He) reaction on the same targets. 

The (16o,15o) reaction, at least in this mass region, appears to be an 

excellent way of observing vh1112 levels. The Vhll/2 levels are about 5 

to 10 times stronger than vg
712 

levels in the (16o,15o) reaction, while in 

the (a, 3He) reaction the vh
1112 

and vg
712 

transitions have nearly comparable 

intensities. 

The (16o,17o) reaction on 91zr and 94zr, (and possibly on 92zr and 

96zr, wh~ch t · t · · · · · · ) ~ are presen as 1so op~c 1mpur1t1es in the targets used here has 

also been observed. Only the ground state transition was seen in all cases. 
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Outgoing 17o* (0.87 MeV) particles were identified in the 91zr(16o,
1

7o) 

data, with an intensity about 22% that of the 17 0 ground state. The cross 

sections for this reaction are quite large, more than 20 mb/sr in the case 

of 94zr( 16o,17o). Some evidence for the existence of excited outgoing 

particles was also obtained in the (16o,15N) and (16o,16o') reactions. In 

these cases the peaks were very broad, as would be expected for particles 

which y decay in flight. However, there was no indication of excited 

outgoing particles in the (16o,15o) data. 

Notably absent in the present data are the proposed core-excited 

states in 91Nb at 2.18 and 2. 75 MeV reported by Nickles et al. 27 

Similarly, the 0.68 MeV (g912 )~;2+ state in 93Tc was unobserved in the 

9~o( 16o,15N) data. In the (16o,15o) data on 90zr and 92Mo, only the 11/2-

member of the core-excited multiplet was populated. These 11/2- states have 

been seen in both (d,p) and (a, 3He) and have significant vh1112 single-

. 120 62 part1cle strength. ' Insofar as the other possible core-excited states 

seen by Nickles et al. 27 all appear as strong (a, t) transitions, it is 

concluded here that there is no strong evidence for the multi-step mechanism 

implied by the 60 MeV results. 

-· 
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APPENDIX A 

CALCULATION OF THE FAVORED MOMENTUM TRANSFER 

1. "Plane Wave" Picture 

. 127 
In the plane wave theory of nuclear reactions, the Coulomb 

interaction is ignored. If, in addition, the reaction is pictured as 

being localized near the nuclear surface, i.e., being a grazing collision 

between the projectile and target nucleus, it is possibleto estimate 

the favored momentum transfer semi-classically. The appropriate vector 

diagram is shown in Fig. 56. The momentum transfer to the core in a 

stripping reaction is 

+ + Mtgt + 
q = k. - - k 

~ Mfinal 0 
(A-la) 

+ + 
= k. - K (A-lb) 

~ 

where ki and k0 are the incoming and outgoing momenta. As a function of 

scattering angle this can be written (see Fig. 56(b)) 

I it I = [ ki 
2 

+ K
2 

- 2ki K cos e ]
112 

The transferred angular momentum is then 

+ + + + 
L ~I q x R I =I q I • IR I sin y 

(A-2) 

(A-3) 

If we additionally assume a tangential collision (kflR), we can obtain 

from the geometry that 

L =lqi·IRI· 1 + + [ :~ sin
2f 12 

(A-4) 

+ + 
The value for "q x R" normally quoted29 , 30 is at 0° and, from eq. (A-3), 

corresponds to 

L=l'ql ·IRI (A-5) 
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R~ Mtgt ko 
MfinQ\ 

XBL 726-1078 

Fig. 56. (a) Momentum vector diagram illustrating the angular momentum 

transfer in the plane wave picture of a nuclear reaction. 

(b) Momentum vector triangle corresponding to the reaction 

shown in (a). 
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where R is generally parameterized as 

(A-6) 

For numerical calculations the following (non-relativistic) expressions 

are employed: 

E = 
Mtgt 

Elab c .m. Mtgt + Mi 
(A-7a) 

j.l'. = 
Mtgt 

M. 
~ Mtgt + Mi ~ 

(A-7b) 

[2 .• 11- • E · ]1/2 
k. = ~ .. c .m. 
~ h (A-7c) 

Mfinal 
M J.lo = 

Mf. al + M 0 
~n o 

(A-7d) 

and 

[2 . 110 
. (E . + Q) ]1/2 

k . · c.m. - h 0 (A-7e) 

where Q is the reaction Q-value. 

