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FIGURE CAPTIONS

Title

Beam transport system for the high-resolution (Cave 4)
experimental area of the Berkeley 88-inch cyclotron.
Both the 36-inch scattering chamber (Cave 4A) and spec-

trometer (Cave 4C) layouts are shown.

Proton yield curves at eg = 165° for the bombardment of
carbon targets with beams of protons and the molecular
hydrogen ions H2+ and H3+. The target thickness and
integrated charge are shown for each experiment sepa-
rately. (The resonance corresponds to the JTT = 3/27,

T = 3/2 level in 3N at E_= 15.066. Mev.)
Schematic diagram of the 36-inch scattering chamber.

Schematic diagram of the counter holder used with

liquid nitrogen cooled counters.

Photographs of the liquid nitrogen cooled counter
holder and preamp. The internal features are labelled

in Fig. b.
Block diagram of the particle identifier electronics.

Schematic diagram of the 2lh-inch scattering chamber and

magnetic spectrometer.

General view of the heavy ion focal plane detector. The
operating position of the counter system is indicated in

Fig. 7.

Detail of one end of the proportional counter. The
support for the quartz fiber is enlarged in the lower
half of the figure.

Block disgram of the electronics used in conjunction
with the heavy ion focal plane detector system. The

various delay times are indicated in the hexagonal boxes.
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13.
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15.

16.

Title

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

bombardment of 9OZr with 104 MeV l60 at 0, = 25°, The

M/q value for each band of particles is iﬁdicated at the
right of the figure. The lowest band is mainly 12C(6+),
the middle band is 15N(7+) and 15o(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.

AE/AX vs. position spectrum obtained from the bombard-
nent of 9%2r with 104 Mev 200 at 6, = 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 vs. AE/AX spectrum obtained from the
bombardment of °°Zr with 10b MeV 160 at 6, = 25°. The
TOF signals were corrected by the computer (see Fig. 1lh)
to remove the position dependence. Groups corresponding
to various values of M/q and 7 are indicated. A display

threshold of 15 counts was employed.

Corrected time-of-flight vs. position spectrum obtained
from the bombardment of 90y with 104k MeV 16
The method of correction is described in the text. (See
caption to Fig. 11.)

90 )91

Triton energy spectrum from the Zr(o,t Nb reaction
at Gz = 30°, The peak numbers correspond to excitation

energies given in Table IV.

Angular distributions of tritons from the 9OZr(a,t)9le
reaction leading to the 0.0, 4.18, and 4.77 MeV levels.

0 at 6£ = 25°,

ko

L1

63

6k



Figure

number

17.

18.

19.

20.

21.

22.

23.

Triton energy spectrum from the 9th(a,t)

~viii-

Title

Statistical errors are shown for each point. The curves

have no theoretical significance.

Angular distributions of tritons from the 90Zr(a,t)9le
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.

9 )93

Triton energy spectrum from the 2Mo(or.,t Tc reaction
at 6£= 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.

Anguler distributions of tritons from the 92Mo(u,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 922r(u,t)93Nb reaction
at 62 = 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.

Nb reaction

95

at 92 = 20°. The peak numbers correspond to excitation

energies given in Table VII.
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24, Angular distributions of tritons from the 9th(u,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. '

91 )92

25. Triton energy spectrum from the Zr(o,t Nb reaction
at 62= 15°. The peak numbers correspond to excitation
energies given in Table IX.

26. Angular distributions of tritons from the 91Zr(a,t)92Nb

reaction leading to the 0.0, 0.1k4, 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
9OZr(a,t)9le (g.s.) reaction from Fig. 16. Statistical

errors are shown for each point.

27. Deuteron energy spectrum from the l)'*1\I(oc,d)l60 reaction
at 6£= 10°. The . "14 MeV" peak contains a contribu-
tion of unknown amount from the 2°0(a,a) F (1.13 Mev)

reaction on a target impurity.

28. Angular distributions of deuterons from the ll‘tI\I(oc,d)l60
reaction leading to the 14.40, 14.82, and 16.2L4 MeV
levels. Statistical errors are shown for each point.

The curves have no theoretical significance.

29. Deuteron energy spectrum from the 90Zr(a,d)92Nb reaction
at 92 = 20°. The peak numbers correspond to excitation
energies given in Table XIT.

30. 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.
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Title
: 92 9k .
Deuteron energy spectrum from the ““Mo(a,d)” Tc reaction
at 62 = 20°. The peak numbers correspond to excitation

energies given in Table XIII.

Angular distributions of deuterons from the 92Mo(a,d)9th
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 9OZr(u,d)92Nb reaction leading to the ground
and 2.58 MeV states (see Fig. 30). Statistical errors
are shown for each point.

Deuteron angular distributions from the 9OZr(a,d)92Nb

(0.36 MeV) and 92Mo(a,d)9th (0.21 MeV) reactions. Sta-

tistical errors are shown for each point.

Deuteron energy spectrum from the 92Zr(a,d)9hNb reaction
at 62 = 20°, The peak numbers correspond to excitation
energies given in Table XIV,

Angular distributions of deuterons from the 92Zr(a,d)9hNb

reaction leading to the 0.08 and 2.42 MeV states. The
solid line through the 0.08 MeV data points represents s
smooth curve drawn through the experimental angular
distribution of the summed 0.0 MeV (7*) and 0.36 MeV (5%)
90Zr(a,d)92Nb. The soiid line through the 2.42

MeV data points is a smooth curve drawn through the

levels in

experimental angular distribution of the 90Zr(a,d)92Nb
(2.58 MeV) reaction. Statistical errors are shown for

each point.

Deuteron energy spectrum from the thr(a,d)96Nb reaction
at 62 = 20°. The pesk numbers correspond to excitation

energies given in Table XV,
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37. Angular distributions of deuterons from the 9th(a,d)96Nb 1ko

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.

91 )93

Zr(o,d)”"Nb reaction 1k

at 62 = 20°, The peak numbers correspond to excitation

energies given in Table XVI.

38. Deuteron energy spectrum from the

39. Angular distributions of deuterons from the 9er(a,d)93Nb 14k
reaction leading to the 0.96, 1.33, and 1.48 MeV levels.
The solid lines represent smooth curves drawn through ex-
90Zr(a,d)92Nb
reaction leading to the Tt (g.s.) and 5+ (0.36 MeV) with
weighting factors of: 0.96 MeV [7' + 5], 1.33 MeV [7'1,
and 1.48 MeV [T% + 2 x (5°)]. (See text, Sec. IV-BT.)

Statistical errors are shown for each point.

perimental angular distributions from the

4o, Angular distributions of deuterons from the ngr(a,d)93Nb 146
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 9OZr(a,d)92Nb
(2.58 MeV) reaction. (See Fig. 30.) Statistical errors

are shown for each point.

b, Loy position spectrum from the 9OZr(l6O,lSN)9le reaction 150
at 62 = 25°, The two-dimensional arrays corresponding to

this spectrum are displayed in Figs. 11 to 1k,

42.  Angular distributions of L°N from the 2%zr(1%0,1%m)%Mm 151
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 tﬁé“ground state (pl/z—--->g9/2 transition)

should be L=5 and the 3.37 MeV state (pl/é——>d tran-

5/2

sition) L=3 based on the selection rules.

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.

Loy position spectrum from the 92Mo(l60,lsN)93Tc reaction
at 8, = 20°, |

Loy position spectrum from the 9th(160,15N)95Nb reaction
at 62 = 259,

15 16 15N)92

N position spectrum from the Zr( Nb reaction

at 62 = 25°, The peak near channel 50 is due to leak~-

through of an intense 17, peak from the 150(7+) gate (see
Fig. 5h).

15N position spectrum from the 93 (16 15 )9hMo reaction
at 62 = 20°,

15

9oZr(160’150)91

0 position spectrum from the Zr reaction

at 8, = 25°, A 90Zr(u,3He)9er spectrum at 92 = 25° is

shown for comparison.

90 16 150)91

Zr(

reaction at 62 25°, The small peaks near channel 50
6 17

150(7+) position spectrum from the
are due to the ( 0) reaction on isotopic impurities
in the target leading to the final states indicated above
the peaks. '

15 16 15 )91

0 angular distributions from the Zr(
reaction leading to the 0.0 and 2.16 MeV states. Accord-
ing to the selection rules, the ground state transition
is L=3 and the 2.16 MeV transition is L=6.
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51. 150 position spectrum from the 92Mo(l6 15 )9 Mo reaction 184
at 62 = 20°. A 92Mo(a He)93Mo spectrum at 62 = 25° is
shown for comparison.
52, 159 position spectrum from the Nb(16 15 )9hNb reaction 187

at 62 = 20°. Due to difficulty with the calibration, the
3 .

energy of the [ﬂg9/2’(vd5/2)5/2] 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.)

53. 150(7+) position spectrum from the Zr(16 15 )9SZr reac- 191

tion at 62 = 25°, The large peak at the bottom of the
16 17)

Zr (g.s.) reaction.

16 150)92

spectrum is due to the Zr(

5k, 150(7+) position spectrum from the Zr(

reaction at eg = 25°, The peaks at the bottom of the
9er(l60’l70)90

17

193

spectrum are due to the Zr(g.s.) reaction,

with the larger one being due to

17

0 in its ground state

and the smaller one to ~'0 in its 0.87 MeV (s first

1/2)
excited state.
55. Comparison between the calculated and experimental spectra 215

for the (ﬂg9/2,Vd ) multiplet in 92p.

5/2
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 incoﬁing
(solid curve) and outgoing (dashed curve) Coulomb orbits.

The actual path of the particles is indicated by the
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58.
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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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ne 22Mo (as d)9 Te results, the 9hTo ground state can also be assigned
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T + 9k 96Nb

J" = 7. The higher levels [92N'b (2.58 MeV),
9l

Nb (2.42 Mev),
(2.38 MeV), and ” Tc (2.68 MeV)] are believed to be either (ﬂggkz,

vhll/Z)lO- or (“gg/z’ Vg7/2)8+ states, based on the results of shell a
model metrix element calculations and the (0,d) structure factors of
Glendenning. As an example of the systematics of the (a,d) reaction,
Tesults from the lhN(a,d)l60 reaction at 40 MeV are also included here.
Accurate excitation energies and widths for the previously observed

[1hN (%) + (d5/2)§+] triplet in 160 have been determined to be:

14.40 %= 0.03 MeV (1‘c n = 30 £ 30 keV), 14.82 £ 0.03 MeV

(1‘c n, =69 %30 keV), and 16.24 * 0.04 MeV (I‘c n, =125 %50 keV).
The (160,15N) and (160,150) reactions on targets of 90’91’9th,
92 93 . . . 16
Mo, and “~Nb were also investigated with a 104 MeV ~ 0 (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 secintillator

and phototube. The (°0,2°N) and (160,15

0) data indicate a preference
for high angular momentum transfer similar to (but less pronounced than)
that shown by the (o,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.