For the 9°zr( 3He,d) 91Nb(g.s.) reaction at 31 Mev,4 we obtain 

(at 0°) L ~ 2, while for the 90zr(a,t)91Nb(g.s.) reaction reported here, 

L ~ 6. The large difference between the two results can be traced to the 

very negative Q-value which characterizes the (a,t) reaction on essentially 

all targets. For the two reactions considered here, the decrease in 11 
0 

relative to 11· is very similar, but the (3He,d) reaction generally has a 
~ 

Q-value of approximately zero, compared with an average (a,t) Q-value of 

·-13MeV. The negative Q-value for (a, t) causes k to be much smaller than 
0 
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k. and therefore a large momentum transfer is required even at 0°. A 
1 

comparison of eqs. (A-7c) and (A-7e) clearly shows that, for stripping 

reactions (~ <~.),a large negative Q-value increases the favored 
0 1 

momentum transfer while, for pick-up reactions (~ >~.),a large positive 
0 1 

Q-value makes L larger. For this reason a large momentum transfer is 

characteristic of most reactions involving an incoming or outgoing a 

particle, e.g., (a,t), (a,d), (a,3He), (3He,a), etc. 

2. Coulomb Effects 

If the Coulomb potential is included in the description of the 

reaction, it is necessary to consider hyperbolic orbits. The formalism 

of Sec. 1 overestimates the preferred angular momentum transfer. The 

effect is clearly seen for heavy ion reactions. For example, at 104 MeV 

the value of~ x R for the 90zr(16o,15N) 91Nb (g.s.) reaction at 0° is about 

7, and it increases to 17 at 25°. This would suggest an extreme momentum 

mismatch for all nuclear states and presumably, therefore, very low trans-

fer cross sections. This is in contradiction with the sizable cross 

sections for heavy ion induced transfer reactions which are actually 

observed (see, e.g., Ref. 27). 

The description chosen here is to assume that the transfer occurs 

at the classical "distance of closest approach" of the hyperbolic orbits 

of both the incoming and outgoing particles. From Rutherford scattering 

theory we have 

D = (1 + esc 8/2) (A-8) 
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where E is the incident particle energy and e is the center of mass c.m. 

scattering angle. It has been found empirically, however, that if D is 

parameterized by 

D = d 
0 

{A-9) 

the maximum of the heavy ion induced transfer reaction cross section 

108 corresponds quite generally to a radius parameter d = 1.65 fm. In 
0 

what follows we will use this value of d and eq. (A-9) in predicting . . 0 

the favored angular momentum transfer at the maximum in the angular 

distribution. Figure 57 shows the trajectories assumed in the model. 

Note that the actual scattering angle observed in the reaction does not 

correspond to either of the scattering angles which would be obtained 

from eq. (A-8) for a single Coulomb orbit. 

To obtain the momentum transfer we replace eqs. (A-7c) and {A-7e) 

by their "local" values at the distance of closest approach; 

and 

I 

k. = 
~ 

I 

k = 
0 

[2 • l.l. • (E - V ) ]1 / 2 
~ c.m. c 

[2. l.l • (E + Q _ v 1
)]ll2 

o c .m. c 

I 

(A-lOa) . 

{A-lOb) 

where V and V are the heights of the initial and final Coulomb barriers, 
c c 

respectively. The favored angular momentum transfer is then 
I I 

6L = L. - L = k.D - k D 
~ 0 ~ 0 

{A-ll) 

A summary of the results of calculations using this equation for 

90 91 16 15 {3 the Zr -:> Nb(g.s.) transition with ( 0, N), (a.,t), and He,d) is 

given in Table XXXIII. The results are in qualitative agreement with the 



-236-

XBL 726-1077 

Fig. 57. Trajectories for a nuclear reaction in the presence of the 

Coulomb force. The reaction is assumed to occur at the dis

tance of closest approach, D, of both the incoming (solid 

curve) and outgoing (dashed curve) Coulomb orbits. The actual 

path of the particles is indicated by the arrows. Note that 

in this picture the observed scattering angle does not corre

spond to the scattering angles associated with the individual 

Coulomb orbits. 

,. 
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Table XXXIII. Calculation of the Favored L-Transfer for the 90zr -> 91Nb(g.s.) 
Transition Using Coulom~ Trajectories. 

Da V' ilL 
c.: 

Reaction Elab E v Q k' k' L. Lf c .m. c c i f ~ 

(MeV) (MeV) (fm) (MeV) (MeV) (MeV) (f'm-1) (fm-1) ~~. 

... 
(160 , 15N) 

. ""= 

104 88.3 11.6 39 34 -6.96 5.7 5.4 66 63 3 C. 

II 60 50.9 II II II II 2.8 2.5 32 29 3 (. 

(a,t) 50 47.9 7.9 16 8 -14.64 2.4 1.9 19 15 4 0''· = 

(3He,d) 31 30.0 7.7 II II -0.32 1.4 1.4 11 11 0 ........ 

aD= do (Ai/3 + A~/3). For heavy ions d = 1.65 fm, for light ions d = 1.3 f'm. I 
1\) 

_ .. 
0 0 w t...· 

~ 
I ~ ... ~ ' ·. 

~.; 
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observed preference of the reactions to populate high-spin states. If 

we use the relative population of the gro~d state (g
912

) and 3.37 MeV 

state (d
512

) as a measure of this preference, we obtain values of 1/2, 

4/1, and 15/1 for the ( 3He,d), (16o,15N), and (a.,t) reactions, respectively, 

while the corresponding f.a,vored momentum transfers are 0' 3' and 4. 

3. Recoil Effects 

For the heavy ion induced transfer reaction 

l 
where el and e2 refer 'to the heavy "cores'' and t is the transferred particle' 

the DWBA transition amplitude can be written106 

-+ -+ , (+) -+ -+ 
x Ve t (rl) ljJR, A (rl) X· (k. ,r.) 

1 1 1 ~ ~ ~ 
(A-12) 

Referring to Fig. 58, the relationships between the various vectors in 

eq. (A-12) are: 
. '); 

-+ -+ -+ 
r2 = r - r 1 (A-13a) 

-+ -+ Mt -+ 
rl = r - Me + M rl 

1 t 
(A-13b) 

and 

-+ -+ . Mt -+ 
rf = r + M r2 

e2 
+ Mt 

M 
e2 M 

-+ t -+ = r + rl Me + Mt Me + Mt 
2 2 

(A-13c) 
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t 

Cz 

-+ -+ -+ ·~ - r,- r z 
-+ - Mt .._. r. - r L -

Me,+Mt fl 
_. _. Mt ... 
r-tl - r + - r: 

Mez.+Mt z. 

- Me, r 
+ Mt .... - r, Mcz.+M.t. Mez.+Mt 

XBL 727·1288 

Fig. 58. Diagram of the coordinate system for heavy ion induced transfer 

reactions. The relationships between the various vectors are 

indicated below the diagram. 
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where Me , Me , and Mt are the masses of the various nuclei. 
1 2 
Equation (A-12) is a six-dimensional integral which, since it is 

very difficult to perform, is seldom attempted. Instead the "no recoil" 

approximation, which corresponds to ignoring the terms (Mt/Me + Mt) and 
1 

In this approximation (Mt/Me + Mt) in eqs. (A-13b) and (A-13c), is made. 
2 * + By expanding ~t A (r2 ) 

2 2 
the distorted waves Xi and Xf depend only on r. 

+ + 
in terms of r and r 1 (see ~q. (A-13a)) the resulting expression for the 

transition amplitude can b~' reduced to two 3-dimensional integrals106 

which can be handled by a conventional DWBA code. Making the no recoil 

approximation implies that the transfer occurs when the particle t lies 

along the vector ; , i.e. , (see Fig. 58) when t is between the cores e1 
+ + + 

and e2 • However, replacing the vectors ri and rf by r means that the 

new vector has neither the correct length nor the correct direction. 