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.l—6A Most of

90y, and 92Mo, although (3He,d)

this work concentrated on the N=50 nuclei
data on all of the Zr isotopes was reported in one ca,se.’4 A general
feature of these (3He,d) experiments is that very few high angular momen-
tum transfers were observed except for the ground states (g9/2). The
shell model states expected in this region are lg9/2, lg7/2, 2d5/2,
2d3/2, 381/2’ and lhll/2 (hereafter radial quantum numbers will be
suppressed), which should give rise to both 2=4 and 2=5 transitions to
various excited states.

The locations of these %=k and 2=5 proton states are of interest

-9

for comparison with the detailed shell model calculations 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 in B-decay studies (e.g., 91Mo — 91Nb (Ref. 10) and

95, _5 9 9

b (Ref. il) ) and Coulomb excitation (e.g., 3 (p,p'Y)le)
but few have been seen in proton transfer.l—6 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 g9/2 or g7/2 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, ¢ X R ~ 2. (See Appendix A). In contrast, the expected



momentum transfer in (o,t) at 50 MeV is much larger due to the large
negative Q-value associated with the reaction (Z X E-z 6). These numbers
indicateAthat high angular momentum transitions are unfavorable in (3He,d)
since the momentum mismatch is large, while for (o,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 (o,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

are 90591,92,9k 92

Zr and “"Mo. On all of these targets results from the

two-nucleon transfer (o,d) reaction were obtained simultaneously.



B. (a,d) Reactions

Previous studies of (0,d) reactions on light and medium mass
nuclei have shown that, in general, a few levels of the residual nucleus

13-18

are preferentially populated. The nature of these states has been

shown to be 15-17

[Jt + (Jl,JQ)J] ’, (1)

where Jt is the target spin, jl and j2 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 picturelg of the
reaction mechanism: a one step grazing collision in which the nucleons
are transferred with no rearranéement 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 (Jl,Je)J-

19

It has been shown ~ 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 final 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 previous (a,d) experiments the strongest state was one in

2

which jl=j2=j (refcred to as a "j configuration) and J=jl+32=23



-

(referred to as a "stretched" configuration). For example in lzC(a,d)th

the 9.0 MeV state was assigned the configuration [?20(0+) + (d5/2)§%] 5+

and in hoCa(a,d)hQSc the 0.6 MeV state was assigned the configuration

[hOCa(O"') + (2 /2),2(+] 7+ by Rivet et al.'” Similarly the states in the
Fe-Ni region have been associated with the [iarget core + (g9/2)§+] ot
configuration.l6’17
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 (f )$+ state in uZSc observed by Rivet g&_g;.,ls for example,

7/2
cannot contain any other shell model configurations below (g9/2)$+'(which
is far away in energy and thus unlikely to mix appreciably). The actual
wave function of the strong (a,d) state may be rather complicated in
nuclei some distance from closed shells, but as long as the complicated

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

t’

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

(jl’JQ)J’ we can still hope to learn something about the residual interaction

17

of a specific shell model configuration. The observed constancy of
the empirical neutron-proton residual interaction in the large (o,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., (ﬂg9/2,vd5/2)7+, (Wg9/2,

V87/2)8+, (”g9/2’vhll/2)10" etc, All of these are approximately consistent



with the kinematic preference of the (u,d) reaction, For a 50 MeV
o-particle beam the (0,d) reaction has a favored momentum transfer .
z x ﬁ’z 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.)2o-23
At about the time this project was undertaken a new beam ana-
lysis systemzh was installed at the 88-in. cyclotron. The possibility
for improved resqlution made it attractive to repeat the earlier

13,15

;hN(a,d)l6O experiment. The interpretation of this experiment had

been hampered by the fact that the ground state spin of th is 1* and,

according to equation (1), the expected (d )§+ configuration splits

25

5/2
into a 4+, 5*, 6% multiplet. Since a 6% state was known“’ 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,l?”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

160,15

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

27

topes has been reported. This reaction was observed to strongly favor
the capture of a g9/2 proton by an undisturbed Zr core. (The ground
state was in all cases a factor of 3 stronger than any other staté.)
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, 1In 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 givén by Becchetti gﬁ_g;,es we obtain a value

of AL & 3 at the maximum in the angular distribution (ec.m_ = 70°).
Similar calculations for (a,t) at 50 MeV and (°He,d) at 31 MeV (both

at the grazing angle) give expected momentum transfers of asbout 4 and O,
respectively.

l60,151‘1) results27 were compared with the (3He,d) data

The Zr(
of Cates, Ball, and Newmanh 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 of the type[Zr(Q*) 8 7T89/2] or[Zr(3") ) 7’89/2]. However, essen-
tially all of the levels seen in the heavy ion work were also visible

29,30

in the (o,t) reactions on the same targets. To see whether the



16 15

apparent similarity of the ( N) and (a,t) reactions held true at

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

(160’15 90,91,9th’ 92 93

N) reaction on targets of Mo, and “~“Nb were obtained

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

(16 ls0) were obtained simultaneously. Since the angular distributions

of all the states seen in the heavy ion experiment were expected28 to

90

be similar, an angular distribution was obtained only for the “ Zr tar-

get. For the other targets spectra for both (16 %) ana (16 139)

were taken near the maximum of the angular distribution.



1T, EXPERIMENTAL EQUIPMENT

A, o Particle Reactions

P

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—in;h sector-focused cyclo-
tron. The trénsport system is shown in Fig. 1. The extracted cyclotron
beam is made parallel with a quadrupole doublet (QS1l), bent 20° by a
switching magnet (MS) and focused by a second quadrupole doublet (Q31)
at the entrance slit (AS3A1) of the high-resolution analyzing magnets.2h
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 (ASkl). 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,
AE/E, of 0.04%. The final analyzing slit (ASL2) 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 (QUAl 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. Typical currents on target ranged
from about 0.25 to 1 uA. At each focus it was possible to view the beam
on Al,0_ plates via a closed circuit television system.

23

Energy calibration of the analyzing magnets was done by measuring

31

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

+

of protons, H +, and H3 .

o This calibrated the magnets up to the maximum
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Bp of the cyclotron. (The magnetic rigidity of 42.7 MeV H + corresponds

3
to 128 MeV protons or o 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+ calibration point, the absolute beam energies are expected to be
correct to better than 10 keV.

2. Scattering Chamber,

A schematic diagram of the 36" scattering chamber is shown in
Fig. 3. Since this apparatus has been described in detail previously,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 of 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 éontrolled
-remotely from the counting areé. Positions of all remotely controlled
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

posgsible to warm the detectors back to room temperature in about 15 minutes,
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For the th(u;d) experiment a gas target was used. This target

was mounted in place of'thé solid-target laddér at the center of the
chamber. The shaft on which it was mounted was hollow and terminated
in an éxternal 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 stainiess steel cylinder 7.6 cm in dia-
meter and 2.5 cm high with an exit foil of 2.1 mg/cm2 Havar covering
315°. The remaining solid section of the cell waé bored out and fitted
with a hollow brass plug on the end of which a 0,22 mg/cm? 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 untraﬁsmitted béam. By careful attention to the bgam optics it was
possible to keép thé beam loss below 1% during the course of the run.
Several»antiscattering slits were also employed to further define the
bedm 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 liguid nitrogen cooliné bar (see Fig. 3). This modification

33 for

was made épecifically for the purpose of testing Ge(Li) counters
use ih charged particle spectroscopy. However, the holder designed for
use with the Ge(Li) system was also employed for a 65 MeV a-particle run
in conjunction with an experimental 1 cm thick Si(Li) detector fabricated
at this laboratory. This special counter holder, shown in Figso‘h 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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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 -150°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-
cally about 5x10_6 Torr, was greatly improved when the bar was cold.

In the magnet calibration experiment31 the pressure was maintained at

{3

about Tx10 ' 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 (AE) counter and
a thicker Si(Li) stopping (E) counter. The thickness of the E detector
was varied depending on the beam energy. 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 1l cm 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 breskdowns. Standard voltages for the other detectors
are: AE (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

MA or less. Normally two telescopes were mounted on the hub of the



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 front of the.AE counter, at a distance of about 13 inches from
the target. A second rectangular collimator,‘about 3 inches from the
center of the ta?get, was required‘to adequately define the target thick-
ness for the gas target run. A discussion of the geometrical considera-

34

tions involved in the gas target case has been given by Meples. A
typical solid angle for the solid target experiments wes about 1x10_h sSr.
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 eny difficulties due to disintegration
of the target by the beam. It was also utilized in determing the dead
time of the system as will be described below.
The block diagram of the electronics, shown in Fig. 6 for a single

32 The

35

AE-E system, is a modified version of the system used previously.
important changes are the use of the newer high-rate amplifier systems
and the inclusion of a pile-up rejector. The amplifier produces two out- |
put signals. The "fasf" output is a singly differentiated signal. I%

is not integrated and thus exhibits the fast rise time (é 50 ns) of the
preamp signal; In our system the fest output ie 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 (variable from 5 to 25 us), and (2) that a second pulse
must ﬁot hafe occurred during the rise time and for 0.5 ﬁs after the pesk
of the signal being considered. For these experiments an inspection time
of 20 us was standard. The "slow" output, after differentiation, is
shéped by an active integrator which is roughly a sériés of RC integra-
tions, all with thé same time constant. The system used here resulted
in a semi-Gaussian pulse with & peaking time-of 2 us. It is this signél
which is used for energy analysis. The high-rate aspects of this ampli-
fier are not particularly relevant for this applicaéion and will not dbe
_discussed here. The choice of these amplifiers was based on their improved
noise characteristics compared to previous systems.
| A Goulding-Landis particle identifiér36 was used to generate a
signal spproximately proportional to MZ2 of the detected particle. This
signal was then used to route the total energy signals into different
'i02h—channel groups of & Nuclear Data analyzer. After each run the ana-
lyzer memory was dumped onto magnetic tape by a PDP-5 computer. Final
data analysié.was done using the SCC-660 and CDC-6600 computers.
The overall dead’time of the system was conveniently measured by
using a pulse generator whichvinjects_charge directly into the preamp.
By appropriate choices of Aﬁ 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 abo&e 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 factér of 10 or 100) then it goes into thé préamp at a

rate proportional to the actual beam intensity, the seme as the real
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signals do. Thus, it suffers thé same probability for getting "lost" as
the real signals. The dead time correction can be éasily obtained by
comparing the total number of pulser triggers (recorded in a scaler)
with the number of pulser counts actually stored in ﬁhe analyzer:

- L pulser triggers
L pulser signals stored

c

This factor multiplies the obéerved number of events stored in the ana-
lyzer to give the actual number of events'required for cross section
calculations.
L, vTargeté

The solid targets used in these experiments were self-supporting
metal foils which were prepared by evaporation. The materials Weré
obtained from the Stable Isotopes Division of Oak Ridge National Laboratory.
Target compositions are summariied in Table I. The th target consisted
of natural nitrogen (99.6% th) 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 Abundance
(mg/cn?) | (At. %) |

90Zr 9er 922r 9th 96Zr
90z, 0.20 97.8  0.95 0.65 0.k9 <0.1
Ngr 0.30 495 91.85 2.51  0.62  0.07
92y, 0.40 2,86 1.29 94.57 1.15 0.1k
by, 0.25 2,08  0.69 0.92 96.07 0.2k

Mo Target

92Mo 9hMo 95Mo 96Mo 97Mo 98Mo lOOMo

20 0.30 98.27 0.46 0.37 0.26 0.13 0.27 0.25




PP

B. Heavy lon Reactions

1. Beam Optics

The heavy ion experiments described in this paper made use of
the new magnetic spectrometer system at the 88-inéh cyclotron.37 The
optics layout described in Sec. IT-Al is esgentially the same as the one
used here up to the last bending magnet (see Fig. 1). For the specfro-
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
chambef. This arrangement allows data to.be taken at very forward angles
(9¢¥_10°)- The object and image slit widths of the beém 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 o particles.) The beaﬁ
resolution, AE/E, is thus expected to be about 0.1%. Typical currents

£ 16

0 0 in the Faraday cup (measured in the 8+ charge state after passing

throﬁgh the target) ranged from 0.1 - 0.5 pA.