In an effort to overcome these defects, Buttle and Goldfarb 

have proposed109 a partial solution, namely, to make ;l proportional to 

;. They argue that the ;l integral in eq. (A-12), which is a product of 

+ + 
the bound state wave functions ~t A (r1 ) and ~t A (r2 ) with the interaction 

+ 1 1 2 2 
potential Ve t(r1 ), will have its major contribution near nucleus e1 , 

+1 
since Ve t(r1 ) decreases rapidly outside the nucleus. Therefore, they 

1 
replace i\ with (R1/ 1;1 ) ; , where R1 is the radius of e

1
• Furthermore, 

+ 
since the r integral will be largest at a distance corresponding roughly 

to the distance of closest approach of the semi-classical orbits, a valid 

+ 
approximation for r

1 
is 

+ Rl + 
r ~-.-. r 

1 . D 
(A-14) 

• 



;,J 

where D is the (average) distance of closest approach. With this estimate 

..... -+ 
of the recoil term the corrected values for ri and rf become (cf. eqs. 

(A-13b) and (A-13c) ) 

(A;..l5a) 

and 

:1] ; (A-15b) 

For Coulomb wave functions the radius enters only as the product k -+ 
• r 

and eqs. (A-15a) and (A-15b) are equivalent to using the "recoil corrected" 

wave numbers 

I 

= [1 Mt R1] ki (MC + Mt) D" ki 
1 

(A-16a) 

and 

I ~ Me Mt R1] kf = (MC2 /Mt) + (MC + Mt) D" kf 
2 

(A-16b) 

With this modification the integral in eq. (A-12) is still separable but the 

Q-value dependence of the resulting calculations is much improved. In par-

ticular, the results of the post treatment (described here) now agree with 

those of the formally equivalent prior treatment of the DWBA transition 

amplitude. 

'-· . An important effect of the recoil term is to change the favored 

Q-value. The largest cross sections are predicted to occur for a Q-value 

such that the distances of closest approach in the initial and final 

channels are approximately equal. Since the distances of closest approach 



-242-

are related to k. and kf (or E. and Ef =E. + Q) by eq. (A-8), the result 
~ ~ ~ 

I I 

of using ki and kf from eq. (A-16) is to change the predicted Q-value for 

which the initial and final distances of closest approach coincide. In 

90 16 15 91 the case of the Zr( 0, N) Nb reaction considered here, this change 

in Q-value is about 2.5 MeV. 

A second consequence of the recoil term is that the parity rule 

108 no longer holds. The introduction of the parity rule is based on the 

+ + 
separation of the r and r 1 integrals in eq. (A-12) and no longer appears 

+ + 
if the full integral is calculated. Alternatively, if ri and rf are not 

parallel, an additional source of angular momentum transfer becomes 

available which allows angular momentum transfers of the "wrong" parity 

to occur. 

Based on the mass ratio in eq. (A~l3b), it would appear that recoil 

corrections are very important in light ion reactions. For example in 

(d,p) we are ignoring a term 1/2 r 1 , as opposed to 1/16 r 1 in the case of 

the (16o,15o) reaction. However, most light ion reactions are calculated 

with the zero-range approximation, which corresponds to replacing VC t in 
1 

eq. (A-12) with a delta function. In this case r 1 --~ 0 and the zero-range 

integral is identical to that obtained in the heavy ion 11no recoil" approxi-

mation. For relative s-state particles full finite-range calculations are 

possible in some cases, because the fact that ~1= 0 greatly restricts the 

number of terms which must be calculated. 128 The effect of the finite-

range calculation (i.e., including recoil) for light ions is to predict 

. ( ul 108,128) the same angular distribut~on ·and give the same selection r es 

as would be obtained from a zero-range calculation. Since only the mag-

nitude of the cross section is affected, it is possible to incorporate a 

·s 

• 
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correction term ("Local Energy Approximation") into the zero-range form 

factor which simulates the results of the finite-range calculation almost 

exactly.129 Thus, for light ions it is possible to do a pseudo finite-

range calculation rather easily, and there is no need to consider "recoil 

effects" separately. In contrast, the calculations for heavy ion reactions 

are generally prohibitively lengthy and some approximate method~ for 

example the treatment of Buttle and Goldfarb109 described above or a series 

128 expansion as proposed by Austern ~ &·, · is required • 
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APPENDIX B 

CALCULATION OF SHELL MODEL DIAGONAL MATRIX ELEMENTS 

The calculati0n of shell model matrix elements using harmonic 

oscillator wave functions has been described in detail by Brody and 

. 125 
Moshinsky. For completeness this derivation will be reproduced here. 

This appendix will be concerned only with the case of the diagonal matrix 

element of a central potential, although Brody and Moshinsky also consider 

off-diagonal matrix elements and matrix elements of spin-orbit and tensor 

forces. For simplicity, the conventions used here will conform to those 

of Ref. 125. In particular, the radial quantum number, n, will be 1 less 

than that generally used to label shell model states, e.g., the lowest 

oscillator shell will be Os rather than ls, etc. The derivation in Part 1 

describes the calculation carried out by the program PHYLLIS,124 with the 

exception that the program includes the straightforward generalization to 

off-diagonal matrix elements of a central force. In Part 2, the generaliza-

tion to the case of two different oscillator parameters (which was not 

considered by BrodY and Moshinsky) is described. This derivation forms 

. 124 
the basis for the program NAOMI· 

1. Diagonal Matrix Elements - Single Oscillator Parameter 

The single-particle wave function in a harmonic oscillator poten-

tial is 

(B-1) 

The two~particle wave function is 

• 
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(B-2) 

This wave function can also be written in the relative•center of mass 

(RCM) coordinate system, which is defined by 

(B-3a) 

R = 1. · <; 1 + ; 2 > 

V2' 
(B-3b) 

This is not the usual definition of this coordinate system. However, 

it has the advantage that the harmonic oscillator wave functions are the 

same as those referred to the center of the well coordinate system, i.e., 

+ + 
those using r 1 and r 2 , since with the definition in eq. (B-3) we have 

1 2 2 2 1 2 2 2 V = - :mw (r + r ) = - :mw (R + r ) 2 1 2 2 

In the RCM system the two-particle wave function is written 

I nR. , NL, }q.J ) = 

_E ( R.LmMI A~ ) . RnR. (;) RNL (R) ~(r) ~(~) 
mM 

(B-4) 

(B-5) 

Since the RCM system forms a complete set, we can expand the wave function 

(B-2) in terms of wave functions (B-5): 

I n
1 

t
1

, n
2
t

2
, All ) 

= ~ I nR. • NL, All ) ( nR. , NL, A I n
1 

R.1 , n2t 2 ,A ) 

nR.NL 

(B-6) 
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The transformation coefficient in eq. (B-6) ·is the "Moshinsky bracket" 

and is tabulated in Ref. 125. Since the value of the Moshinsky bracket 

is independent of~' this quantum number is not included in eq. (B-6). 

The summation in eq. (B-6) is restricted by energy and angular momentum 

conservation: 

(B-7) 

and 

(B-8) 

The reason for the transformation (B-6) is that the two-particle residual 

+ 
interaction, V(r), depends only on the relative coordinate r (defined by 

eq. (B-3a) ). Thus, by calculating residual interaction matrix elements in 

the RCM system, only a single integral must be evaluated. 