Due to the fact that the analyzing slits AS3A1 and ASLl were
replaced subsequent to the light ion experiments, the validity of the
previously mentioned energy calibration3l is uncertain. The beam energy
measurement based on the old calibration gives E(160) = 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 36" scattering chamber (Sec. II-A2). The target ladder holds up to



six target frames, one of which contains an Al plate for viewing the

3
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 tﬁis latter
monitor was generally at a rather back angle (40-50°) and thus had a
very low counting rate. The targéts-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 .gcattering angles
spanning 110° to be covered. By rotating the scattering chamber itself
it is easy to changé 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 thé 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
mechanicaily to the motion of the spectromefer. 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 O-ring slightly.)
For this reason certain precautions, such as closing v'a.lves' 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 draﬁing 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 11h.5°; Table II lists
the general properties of the system. The spectrometer is rotated by
inflating air ﬁads undér the structure so that it can be moved with a
small motor near the outsidevedge. '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 scatteriﬁg chamber mounted at the center of rotation.

There are séveral 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,2
which have g non-normal exit as well as entry angle. The effects of

edge-focusing have been discussed by Enge;38v
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The original design of the spectrometer™™ 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 common

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 cm
Radius : ' 1.65 ; 1.90 m
Focal plane lengtﬁ _ 55 cm
Vertical acceptance . ‘ - 100 mrad
Radial acceptance 20 mrad
Solid angle (maximum) : 2 msr.
Energy range | 30%
Mass-energy product v 270 MeV - amu
Dispersion 3.3-k42m
Radial magnification 0.33 - 0.40
Vertical magnification | L.t
Angular range (total) ‘ - +125 to -180°
Angular range +15 to 125°
(ext. Faraday cup) -55 to -165°
Angle of incidence on focal plane -11 to +10°
Resolving power'%ﬁ-at AQ ? 1 msr - 3;000.

Maximum resolving power 10,000
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~angle 8 with respect to normal entry, the width of the position signal
ié broadened roughly by an amount t X tan 6, where t is the counter
thickness. For large angles this might easily be the limiting factor

in the position reéolution.) To accoﬁplish this "rotation" of the focal
surface a negative radius of curvature (f = -0.8 m) was used at the exit
of the sector magnet.

There are severai 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 intensify
is low. The solid angle.used here was sbout 0.9 msr, compared with 0.1
msr for the detector experiments described above (Sec. II-A3). However,
at high beam energies the slopes of apgular distributions aré often quite
steep. This makes a large acceptance angle in the scattering plane
undesirable. The ﬁroblem is avoided here by using a large vertical .
adcéptance.angle while keeping the angle iﬁ the scattering plane small.
The angles aré defined by horizontal and vertical slits located about
63 cm from the target. During these experiments a horizontal gap of
0.7 cm and a vertical gap of 5.1 cm were uéed, corresponding to horizontal
and vertical acceptance angles df,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 aﬁd "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 focusihg 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 onevproposed by Enge)40 except that
here the quadrupole is not the only vertically focusing element. One
drawback in-thié technique is that the largé vertical size of the beam
makes 2nd-order effects important to the resolution. In this case the

39

calculations indicate~” that the most important 2nd-order term is
connected with the angular divergence (yo')g. The sextupole, which.has
no first—ordervpropertieshl.(i.e., it is a drift space in first order),
is adjusted to correct for this térm;

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 heavyvion currénts 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 qompensation"). These

compenéation techniques havé been discussed in detail by Hendrié.h?

The
changé ip focal length required for kinematic compensation is given
approximately by:

AL = -KMDl
where M and D are the magnification and dispersion of the spectrometer
and K is a kinematic factor which describes the amount of‘D0ppler

~broadening. Specifically,

K =

idp
p 4o
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For the'9OZr(160,15N)9le‘(g.s.) reaction at 104 MeV, K=0.08 at 25° and
(using average parameters from Table II)

~(0.08) (-0.365) (3.75x10)
11 cm.

AL

The kinematic compensation will introduce a rotation as well as a dis-
placement of the focal plané since AL 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, makés‘the spectrometer a very powerful means
of studying_heaxy ibn reactibns. 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-sehsitive detector used in conjunction with the
spectrometer is of the Borkowski-Kopp design-h3 It consists of a pro-
portional counter 1 cm deep with anodes made from high-resistance carbon-
coated quartz wirés.hh The vertical magnifiéation 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
anglevof thée system. Similarly, the dispersion of the magnet implies
a totai focal plane length (assuming a 30% energy range) of nearly 60 cm.
With these facts in mind, the countér was designed with 6 resistive wires,
45 cm long, mounted vertically in the focal plane 1 cm apart.. The detector,

shown in Figs. 8 and 9, is mounted on a movable tabie 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 cm. If more range is
‘required for the compensation, spacérs can be added to extend the dis-
tance between the bellow; and the magnet exit. |

‘The counter was normally run'at a pressure of 0.2 atm with a
mixture of 93% Ar and T% CHh' Gas flows through the counter continuously
and is evacuated by a small mechanical pump on the exit side., The gas
pressure is controlled by avregulator on the inlet side., Both sides of
.the detector have pressu;e—intérlocked solenoid valves which isolate it
from the gas inlet and reliéf pump in casé 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 sensitivé.area for. the detector (which is essential
for AE/AX 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 1s necessary
to have the preamps close to the wires to minimize the extra capacitance.hs’h6
For this reason the first stage of each preamp is located inside the
detector housing, where if is connected direcﬁly to the wire. Details of
the construction of the counter and preamps as well aé recent improvements
in their operation may be found in Ref. L4T7.

The counter system used here has an additional feature not found

L3,k5,46

on other versions of the device. Behind the rear aluminized-mylar

INY
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electrode there is é.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,vfour signals are obtained froﬁvthe 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 coﬁnting area, some
of the logic is done at the détector. Thé signals from the right and
left preamps go through (separate) mixers so that only two proportional
counter signals ("right" and "left") heed be sent to the counting room.
Additionally, a rouﬁing signal is coded which provides informstion on
which wire detected thé event. A routing output is not generated unless
the sum of the two préamp pulses exceeds a threshold which is set remotely
from the counting room. The routing signal is given as a 3-digit binary
number (i.e., three signals; "M, "2", and "L4" are sent to the counting
area) which corresponds to a number from O to 7. If a single wire detects

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

A route T 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 T are not stored by the computer but
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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 first7512—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
hefe. The right and left préamp signals from the proportional counter
are used both fof position and AE/AX information. The position informa-
tion comes from s measurement of the risetime difference between the
signals ét the two ends of a wire. The difference in risetime is due
to the fact that the coﬁnter can be viewed as a distributed RC integrator.h3
(The resistance is that of the‘central wire and the'capacitance is between
the wire and the high-voltage électrodes. In our case we have R = 8kQ}/mm
and C ﬂ’10°2pf/mm.) The risetime measurement is performed by first shaping
the preamp signals with high-rate amplifiers (see Sec. II-A3) having
8 us 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 ps is used for the stop signal
t0 insure that it is always pfeceded by a start signal. For the system
illustrated in Fig. 10, the TAC output is proportional to Bp, i.e., a
lérge Bp gives a large TAC signal and vicé versa. Typical resolution

for the (;60,15N) data was about 4 mm or 200 keV.
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- The AE/AX signal is obtained by summing the right and left preamp
outputs and then sheping the signal with a'high—rate amplifier having
a 16 us peaking time. The purpose of the long time-constant is to obtain
a signal which isvessentially independent of position. Typical AE/AX
resolution was about 10%.
| The signal from the last dynode of the phototube serves to define
a real evenf when in coincidence with the signal from the proportional
counter (Coinc. I). Originally, it was hoped to obtain energy infor-
mation from this signal. For highly ionizing particles, it was expected
that the-light output from the scintillétor would be saturated and that
a signal depending on path length (or range) woﬁld result. However, it
turns out that the response is actﬁaliy reasonably linear with energy
for 12C and 160 ion‘s.)“8 Unfortunately, the resolution obtained for l60
ions (R, 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 $ignal in order to avoid confusion with the AE/AX signal, which
is often referfed 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.ahd T is the cyclotron period. In principlé this introduces

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

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

-
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anode signals were uéed as start pulses for the TAC, the output is inverted,
i.e., it corresponds to "1-TOF". This was modified in the computer by
storing the signal as C' = 4095-C, where "C" is the channel number obtained
from the h096—channel ADC. The resolution of the TOF signal was generally
about 5 ns. This was completely dependect on the cyclotronbtuning since
a second phototube looking at Yy rays from the target aiways 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 ﬁs and putting them into linear gates:
The gates are opened simultaneously after all coincidence requirements
are satisfied (Coinc. III) and the signals are sent to the multiplexer
cnd ADC. The lcngths of the stretched signals are chosen such that all
of them are still presentvwhen 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 iong time-constants of the position and AE/AX amplifiers. These
count-rate problems, couplcd 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 sccle-down system based on a coincidence between position
and time-of—fligﬁt is évailable. (Scale-down factors of from 2 to 100
are provided.) This at least minimizes the writing time of the computer

and eliminates unnecessary sections of data tapes having nearly 100%
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elastic events. Of course, this does nothing to improve the pile-up
effects which determine the basic limitatibn.

During a run, data are taken on-line by the SCC-660 computer.
The raw daté are written on a binary magnetic tape for final data ana; | .
lysis. At'the same time, singles spectra of position, TOF, AE/AX, Qnd
range,'and 2-dimensional spectra.of range vs. position, TOF vs. position,
AE/AX vs. position, and TOF vgs. AE/AX are accumulated, and can be indi-
vidually displayedvon a Tekfronix 611 storage scope. While the computer
is writing on tape it is unable to store data. For this reason a gating
signal is geherated which turns off the ADC, analyzers, and scalers while
-the tépe is beiﬁg writﬁen. The monitor counters, however, are connected
to duplicate scalers, one gated and one ungated. The ratio of these two:
scalers gives the Wfiting dead time of the system and is used to correct
the stored spectre for this effect. Position spectra of the 6 individual
wires are also stored in the computer. This is necessary because the
wire spectfa are slightly non-linear and the non-linearities of different
wire spectra are not identical. (This non-linearity problem has been
observed previously.h6) Sample two-dimensional spectra are shown in
Figs. 11-13. |

5. Targets

The targets used for these experiments are the same as those listed
. o3 .

Ve

in Table I, with two exceptions: A natural “~“Nb target 150 ug/cm2 thick
;.2

was used in the heavy ion work and a new, thinner 92Mo target, 150_ug/cm .

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 2%%r witn 104 Mev 200 at 6,= 25°. The M/q value for
each band of particles is indicated at the right of the figure.
The lowest band is mainly 120(6+), the middle band is lsN(7+)
and 150('{+), and the uppér band is mainly l60(7+). The slope
is due to the 10% change i; 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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III. DATA REDUCTION

A. o 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

the program'DERTAG.3h

This program does‘a least-squares fit to both
single and multiple peaks with either Gaussian‘or asymﬁetric (Gaussian +
exponential tail) peak shapes. ' The program is also capable of removing
a smooth background from thé spectrum. All of the actioné of the pro-
gram are displayed on a scope so that the user can eqsily détermine whe-
ther or not the résults are satisfactory. The output from this program
consists of centroids, intégrals, and widths for the fitted peaks.

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

LORNA.3h

This program génerates a calibration curve based on the cen-
"troids of known input peaks, taking into account enérgy losses in the
target or othér absorbers and also possible shifts between data taken
in different runs. The program then examines unknown peaks and ébtains
" excitation énergies 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 bgen entered. The inte-

34 which

grated cross sections are obtained from a third program, FISH,
also generates plots of the angular distributions.

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

calculated according to the formula

Yo
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For a solid target, the geometry factor is

_ -7 [z - M
G = 2,660 x 10 [?575—] cos 8, | (2)
For a gas target, the target thickness, t, is a function of the scatter-
ing angle. Geometrical considerations give:3h
) 3
t=pXxTXx10 (3a)
; W. . (l + L. /L )
=§ M 1 172 x 103 (3b)

- X =
o+ (T+273) = sin 6
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:

. R ,
. Z x (T + 273) x sin 8 0
G = 2.660 x 107" [ X - ] (4)
| AQ-P+W, +(1 + L /L,) 103
where RO is the ideal gas constant.
Fér P in Torr,
_ L b emS-Torr
‘ RO = 6.2365 x ;0 mole - deg (5)
and | ' :
= -5 | Z - (T + 273) sin 6
G = 1.659 x 10 [AQ'P‘W {1+ L /L )] , (6)
1 1727 -
The symbols used above and their units are:
J =

Jacobian for laboratory to center of mass transformation

=
1l

Number of counts

Number of ﬁCoulombs

e}
[}

[« »]
]

Laboratory scattering angle (deg.)
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Target anglé (dég.)

Atomic weight of target (g/mole)

Charge state of incidént béam after passing through the target
Taréet thickness (mg/cme)

A/R2 = Detector solid angle |

Gas targét dénsify (g/cm3)

Effective length of gas target (cm)

Distance from gas target center to target thickness defining slit

(cm)

R - Ll = Distance from L, to detector collimator (em) -

‘Width of target thickness defining slit (cm)

Gas targét préssure (Torr)

Ideal gas cons£ant = 6.2365 x 10h (cm3. Torr/mole * deg.)
Gas targét températuré (°c)

Distance of détector collimator from target (cm)

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 TOF + oP

corrected
and

AE/AX = AE/AX + BP

corrected
where "P" is the position sigﬁal. For the data reported here a correction’
factor o = 0.165 was used.- Normall& B = 0 was sufficient to set gates in
AE/AX spectra. A corrected time-of-flight vs. position spectrum is shown
in Fig. 1k,

Measurement of the four signals (position, TOF, AE/AX, raﬁge) 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-dimensidnal plots of various parameters. Non-relativistically

we have
Position = Bp « ”;—l (1)
1 _
TOF = _ (2)
and

2
AE/AX“ZQ-(I\E—'I-)n“Z—— ©(3)



46—

RECORD 500
0SITIO

i-2.28

-2.l14

-2.0

TOFcor rected

Position |
XBB726-329!A

Fig. 1k, Corrected time-of-flight ¥s. position spectrum obtained from the
bombardment of 9OZr with 104 MeV l60 at 62= 25°. The method of

correction is described in the text. (See caption to Fig. 11.)
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where, for heavy.ions in thié energy range, n =~ 1/2, Thus, a plot of
- TOF Xér pbsition'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/q) x (1/P) and, at constant values of P, theAgroups 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 AE/AX vs. position. This
separates particles accordihg to 22. (Again, think of P as the independent
variable and AE/AX becomes {(M/q) X (Z2/P). For a given value of M/q this
- gives, at constant P, groups which differ in Z?.)

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 AE/AX vs. position
or TOF vs. AE/AX épectrum. Finally, the data tape is read in a third time
and the gatéd singles position spectra (of the separate wires) can be
transferred to‘a magnétic 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 tor
5 nucleon transfer) in energy steps up to 10 MeV of excitation energy.
It.calculates Bp, AE/AX, 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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Haeving obtained a set of 6 gated individual wi?e spectra, there
remains the problem of merging them. The technique adopted makes use
of a calibration done with & well-collimated o-source. The calibration
was obtained by moving the source across the detector in 1 cm steps.
This method meésures position along the wire unambiguously, since it ié
independent of any possible line-shape abnormalities at the focal surface.
The results of this calibration were fit with least-squares polyncmiéls
which give "true position" oﬁ each wire as a function of ADC channel
number (see Ref. 4T). A éecond 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.
Howéver, it was found that a constant shift was required because corre-
sponding curves were often displaced ffom one another. (This is due to
a curved line shape atltheifocal surface caused.by aberrations in the
magnetic field.) For this reason the mérging routine first converts each
of‘the gated individual wire spectra to absolute position by means of
the o-source calibration and then (optionally) shifts them to conform
to the absolute positioﬁ of a specific peak in one wire. Then the wires
can be added with essentially no loss in resolution. After beihg 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

k9

obtained from optical model prediétions. (A separate normalization of
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the elastic scattering runs yielded a curve in good sgreement 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 inéident beam was taken to be 7.8,
corresponding to about 85% 8+ and 15% T+ 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. .

% _ J.G.N!
B == (%)

where N' is the corrected number of counts and do 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 correspdnding

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

‘charge to observed UC (from the current integrator) was quite constant

for the sét. Howevef, the ratio did change somewhat from angle to angle,
which suggests that either the efficiency of the Faraday cup or the targét
thickness was not constant. Since the ratio did 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

scattered 160 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 couid'be partly due to the targets béiﬁg thinner than
expected, Howe&er, the 30% diécfepancy éppeared with all targets and

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

In calculating cross sections it: is necessary to know the rela-
tive charge state intensities of the heavy ions. During theée experi-
.ments, the ratio l60(84*)/160(‘7+) was measured on one target (93Nb) and
the ratio 150(8+)/150(7-'I'-) was obtained for 93Nb, 92Mo,_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

Northeliffe: 0
€ = 137 B/Z = 137 V/cZ S (5a)
- I <
RZ/Z—l = 0.365 8. o (exs2) | (55)
= 0.3 "3 (e 2)
- b |
Bp1/z-2 = 6 i (5¢)
Rpeolz3 = 2 € (52)
where V is the ion velocity and Z is its atomic number. For example,
93

Nb gives € = 1.99 and, from eq. (5b),
93Nb(160,150) :

the elastic scattering on
R8/7 = 5,8, while the observed ratio is 5.9. Similarly, for
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 92Mo(l60,150) results are also given
160’15

approximately by eq. (5b), but for the 9OZr( 0) data at 25° a sub-
stantial disagreement exists because the observed ratio (K,B) is larger

than expected. Since the integrated cross section ratio for the
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90, (16 15 )91Zr.(g}s.) reaction, about 6.4, agrees reasonably with

15

(5b), it is likely that some ~~0 was lost in setting the computer

gates (see above) for the 25° run.

If do are the ("uncorrected") cross sections for the (160,15N)

(16 150) reactions, calculated by ignoring charge state corrections

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

are

16
a0(*n) = M2 a0 (M)  (Ta)
x(+2)
and
| 1 (60) 1
as(*0) = X~37——- ao_ ( 20) ()
x( 20) -

. where X is the fraction of particles in the highest charge state. For
-heavy ions of the velocities encountered here,
R - .
~ D) 2-1 :
X7 f,R . (8)
Z/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)

(15 _
1.04 R8/7( 0) (9a)

and

7/6(151\1) = 1,89 R8/7(150) (9v)
If we assume that eqs. (9a) and (9b) are valid for all targets we obtain

do(lsN)

o.9u'aou(1sn) | (108)

and

do(lso) dou(lso) | | (10b)



-9

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 féw percént 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 giien from the
NMR freqﬁency by

B = 0.234885 VR | | (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.



IV. EXPERIMENTAL RESULTS

A. (a,t) Reactions

1. Selection Rules

The general assumptions made in dealing with single-nucleon
transfer reactions are that the states formed are those in which one
parficle is coupled to the undisturbed target ground state,19 and that

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

s > -

tht +I. > > ltht Jf] (1)

and
Ry |

me = (=) m, 4 (2)
-where

T=1+172 : (3)
Generally the targets studied are even-even and have Jggt = 0. 1In this

case the selection rules can be simplified to

Jp = | , | : , (%)

and

m = () | | (5)

2. %r(a,t)"m

Since the previously reported level energies from 9oZr(3He,d)9le

1,2,k,6 indicate substantial discrepancies, they were remeasured.

experiments
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 90Zr(3He,d)9le is assigned
excitation energies of 3.360 * 0.010,2 3.395 % 0.015,l and 3.410 * O.OlO6

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

l60(a,t)17F reaction, -19.2136 MeV, was taken from published tables.51

-However, recent results from various réactions leading to 91Nb give
conflicting values for the mass excess of that nucleus.

A 9OZr(3He,d)9le experiment6 gives a Q-value‘of -0.227.1 0.020
MeV, which agrées with the value obtained from the Mass Tablé of Mattauch,

52

Thiele, and Wépstra. On the other hand, two recent measurements of

the 2 7r(p,n) Wb reaction give Q = -2.045 * 0.006 MeV’> and

Q = -2.0388 £ 0.003L MeV,Sh vhich correspond to a F1Nb mass excess
52

differing from the previous value

9

by about +120 keV, The mass excess

of le determined here comes from the relative Q?values of the

9OZr(a,t)9le and 9er(a,t)92Nb reactions, which were observed simul-

Mgy target containing about 5% 90,

91

taneously (see Sec. IV-A6) with a

impurity. The energy calibration of the “~Zr(o,t) data (using the 17F(g.s.)

and the 92Nb(g.s.) as a function of angle, with Q-values from Ref. 51)

gives a difference in Q-values of 680 t 25 keV between the 9OZr(a,t)9le
91 55

and Zr(a,t)ger reactions. In a similar measurement Ball and Cates

found a difference in (3He,d) Q-values for the two isotopes of 677 * T

keV, which agrees very well with the (a,t) result.