We wish to calculate the diagonal matrix element 

(B-9) 

Transforming (B-9) to the RCM coordinate system ,by means of eq. (B-6) we get 
- '• 

( n
1 

.t
1

-, n
2

.t2 ,A~ I V(r) I n1 .t1 , n2.t
2

, A~ ) 

= L ( nR..' NL' A. I nl R..l' n2R..2' A. )- 2 

nR..NL 

x ( nR.., NL, AlJiv ( r) I nR.., NL, A.~ ) 

= L ( nR.. , NL, A. I n
1 

R..1 , n2R..2 , A ) 2 

n.R.NL 

X L < R..LmMIA.~) 2 (NI.MINLM) 

mM 

X ~~ ~*(;) ~(;) 

x ( n.tllv(r )lint > 

(B-lOa) 

(B-lOb) 
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where the wave function I NLM ) is defined in eq. (B-1). Due to the 

properties of the Clebsch-Gordan coefficient, and the orthonormality 

of the harmonic oscillator wave functions and the spherical harmonics, 

eq. (B-lOb) becomes 

= ~L( ni, NL, AI n1 .t1 , n2.t2 , A ) 
2 

( n.tllv(r )II ni ) (B-11) 

In both eqs. (B-lOb) and (B-11) the reduced matrix element is defined by 
ClO 

[ R~(r) V(r) Rnl. (r) r 2 
dr ( niiiV(r )II ni ) (B-12) 

From eq. (B-11) we see that the calculation of the diagonal matrix 

element (B-9) has been simplified to a sum of reduced matrix elements (B-12). 

We must now obtain an explicit expression. for these reduced matrix elements. 

To do so we write the harmonic oscillator radial wave function as 

R, -r
2/2 = r e 

n 

~ 
where 

k=O 

[ 
2 (n!) ] 1/2 (n+i+l/2) i::t_ 

r(n + R, + 3/2) k! 
n-k 

(
n+i+l/2) = -~ fn+i+3/2) 

n-k+l) r (i+k+3/2) n-k 

and 

= (2i + 1)!! f(i + 3/2t -
2i+l 

f(i) = (i- 1)! 

Inserting eq. (B-13a) into eq. (B-12) gives 

(B-13a) 

(B-13b) 

(B-13c) 

(B-13d) 

(B-13e) 
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(nR.IIV(r)llnR.) 

~ 2 [ 
00 

4k+2R. = £,., a nik r· 
0 

k=O 

We now define a new summation variable 

The reduced matrix element then becomes 

( nR.IIV(r)llnR.) 

2n+R. 

= L a~R.(p-R.)/2 
p=R. 

r(p+3/2) 
2 

!
00 2 

X f(p+3/2) 
0 

2n+R. 

= L a~R.(p-R.)/2 
p=R. 

f(p+3/2) 
2 

I 
p 

where I , the 11Talmi integral" is defined in eq. (B-16a). 
p 

In the notation of Brody and Moshinsky, 

2 f(p+3/2) ( ) 
anR.(p-R.)/2 2 - B nR., nR,, p 

and we can write eq. (B-16b) as 

2n+R, 

( nR,II V(r)llnQ..) = L B(nR., nR,, p) Ip 
p=R, 

(B-14) 

·(B-15) 

(B-16a) 

(B-16b) 

(B-17) 

(B-18) 

Referring to eq. (B-11), the residual interaction matrix element 

becomes 

• 



.. _, 

2n+R. 
= l: <nR., NL, Aln1R.1 , n2R.2 , A >2 L B(nR.,nR.,p) Ip (B-19) 

nR.NL p=R. 

Generally the two-particle wave functions are jj coupled, i.e., 

=I: 
AS [

R,l 

R,2 

A 

(B-20) 

where the curly bracket denotes vector coupling and the square bracket is 

a jj-LS transformation coefficient. 

In this coupling scheme the residual interaction matrix element 

becomes 

=L: (B-21) 
AS 

where the "LS" matrix element is given by eq. (B--19). 