9

The change in the le mass excess ihdicated by the (a,t) data

(and the (3He,d) data of Ball and Catesss) is about +98 keV, which is

slightly less than the valué of +120 keV required by the 9er(p,n)9le

53,54 9

data. This discrepancy could be due to errors in the lZr(a,t) and

91

9er(3He,d) Q—valuesSl since the results from the Zr target are
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measured relative to these. However, the (o,t) calibration is also

)93

consistent with the position of the 92Zr(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
90 91 . 56 . _

the Q-value of the Zr(p,Y)” Nb reaction” yielded Q = 5.167 £ 0.005

9

" MeV, which gives a %o mass excess in agreement with the (0,t) results.
Thus while there still appears to be a small inconsistency, it seems
- 90, .3 91, ' , o 6 .
clear that the 7 Zr( He,d)” Nb Q-value measured by Knopfle et al. is
incorrect. A summary of the relevant Q-values is given in Table III.
The 90Zr(a,t)9le Q-value used in this analysis is -14.6L43 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 ~1L.665

)91Nb results.53

MeV which would be inferred from the 9er(p,n The exci-
tatioﬁ energies of 91Nb states observed in this work are given in Table

IV. The results agree, in.general, with those of Vourvopoulos g&_gl.,z
and indicafe that the excitation energies reported by Picard and Bassanil
and KnSpfle gg!g;.6rare somewhat too high. Since the method of calibra-
iion used here gives excitation energies that depend on the choice of
90Zr(a,t)9le Qevaiue, the érrors gquoted in Téble IV reflect an uncertainty
of ¥ 27 keV in the Q-value used in the analysis. Due, to the high level

91

density in “"Nb 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

56

in 9er(p,ny),57 may correspond to a state observed by Rauch” at



Table III. Summary of Q-values for Reactions Relating to’9le.-

Reaction Measured Q-value Published Q—valuea 91Nb masé excessb
(MeV) (MeV) - | (MeV) -

70 (3te ,a)%2m0 — o 0.358 t 0.011 | —
P ge(a,t)9%m - | ~13.963 £ 0.011 —
912r(p,n}9lmb _2.045 * 0.006° £1.925 + 0.060 . -86.630 * 0.008
| " - -2.0388  0.0034% - L -86.636 * 0.006
9 (p,y)7 5,167 '+ 0.005° 5.269 * 0.060 -86.6L48 + 0.006
90Zr(3He,d)9le -0.227 % 0.020% ’ -0.225 + 0.060 -86.748 £ 0.020

" -0.319 * 0.013% " -86.656 + 0.0k
9OZr(a,t)9le ~14,643 i‘o.oz7h -1L4,545 £ 0.060 -86.652 + 0.027

_95_

®Paken from Ref. Si, which uses & mass excess for S Wb (from Ref.»52) of -86.750 £ 0.060 MeV.
bCalcula.ted from the difference between the meassured and published Q-values.

°Ref. 53. dRef. 5h. . ®Ref. 56. TRet. 6.

gRelative fo the Qer(3He,d)92Nb Q~-value listed &gbove. The Q-value difference‘is fromyRef. 55
(see text).

'hRelative to the ngr(a,t)92Nb Q-value listed above (see text).
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Table IV. Levels Observed in the “ “Zr(a,t)” Nb Reaction at 50 MeV.
’(3He,d) | Mo (g.s.) Decay
Levels b Levels c a 2 4 e
No. Observed Intensity Obgerved ? L c’s Levels Observed
{MeV) (mb) (MeV) I 4 (MeV)
1 0.0 3.LL1 0.0 ok 0.918 -—-
2 (0.103)F 0.1k 0.103 1 0.430
3 1.29 0.038% 1.31 | 1 0.0k488
1.581
I 1.60 0.073 1.60 1 0.078h 1.637
' 1.791
g h
5 1.82 0.069 1.84 3 0.058
6 1.95 + .04 Weak 1.96 o 0.014"
7 2,30 0.043% 2.3% 1 0.017"
8 2,39 £ .03 Weak ' (2.391)9
9 2.53 0.032% 2,531
10 2.61 0.023k 2.62“ Weak2 2.631
11 2.77 0.012" 2.792
12 2.90 0.07TL 2.922 Weal™

(continued)



Table IV (continuéd)

(a,t) (3He,d) 9lMo (g.s.) Decay
Levels b Levels c.d a 2 d » e
No. Observed Intensity Observed™* L cs Levels Observed
(MeV) (mb) (MeV) P (MeV)
13 3.01 ~ 0.036" 3.028
| 3.07 | 2 0.035
1k 3.12 £ .0k Weak 3.11 } | | 3.1k9
3.187
15 3.37 0.218 3.36, 2 0.388
16 3.65 .0k 0.027" 3.66 ) oh 0.023"
| 3.837
3.886
3.92" Weak” 3.916
3.95}
13.99)
b1 0 0.055
17 %.18 0.107 4.18 (2) 0.020 4.179
%.23 - (2) 0.008

. (continued)

_gg_



Table IV (continued)

 {o,t) (3He,d) Mo (g.s.) Decay
: " " Levels Levels d '
No. Observed® Intensity® Observed®*d g @ c’s Levels Observed:
| (MeV) (mb) (MeV) P (MeV)
k.30 | 2 0.023
439 0 0.160
L.h9 2 0.0L43
k.61 2 0.013
| 4,70 2 0.033
18 L.77 £ .03 0.2328 4,77 4 0.343 .
| h.eo}
. L.85
19 4.89 + .03 0.0968 4.90
h.95} (0) 0.055
| k.99
20 5.02 * .03 Weak 5.0L o 0.0k40
21 5.14 + .03  0.067h 5.17 (0) . 0.080
5.24 2 0.133

" (continued)



Table. IV (continued)

(a;t) _ (3He,d) o (g.é.) Decay
Levels a 3 .b Levels R a 5 d e
No. Observed Intensity Observed™? ') cs Levels Observed
(MeV) (mb) (MeV) P (MeV)
22 5.34 * ,03 Weak 5.33 0 0.090
| 5.k 2 © 0.165
5.57 (0) 0.035
5.6L : 0 ro.o6o
5.7k 0 . 0.020
5.80 0. 0.120
5.86 0 ~ 0.0k5
23  5.95% .05 (0.1)° | 6.01 L 0.500
2l 6.09 t .05 Weak 6.09 - 2 0.075
6.17 2 o.io3
6.215% (4)" Weak"™

SExcitation energy * 20 keV except as noted. The Q-value for the reaction was assumed to be -14.6L43
" MeV. (See text.%y

bIntegrated from Sc n.- 12.5 to 57° except as noted.

(continued)



Table IV (continﬁed)

cExcitation energy * 15 keV. _ ‘ : ; :
dTal;en from Ref. 2 exceﬁt as noted. All & = 2 levels up to 5.4 MeV are assumed d5/2' All £ = & .
1evéls ekcept g.s. are assumed g7/2. . | -

£

s

eTaken from Ref. 10. Only those levels believed to be populated in the g.s. (9/2+) decay aré

included. All energies * 1 keV or less. The upper limit for the decay is about L.k MeV.
) - . . <

'fﬁot.resolved.

€Integrated from 8, . = 12.5 to 52°.
hTaken from Ref. 4. All £ = 1 levels except 0.103 MeV are assumed p3/2.» The 1.85 MeV level‘is

..'[9.. :

assumed f °
. ~ .

= 12,5 to 36.5°.
‘ - .

lIntegrated from'ec
JThe existence of this level was uncertain.

kIntegra.ted from ec _ 12.5 to 32°,

2Taken from Ref. 1.

mInfegrated from Bc .= 12.5 to 42°,

BTaken from Ref. 6.
oObserved at only 3 angles. The average differential cross sectibn ratio to the 4.179 MeV level

(v 0.9) was used in obtaining the intensity.
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3.365 f 0.010 MeV in the 0Zr(p,y) reaction. If so, this would confirm
the result of Vourvopoulos et al .2 and the (d,t) calibration obtained
here. :

A triton spectrum of the 9OZr(a,t)9le reaction at 50 MeV and
8, = 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 resoiution was worse, z’_100 keV (FWHM). Since, within the limitations
of the poorer resolution, the 65 MeV data are véry similar to the data

.obtainéd at 50 MeV, only the lower energy results will be discussed in
detail.] The 39/2 ground state is a factor of 15 more intense than any
other single level in the spectrum. In the 90Zr(3He,d)9le data at 30.9
Mth the ground state has only about ﬁalf the intensity of the 3.36 MeV
£ = 2 level. Based on (3He,d) spectroscopic factors,a’6 the strength of
the ground state indicates that 09/2+/07/2+ ~ 5 for the (a,t) reagtibnf

Figures 16 and 1T 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 £ = 4 (g.s.) and £ = 2 (3.37 MeV) cﬁrves, displéyed in Figs.
16 and 17, respectively, is the forward-angle behavior: The £ = 2 curve
tends to flatten out near 10°, while the £ = 4 curve is much steeper. The
4,77 MeV level, assigned & = L by.the (3He,d) reaction,2’6 also shows a

very steep angular distribution at forward angles‘(see Fig. lé). The 4.18
MeV level, whose angular distribution is shown in both Figs. 16 and 17,

has been assigned2’6 £ = 2 (the % value is bracketed in Ref. 2). The

‘o
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Fig. 15. Triton energy spectrum from the 9oZr(a,t)9le reaction at 62= 30°.
The peak numbers correspond to -excitation enérgies given in Table

IVQ
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Fig. 16. Angular distributions of tritons from the QOZf(a,t)gle reaction
~ leading to the 0.0, 4.18, and L4.77 MeV levels. Statistical
errors are shown for each point. The curves have no theoretical

significance.



-65-~

1.0 - T T T T 7 T T ] ]
"~ ou 3.37 MeV .
N °07r (a,t)?'Nb ]
! E,=50 Mev  _
= 0.k _
~ o ’
a N ]
£ - 4.18 MeV -
~ }_ X -

ol i
Tl 7
0.01} _
- .

{ i 1 L1 L

S : I :
O 10 20 30} 40 50 60 70 80 90
8. . (deg)
» XBL713-3113

Fig. 17. Angular distributions of tritons from the 9OZr(a,t)9le
- reaction leading to the 3.37 and 4.18 MeV levels. . Statistical
errors are shown for each point. - The curves have no theoreti-

cal significance.
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(a,t) angular distribution agrees better with the £ = 4 curves, although
the differences are very slight.
Also in contradiction with the £ = 2 assignment of the L4.18 MeV
level is the strength of the state in the (o,t) reaction. The spectrq- -
scopic factors given for this level predict it to be weaker than the
3.37 MeV state by a factor of between 14 (Ref. 6) and 20 (Ref. 2), while
the relative cross sections of the levels seen in the (a,t) data (see
Table IV) differ only by a factor of 2. (This is also true of the 65
MeV data, where 0(3.37)/0(k4.18) is again about 2.) Thus, the 4.18 MeV
level is between T and 10 times too strong to be consistent with thg L =2

2,6

spectroscopic factors of previous work. This discrepancy seems rather

58

large since it has been verified” that (a,t) spectroscopic factors are
generally the same.as those obtained from (3ﬁe,d) experiments (within
abdut a factor of 2).