In order to evaluate eqs. (B-21) and (B-19) we choose a Gaussian 

form for V(r): 

(B-22) 

The use of r' on the right hand side of eq. (B-22) is because the potential 

is written in terms of the actual separation distance 



-+ -+ 
r 1 = r 1 

1 

-+ r I 
2 
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(B-23) 

This differs from the variable "r" used above in two respects. First of 

all, we have made the radius a dimensionless quantity by writing it in units 

of the oscillator parameter b1 / 2 = (Mw/h)f/2 , and second we have defined 

the relative coordinate as in eq. (B-3a) rather tha~ the proper definition 

(B-23). To make r 1 consistent with the other definition we let 

-+ 

;I -;> {21 ...!_ 

~ 
and eq. (B-22) becomes 

V(r) = -V 
0 

: . 2 
exp·[ ':"'2[3r /b] 

(B-24) 

(B-25) 

Now, if we use this expression for V(r) in the Talmi integral defined by 

eq. (B-16) we obtain the simple analytic expression 

I 
p 

-V = ___ _::::.0 _ __,._ 

(1+2f3/b)p+3/ 2 (B-26) 

Finally, the program PHYLLIS124 calculates the matrix element (B-21) 

using eqs. (B-19) and (B-26). 

2. Diagonal Matrix Elements - Two Oscillator Parameters 

This calculation follows a derivation by Ga1. 126 We define the 

relative and center of mass coordinates for particles 1 and 2, having 

oscillator parameters b1 and b2 as follows: 
-+ -+ -+ 

(B-27a) r = r - r2 1 

+ -+ 

R 
blrl + b2r2 

(B-27b) -
bl + b2 

',_~ 

0< 



.. 
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b' 
blb2 

= 
bl+b2 

(B-27c) 

B' = b + b l 2 (B-27d) 

Using these definitions we can make an expansion similar to eq. (B-6): 

I n
1 

R-
1

, n
2

R-
2

, All ) 

= L ln.R., NL, All) <nR., NL, i\.ln1R-1 , n2R-2 , A )B 
nR.NL 

(B-28) 

where the transformation bracket (with index S) is now a generalized 

Moshinsky bracket. The transformation (B-28) connects the eigenfunctions 

+ + 
of the center of the well coordinates r

1 
and r

2 
to those of a proper 

relative coordinate (B-27a) and a "fake" center of mass coordinate (B-27b). 

As demonstrated in Part 1, the residual interaction matrix element does 

not depend on R, so the "reality" of this_ coordinate is unimportant. 

The generalized Moshinsky bracket can be expanded in terms of 

standard Moshinsky brackets: 

.m'-m = l. 

where 

m = 1 (2n + R. - 2N - L) 
2 

m' = 1 
2 

(B-29a) 

(B-29b) 

(B-29c) 



-252-

and 

m'' = ~ (2n3 + R-3 - 2n4 - R-4) (B-29d) 

The summation in eq. (~-29a) is restricted by energy and angular momentum 

as in eqs. (B-7) and (B-8). The bracket index S depends on the two 

oscillator parameters: 

(B-30) 

The "standard" Moshinsky bracket, where b1 = b2 , corresponds to the phase 

s = Tr/2. 

Using the transformation (B-28) we obtain, analogous to eq. (B-11), 

= .L: ( nR. , NL, A I n1 R-1 , n2R-2 , A. >f/ ( nR-11 V ( r) II nR. ) 

nR-NL 

(B-31) 

The calculation of the reduced matrix element pro~eeds as before 

and yields 

2n+R. 

= ,L: <nR-, NL, Aln1 R-1 , n2R-2 , A >s
2 

,L:B(nR.,nR.,p)IP (B-32) 

nR.NL p = R, 

Again, however, we must be careful in evaluating I • The argument of the 
p 

Gaussian force (B~22) is now properly defined but must still be put in 

the dimensionles·s form 

'" .. 



-253-

(B-33) 

where b' is defined in eq. (B-27c). This results in an expression for 

the Talmi integral similar to eq. (B-26): 

I 
p 

-V 
= ------~0~--~~ 

(1 + S/b' )P + 3/2 
(B-34) 

. 124 ( ) The program NAOMI calculates the matrix element B-21 from 

Part 1, making use of eqs. (B-32), (B-34), and (B-29). This calculation 

is rather lengthy due to the summation in eq. (B-29), since the calcula-

tion of the standard Moshinsky bracket is already the most time consuming 

part of the calculation outlined in Part 1. For this reason no attempt 

tg calculate off-diagonal matrix elements was made. The output of the 

program NAOMI was verified by repeating some of the calculations in Part 1 
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