Additional evidence for the existence of a higﬁ—spin state in
this regioh comes from.a recent study of the B decay of 91Mo,10 which
indicates a weak level at 4.179 * 0.001 MeV. A summary of the levels
observed in the B decay is included in Table IV. §Since no intensity
was measured for the y decay of the 4.179 MeV level, it is not possible
to distinguish between an allowed and a first-forbidden electron capture
decay. For an allowed decay, final spins of 7/2+, 9/2%, and ll/2f are
possible, while for a first-forbidden transition 5/2°, T/2”, 9/2 , 11/2°,
or 13/2° states arevpermitted. Shell model.considerations rule out the 3;

+ - -
11/2°, 9/2°, and 13/2 possibilities, since the level is strongly populated

in proton transfer. A 5/2° assignment seems unlikely because the 4.179
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MeV state is observed to decay only to the 9/_2+ ground state.lo 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 93_91357) A T7/27 level strongly popu~

lated with the (a,t) reaction would presumably be an f
3

7/2 proton-hole

He) experiments in this mass region3’59

state, However, in the available (4,

no f hole states were observed., The remaining choices, 7/2+, 9/2+,

T/2
and 11/2_ are all equally consistent with the f-decay results.

In the excitation energy region between 2.5 and 3 MeV there are
several levels observed in (a,t) which appear either Weaklyl’6 or not at

2,k in the (3He,d) data. The many levels which are populated by both

all
reactions meke 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, appesr in the °0%Zr(a,t)” Wb

spectra because they are high angular momentum transitions. States con-

taining small amplitudes of, say, g9/2, g7/2, or h strength would have

11/2
- larger cross sections in (o,t) than (3He,d) because the (o,t) reaction has
the best momentum matching for £ = 4 and 5 transitions. Of the seven levels
éeep in the (d,t) data between 2.30 and 3.01 MeV, only the 2.90 MeV level
was not observed in the 91Mo(9/2+) 8 decay.lo This supports the contention
that these levels are hiéh—spin'stames having at least some single-particie
amplitude.

The 4.89 MeV level observed in the {o,t) experiment corresponds to

an unassigned doublet at 4.85 and 4.90 MeV in Ref. 2. A level at 4,912 MeV

' was observed in a lower-energy experiment6 and assigned % = 2. The {o,t) -
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angular distribution of the 4.89 MeV level (not shown) corresponds more
closely td the % = 4 shape and the strength of the stéte 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 thev
3.37 MeV level of 1/16 inétead of the observed intensity ratio of 1/2.3.
Thus , thé 4.89 MeV level is about T times stronger than its £ = 2 ﬁssignmént

would indicate. The 91Mo(g.s.) B decay can only populate 91

Nb levels up
to about 4.4 MeV so it provides no additional information about the 4.89
MeV state. A

The intensity of the (a,t) level at 5.1L4 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 speﬁtroscopic 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 the =4 level near 6 MeV in
the (a,t) data is rather low compared with the spectroscopic factors from
(3He,d).2’6 Knopfle 93_94,6 show a cross section ratio o(6.04)/0(4.82) = 2,

~while the data reported here give 0(5.95)/0(k.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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' The 2.13 MeV level was assigned & = 3 (f

| 3. 92Mo(a,t)93Tc

A triton spectrum of the 92Mo(a,t)93Tc reaction at 50 MeV and

6, = 15° is shown in Fig. 18. The resolution is 55 keV (FWHM). The

intensity'of:the ground state (é9/2) is again much greater than that of

any other level in the spectrum. A summary of the leveis obéerved in the

92 o(a,t)93Tc reaction, compared with the 92Mo( He ,d) resultst?’ is given
in Table V. The spectra were calibrated using the 17F(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,l’5

with very few exceptions.

The largest energy discrepancy occurs for{the (0,t) level at
3.10 ¥ 0.02 MeV, which may correspond to‘the‘(SHe,d) state observed at
3.17 & 0.02% and 3.1h7 x 0.0155 MeV. Two recent studies of the 92Mo(d,n)

reaction have also indicated a state in this region at 3.21 % 0.0260

and 3.17 MeV.6l This level has been a851gned5 61

= 2. However, the
% = 2 spectroscopic factor for the 3.147 MeV level is only 1/23 that of
the 3.343 MeV level,5 while the (o,t) intensity ratio, 0(3.10)/0(3.36),

is about l/k. 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 2.1k MeV levels, both weakly populated in ( 3He »d)

are relatlvely stronger in (o,t), whlch ‘indicates high spin assignments.

60,61

Neither of these states was observed in the 92Mo(d,n) experiments.

) in Ref. 5, in agreement with

5/2°
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"Fig. 18. Triton energy spectrum from the 92Mo(a,t)93Tc reaction at

61= 15°. The peak numbers correspond to excitation energies

given in Table V.
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Taeble V. Levels Observed in the 92Mo(a,t)93Tc Reaction at 50 MeV.

(a,t) (3He ,a)® © (Ceja)?
Levels o o , Levels 5 © Levels ‘ 5 e -
No. Observed Intensity Observed L C’S Observed 2 cS
(MeV) (mb) (MeV) P (Mev) . - P
1 0.0 - 3,709 0.0 4 0.67 0.0 4 0.50
2 0.39 0.118  0.390%.010 1 0.30 0.396%.005 '1 0.28
3 0.68 0.0k40 - 0.660%.020 Weak (0.66) ~ - Weak
L 1.18 0.019 1.190£.015 1  0.03,0.01  1.21 £.020 1  0.034,0.015
5 1.ko%,03" 0.037_
6 1.51 0.0k4 1.500%.015 1 0.10,0.04 1.500%.010 1 0.12, 0.052
1.78 0.055% . 1.780.020 1 0.12,0.05 1.788£2010 1 0.11, 0.048
8 2.1k 0.097 2.130%.020 Weak 2,134,015 3 0.045°%
9 2.5§t.oh_ 0.082 2.565£.020 2 - 0.04,0.02  2.556t.015 2 p;ojf?g.ql9'
10 3.10 0.091 :
- 3.170t.020  (2) 31475005 2 0.034,0.018
11 3.36 0.390 3.360%.020 2 '0.78,0.38 3.343%,015 2 0.78, 0.41
12 3.58 0.06k | “ o
13 3.91 0.2h5 3.910%,020 2 0.09,0.05 3.89 £.020 (2) (0.11, 0.66)

(continued)
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Table V (continued)

(3tte ,a)® Gy’
Levels Levels Levels s &
- No. Observed Intensity Observed 2 Observed 2 c™s
(MeV) (mb ) (MeV) P (MeV) P
4,110,020 (0) 4.09 £,030 0 0.23
1 hast.oh o.059T
15 bi3r 0.1927 4.3 k.39 £.0k0
16 b7 0.066"
17 4.67.03 0.07t
18 b.77¢.03 0.087 L. 79 L.76 £,030
19' 4.90 '0.1661 k.92 L.88 +.030
5.02 | |
20 5.20+.03 0.097" 5.18 5.170£.015 1 0.23, 0.083
5.33 '5,302¢,015 2 0.059,0.032
5.9 5.50 *.040 (2) (0.051,0.028)
5.65 5.64 t.0k40 2 0.035,0.019
21 6.01;.03 0.16" 5.98 £.040  (5) (0.079)
22 6.17%.03 0.17" 6.2k *,0ko

(continued)
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Tgble V (continued)

(a,t) | (3He,a)® " (3e,a)?
_ Levels g  Levels ' ; é e Levels’ s e
No-. Observed Intensity Observed L c™s Observed = £ s
| (MeV) (mb) (Mev) P (MeV) P
23 6.hh*.04 0.11"

%Teken from Ref. 1. No spectroscopic information is given for levels above L4.110 MeV.
bTaken from Ref. 5.
CExcitation energy ¥ 20 keV, except as noted.

dIntegfated from Gc:m = 12.5 to 57° except as noted.

®¥hen two values are listed the first corresponds to j = & - 1/2, the second to § =& + 1/2.

fIritegrated from Gc . 12.5 to 52°.
&) a '
As d f .
sumed fg o, | _
hIntegrated from 6, = 12.5 to 36.5°.

lIntegrated»from ec m =,15.5-to 52°. -

P ,
Assumed hll/2‘

_EL-
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its stronger population in (a,t). The 0.68 MeV ievel, which is quite
wesk even in (a,t), might correspond to a 7/2+ levei calculated to lie
at about 0.7 MeV in 93Tc.7_9 Populationvof thié level, which is mainly
a (w39/2)$/2+ configuration, would indicate some mixing with the ﬂg7/2
'single—particle state. V

In the 92Mo(a,t)93Tc data,-as was the case for 9oZr(a,t)9le
(see Sec. IV~A2), there is one level, at 3.91 MeV, whose strength is
inconsistent with the £ = 2 assignment from the (3He,d) reaction.t
[The 3.89 MeV level is also given a tentative £ = 2 assignment in Ref. 5,
although it does not have a typical £ = 2 angular distribution. This
mey be an indication thét there exist two closely spaced levels at this

p

energy, bﬁt Kozub and Youngblood” found no combination of two & 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 (& = L); it does not appear to flatten out
at forward angles as does the 3.36 MeV levei in 93Tc (and the 3.37 MeV

91Nb). As mentioned above, this difference in angular distri-

level in
butions is very.slight and would certainly not allow a determination of
the £ transfer by itself. The spectroscopic féctors for this level from
the (3He,d) experimentsl’5 predict it to be weaker than the 3.36 MeV
level by a factor of about T, while the ratio of (a,t) cross sections is
about 1.6. The 3.91 MeV level observed in the 92Mo(a,t) data is, there-
fore, about U4 times too stroné to be consistent with the £ = 2 assign-
ment of previous work. A level in this region was also observed in the

60
92Mo(d,n) experiments., The 3.95 MeV level reported by Bommer gg_gg:f
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Fig. 19. Angular distributions of tritons from the 92Mo(u,t)93Tc
reaction leading to the 0.0, 3.91, L4.37, and 4.90 MeV levels.
Statistical errors are shown for each point. The curves

have no theoretical significance.
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‘theoretical significance.
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3, while the 3.90 MeV level seen by Riley gﬁ_gl,6l

was assigned £

was given an £ = 0 assignment. It seems clear, therefore, that the
£ = 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. (o,t) than (3He.,d).l’5 Thus , they may be
populated by.l > 2 transfers, .The angular distributioﬁs of the.h,37
and 4.90 MeV states (Fig. 19) are similar to that of the & = 4 ground
state transition. Moreover, Vourvopoulos §§_§1,2 found £ = kU levels

91

at about this energy in “"Nb.

The 5.98 MeV level seen in Ref. 5 probably corresponds to the

multiplet at 6.01 MeV in the (o,t) data. The tentative £ = 5 assign-

>

ment made by Kozub and Youngblood” 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 d5/2

analog state at 8.4 MeV, which corresponds to a splitting between T> and

T centroids of about L.T MeV for the d

<
92Mo(d,p)93Mo experiment562’63

configuration. Recent

5/2

show the existence of an h neutron

11/2
level at 2.30 MeV. Assuming the same splitting between T> and T< states

for the h configuration would then give 6.0 MeV as the expected

11/2
location of the T £ =5 levels. The predicted &7/ 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

data. The data of Vourvopoulos gﬁ_g&,z indicate that the T, - T_

splitting is about 1 MeV larger for the g7/2 states than it is for the

9 93

d states in le and a similar difference in “~Tc would predict a

5/2
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g7/2 centroid in reasonable agreement with the observed strong levels

in 93Tc between 3.9 and 4.9 MeV.

L, 92Zr(a,t)93mb

92 )93

A triton spectrum of the ““Zr(a,t)”’”Nb reaction is shown in

Fig. 21. The resolution is 50 keV full width at half meximum (FWHM).

As was true for the 90Zr(a,t)9le reaction (Sec. IV-A2), the spectrum

is domiqated by.the 89/2 ground state (level 1). (Based on the 90Zr(u,t)
dafa, the‘unresolved pl/2 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 92

Zr(3He,d)ll and Coulomb excitation.'? The excita~-
tion energies from (dgt) agree, in general, with those from the (3He,d)
reaction.

The 1.08 MeV £ = L4 level is populated about 1/20 as strongly as
the ground stafe, in égreement with the spectroscopic factors measured
b& Cates, Ball, and Newman.h The 1.29 MeV ievel, however, is too strong
to be the & = 1 level assigned in Ref. 4. Rogers gE_gé:l2 observed a
level at 1.295 MeV which agreed equally well with either a 7/2+ or 9/2°
assignment. More recentiy, Stelson gﬁ_§;36h investigated the Coulomb

93

excitation of “~Nb with o particles and 160 ions and obtained a tenta-

o+
tive 9/2 state at 1.297 MeV. The strength of the (o,t) state seen here

tends to confirm the Coulomb excitation za.ssignmentslz’@1l

'93Nb. The angular distributions of the 0.0, 1.08,

of a high-spin
state at 1.29 MeV in
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 E-dependence

of (a,t)'angular distributions is not very pronounced.
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Fig. 21, Triton energy spectrum from the 92Zr(a,t)93Nb reaction at

%
given in Table VI.

§ = 20°, The pesk numbers correspond to excitation -energies
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Table VI. . Levels Observed in the 92Zr(a,t)93Nb'Reaction at 50 MeV.

(a,t) (3He,d)a Coulomb Excitationb
Levels a Levels P 5 Levels -
No. Observed Intensity O'bservede ' L c's Observed® J
(MeV) (mb ) (MeV) : P (MeV)
1 0.0 2.672 0.0 4 0.79 0.0 g9/2*
0.029+0,005 1 0.53 0.028‘ 1/2”
2 0.69 0.079 0.685 1 0.07
0.742 7/2%
0.808 3/2" \
=
3 0.80%0.03 0.070 0.807 2 0.06 0.809 5/2% 1
4 0.95 0.064"% 0.952 13/2*
1 0.97 *0.01 1 0.006 0.980 9/2*
5 1.08 0.14k 1.08 ¥ 0.0b 1.080 7/2%
6 1.29 0.30k 1.29 1 0.05 1.295 (7/2%,9/27)
1.33 (2) (0.0k) 1.337 (17/2%)
7 1.37£0.03 Weak
1.L65 (3/2%,5/27)
1.h92  (9/2%,11/2%,13/2%)

(continued)



Teble VI (continued)

(a,t) (3He,d)a Coulomb Excitation®
Levels o - a4 Levels e £ 5 Levels g -
No. Observed Intensity Observed 2 cS Observed J
(MeV) (mb) (Mev) P (MeV)
1,507  (9/2%,11/2%,13/2%)
1.528 |
8 1.57+0.03 0.028 1.57 1 0.02 c
9 1.67 0.055 1.66 2 0.008
1.71 2 Ao.oo6 ég
10 2.00%0.03 0.021%
11 2.15%0.03 0.125 2.18 2 0.03
12 2.30} (0.087 2.3 2 0.03
2.36 {
13 2.48%0.03 0.089 2.52 ~(0)
1L 2.59%0.03 0.038 - 2.59 2 0.02
15 2.81 0.067
16 2.98 0.0919
17 3.15 0.054

(continued)



Taeble VI (continued)

(a,t) (3e,a)® Coulomb Excitation®
No. o§:Z§$zd Intensity® O%ZZii:de o % O%:Zii:d J"
(MeV) (mb) (MeV) p (MeV)

18 3.50 0.066
19 3.72£0.03 0.038*
20 3.84£0.03 0.044*
21 h.23 0.072i
22 L, 3k 'o.oh3i
23 4.6 0.120%
24 4.56 0.080*

(4.65) -
25 | 4,70£0.03 0.067i
26 4.81£0.03 0.084%
27 5.00£0.03 0.066*
28 5.34%0.0k 0.071:'L
29 5.49%0.04 _—

(éontinued)
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Table VI (continued)

8Ref. k.

PRer. 12.
CExcitation energy * 20 keV except as noted.

dIntegrated from 0
c.m

sille

= 12.5 to 52.2° except as noted.

®Excitation energy ¥ 15 keV except as noted.
fAll £ = 1 transitions assumed P3/o except for 0.029 MeV, All £ = 2 transitions assumed d
2 = 4 transitions assumed 8y /2"

€Excitation energy t 2 keV,

hIntegrated from 6 15.7 to 52.2°.

12.5 to 36.7°.

lIntegrated from 0
‘ c.m

.

12.5 to 47.1°.

: JIntegra.ted from Gc

5/2°

All
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In the 2Mo(a,t Te experiment (Sec. IV-A3) a group of strong
levels was observed.at an excitation energy of about 6 MeV. A 92Mo(3He,d)
e‘xperiment5 indicated a poséible L = 5 assignment for one of these levels.
A similar group of levels occurs in the 922r(a,t)93Nb data at about 4.5
MeV'(seg 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 % values from these data.

9k

5. 2'7r(a,t)’Nb

A triton spectrum of the 9th(a,t)95Nb reaction is shown in Fig. 23.
The resolution is 50 keV FWHM. A sumﬁary of the 95Nb levels observed
in this work is given ih Table VII, along with the results of the B-decayll
and 9th(3He,d)h experiments. The éxcitation energies obtained here agree
well with those reported by Cates, Ball, and Newman.%

Information on the pair of 7/2% states at 72L4.23 and 756.7L4 keV
-observed by Brahmavar and Ha.miltonll was, unfortunately, impossible to ob-
“tain from the data. The 0.T4 and 0,82 MeV levels (both assigned £ = 1 in
Ref. 4) are not adequately resolved in the spectra (see Fig. 23) and the
"doublet also contains a contribution from the 922r(a,t)93Nb(g.s.) peak
due to an isotopic impurity in the target. The existence of an L =1
level at 0.77 MeV was also reported in the 96Mo(d;3He) experiment of
Ohnuma and fntéma,3 in agreement with the 9th(3He,d) reSults.h The
intensities of both the 0.74 and 0.82 MeV levelé appear somewhat large
compared to the 0.25 MeV state based on the £ = 1 spectroscopic factors

of Ref. 4. However, in view of the experimental problems it is difficult

to know whether this discrepancy is real.
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Fig. 23. Triton energy spectrum from the 9th(a,t)95Nb reaction at

62'= 20°. The peak numbers correspond to excitation energies

given in Table VII.



Tsble VII. Levels Observed in the M r(0,t)°Nb Reaction at 50 MeV.
(o,t) (3He,d)a' 95Zr Deca,yb
Levels | d Levels ¢ 5 Levels T
No. Observed Intensity Observed~ '3 cs Observed dJd
(MeV) (mb) (MeV) P (MeV) -
1 0.0 2.540 0.0 4 0.86 0.0 9/2*
2 0.25 | 0.081 0.26 1 0.34 0.23470 1/2”
3 0.7h 0.104 0.73 1 0.0k5 0.72423 (1/2)"
| 0.7567h (1/2)"
4 0.82 0.103 0.80 1 0.077
5 1.00 0.038 0.99 3 0.030
| 1.20 1 0.022
6 1.27 0.198 1.26 (3,1)
7 '1.h3 0.05L4
8 1.65 0.139"
9 1.72 o.o79t
10 1.81} 0.15
1.90 {
11 2.10 0.212

(continued)
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Table VII (continued)

(a,t) (3He ,a)® 952r Decay®
Levels | ' a Levels £ _p Levels -
No. Observed Intensity Observed L cs Observed® J
(MeV) (mb) (MeV) P (MeV)

12 2,42 0.090

13 2.54 0.023

14 - 2.66 0.0327

15 2.79 0.0307

16 2.92 0.036 |
17 3.11 0.062" 8
18 3.51 0.035F

19 3.90 | 0.0737

20 4.05 0.0419 -

21 | 4.16 0.057J

22 h.36 0.125
23 4,52 0.1147J

2h L.61 0.0609

25 %.83 0.102

(continued)



Table VII (continued)

(a,t) (3He,a)® 9521 Decay®
‘ Levels _ a Levels e £ 5 Levels o
No. Observed Intensity Observed ') c™s Observed® J
(MeV) (mb) (MeV) P (MeV) '
: L
26 5.20 0.068
28 5.77 -
®Ref. k.
bRef. 1.

cExcitation energy £ 20 keV except as noted.

dIntegfated from ©
c.m

= 12.5 to 52.1° except as noted.

®Excitation energy * 15 keV.

gExc.itation energy ¥ 0.2 keV or less.

hCorrected for

90

lIntegrated from ec

JIntegrated from ©
c.m

zr(o,t

)9

Nb (g.s.) impurity.
15.7 to 52.1°,

12.5 to 33.6°.

-fAll £ = 1 levels except 0.26 MeV assumed p3/2. The 0,99 MeV level assumed f5/2.

" (continued)
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Table VII

(continued)

kIntegrated from ec p.= 12.5 to 26.1°,

'Q'Integrated from 6

0= 12.5 to 31.y°.

=06~
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The level observed in the data at 1,00 MeV dppears to be populated
relatively more strongly than was true for the (3He,d) experiment, which
is consistent with the £ = 3 assignments made in Refs. 3 and k4.

9th(3He,d) data,h at 1.26 MeV,

The highest level reported in the
was believed to be a high angular momentum (& = 3, h) 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)9le(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 esngular distribution of the 1.65 MeV level has been corrected for
the presence of 91Nb(g.s.) tritons.

Figure 23 shows a group of fairly strong excited states at about
4.5 MeV in 9Nb. The strength of these levels in the (o,t) reaction

suggests a high angular momentum assignment, although no definite &

value can be assigned from these data.

6. ur(a,t)%m

This data corresponds to that mentioned in Sec. IV-A2. A triton
spectrum of the 91Zr(a,t)92Nb reaction at 62 = 15° is shown in Fig. 25.
Thé resolution is 65 keV FWHM. The spectrum is dominated by the multi-
plet of levels whose configuration is predOminantly65 (1rg9/2,\)d5/2 ot s 7

i.e., by the capture of a g9/2 proton. Insofar as this simple picture

is correct, two results are required: the cross sections of the states

+,
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levels. The so0lid 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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. Fig. 25. Triton energy spectrum from the 9er(a,t)92Nb reaction at

62= 15°. The peak numbers correspond to excitation energies

~given in Tseble IX.
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should be propértional to (2Jf+ 1) and the total (a,t) strength of the
multiplet should be the same as that for the g9/2 ground state of 91Nb.
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

90 )91

program (Sec. III-A). The similarity to the 7 Zr(a,t)” Nb (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

93N'b(d,tY‘)92Nb experiment of Bhatia, Daehnick, and Canada65

91,.(3 55

and the

He ,d) results of Ball and Cates.
The absolute target thicknesses (and therefore absolute cross sec-—

tions) are not well known, but a check on the relatife thicknesses of the

9 91Zr targets is possible due to the appearance of the QOZr(a,t)gle

9

OZr and

(g.s.) peek as an impurity in the er(a,t) spectra. Since the integrated

cross section for this impurity peak is only about 6% higher than that ob-
90

tained from the Zr target (using the nominal target thicknesses given in

9 91

Table I), it is possible to compare the OZr(u,t) and 7 Zr(o,t) cross sec-

tions directly. The total integrated cross section of the five levels (from

90

] = 15.7 to 57.4°) is 2.4 mb. The cross section for the Zr(a,t)gle

c.m

(g.s.) reaction (with the 902 target) over the same angular range is 2.7
mb. The agreement indicates that this multiplet does, in fact, contain most
of the Wg9/2 strength.

A list of the levels observed in the 91Zr(a,t)92

Nb reaction is
given in Table IX, along with the 91Zr($He,d)92Nb results.h 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 £ = 1 in the (3He,d)
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Angular distributions of tritons from the 91Zr(oc,t)921\l'b
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

90Zr(a,t)9le

(g.s.) reaction from Fig. 16. Statistical errors are

shown for each point.
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Table VIII. (2Jf + 1) Dependence of the (ng9/2, vds/e)

Multiplet in the 91Zr(a,t)92Nb Reaction.

C

Level® Jga ® R Ratio®
(MeV) (mb) (mb)

0.0 'l 0.590 0.236 1.00

0.135 ot 0.190 | 0.228 0.97

0.285 3* 0.255 0.219 0.93

0.356 5t 0.h92 0.269 1.1k

o.h78} y* - 0.899 0.245 1.0k

0.498 6+ {

®Taken from Ref. 65.

bIntegrated from ec p= 15.7 to 57.4°,

C
(2Ji + 1) 6o

Oy = (27, + 1) x 0= (27, + 1)

dRelative to ground state reduced cross section.
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-97T=
. Table IX. Levels Observed in the 91Zr(a,t)92Nb Reaction at 50 MeV.
| (0yt) , (3He,a)®
Levels c Levels 5
No. Observed Intensity Observed L c’s
(MeV) (mb) (MeV) P
1 0.0 0.590 0.0 b 0.15
2 0.1k 6.190 0.130 * 0.005 Y 0.7k
0.225 1 0.0
3 0.28 0.255 0.285 4 0.81
4 0.36 0.492 0.350 4 0.67
0.388 1 0.3h
5 0.49 0.899 0.478 b 1.00
0.503 4 0.91
6 1.10 0.017d 1.09 £ 0.01. 1
1.32 1
T 1.k0 0.059 1.h2 1
8 1.63 0.055 1.64 1
1.67 1
.1.72 1
9 1.83 0.046°
10 2.h9 0.o44¥
11 2.80 0.038°
12 2.94 0.032%
13 3.36 —
14 3.53 0.0258
15 3.66 0.060%
16 —

4.83 + 0.10 -

(continued)
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Table IX (continued)

(a,t) (3He,a)®
Levels c Levels 5
No. Observed . Intensity Observed L c's
(MeV) (mb) (MeV) P
17 4.93 £ 0.10 -—
18 © 5.21 % 0.10 -

BRef. L.

bExcitation energies ¥ 20 keV except as noted.

cIntegrated from 6
c.m

dIntegrated from 6 15.7 to 36.5°.

. .

®Integrated from 0, . = 15.7 to 52.3°.

fIntegrated from Gc 15.7 to 47.1°.

&Integrated from o 15.7 to 31.hk°.

. 3

15.7 to 57.4° except as noted.
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'work.h Wesk levels at these énergies were also reported in the 93Nb(d,t)
65 | |

reaction, but both were assigned £ = 0 transitions. Since the neutron
pickup and proton stripping reactions would not, in geﬁeral, be expected
to populate the same levels, the discrepancy is probably due t§ the for-
mation of different states.

A weak groué of levels appears at sbout 3.5 MeV in both the (o,t)
and (3He,d) data, which would be consistent with the formation of a‘
[91Nb(3-37 MeV) ® vd5/2] multiplet at this energy. A similar group of
levels at about 5 MeV wﬁich is populated rather strongly in (o,t) might
be associated with a 91Nb(h.77 MeV) © vds/%] multiplet. Both multiplets

would be expected based on the strong states observed in the 90Zr(a,t)9le

reaction (see Sec. IV-A2).
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B. (a,d) Reactions

l. Selection Rules

The general selection rules for two-nucleon stripping reactions

are:19
= = - J

Toge * 9 >0 /-ltht Jfl (1)

and ‘ ' e
‘ L.+ %

o 17 2, L+ 8

m.=(-) m,o= (=) m (2)
where

> 3 > > > :

=g, +J,=L+5 (3)

For light projectiles the relative motion is assumed to be pure s-state

(i.e., 2 = 0), in which case

L
M= (=), : ()

In the case of the (0,d) reaction, the overlap integral between
the o particle and deuteron requires that the transferred pair have S = 1
and T = O and equation.(3) becomes |

F=T+1 (5)

= o*, egs. (1) and

' m
For (o,d) reactions on even-even targets, where tht

(2) can be further simplified to

> > >
Jf =L+ 1 (6)

and

= ()& (1)

2, _th(a,d)16o

th(

A deuteron spectrum of the a,d)l60 reaction at 4O MeV and 0,= 10°

, £
is shown in Fig. 27. The resolution is 66 keV (FWHM) for the narrow states
16

of 0. ©Since a biased amplifier was used to look selectively at the high
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excitation energy region of 160, the ground state does not appéar‘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_

15

observed ™™ triplet still appear as single stateé. However, a new state

15

at 15.80 MeV, which was unresolved in the earlier work, is now visible.
The excitation energies determined from this work for the strongest states
are 1bk.4o % o.o3, 1h.82 t 0.03, and 16.2h * 0.04 Mev.

Angular distributions for the triplet from Gc . - 12.9 to 57.7°

14,15,17 the

are shown in Fig. 28. As was observed in the earlier work,
angular diétributions are rather structureless and decrease almost ex-
ponentially with angle. The ;ntegrated cross sections for these states
(from ec.m. = 12.9 to 57.7°), after background subtraction, are 1.52,
2.90, and 1.91 mb. 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 ét five angles. The values for rc.m. (with the experimental
resolution subtracted in qﬁadrature) 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 1L4.L40 MeV state, whose width is small compared with the
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Fig. 28, Angular distributions of deuterons from the a,d)160
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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Table X. Widths of Levels Observed in ;hN(a,d)l60 Compared
with Previously Measured Nearby T=0 Level Widths.

This Work Previously Measured®
B I‘cmb By cm
(MeV) (keV) (MeV) (keV)
14.40 % 0,03 30 % 30 1k, ko <30°
1k, 72 400
14.82 t 0.03 69 t 30 14,81 40-60,60%,67%,53°
1k, 85 75
15.42 60
15.7 525
15.80 + 0.0k (60) 15.8 ~300-400, ~ hof, <80°
16.24 £ 0,0k 125 £ 50 16.2 3208
16.30 360"
16.h41 60
17.10 110
17.17 £ 0.0k (70) 17.14 ~ gof >t

aTaken from Ref. 25 unless otherwise noted.

bWith experimental resolution (= 75 keV) subtracted in quadrature.

CRefr. 81.

dRef. 82.

®Ref. 83.

£

Ref. 95.

EThis value was changed from that in Ref. 25 by Ref. T3.

hRef. 76

This state is possibly a T=1 analog to the l6N(1+.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 l60. The problem of background subtraction was most severe
for the 16.24 MeV state, since it has a lerge width and, at backward angles,
the peak'shape was poorly defined.

The selectivity of the (0.,d) reaction in populating the various
final states in 160 is indicated by Fig. 27. Aside from the triplet of
étatgs at lh.h0; 14.82, and 16.24 MeV, the only other strongly populated
states are those at 8.87 and 11.09 MeV. At backward engles 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 ﬁomentum 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

w
f

Since the maximum angular momentum transfer for placing two nucleons in the

the resultvthat selection rules allow L = 2 for all values of J_ except 0.

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

19

of nuclear structure. In the notation of Glendenning, 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 (0,d) reaction. This implies that the final states in

160 wvhich are preferentially populated should be those described as 1lp-1ih
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Table XI. Comparison of 160 (T=0) Levels Observed in

lhl\l(oc,d)l60 with Those Reported Previously.

Levels Observeda LevelsT;geviously Jﬂb Intensityc
'Reported?
(MeV * keV) (MeV) (mb)
__a 0.0 - of
| 6.050 o*
6.13 6.131 3" 0.78%
6.92 6.919 ot : Weak
T.12 7.119 1" Weak
8.87 8.872 ' 2= 0.62
9.597 1
9.85 9.8L7 | 2" 0.10
10.35 10.353 : yt 0.16
10.952 0~
11.080 3t
11.09 11.096 yt 1.01
11.26 ot
11.52 11.521 | : ot 0.2k
11.63 3~
12,05 * 30 12.053 o+f 0.08%
12. 44 1
12.53 12,528 2~ 0.27

Mainlf]
T=1

{continued)
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s

Table XI (continued)

' Lévels Observed® LevelsT;geviously Jﬂb Intensityc
Reportedb
(MeV % keV) (MeV) (mb)

13.869 yt

(1h.o)h 13.978 2=

1k.40 £ 30 14,39 | 1.52
k.61 ‘even
1k, 781 (o*,17)%

14.82 + 30 14.81 6* 2.90
14.85% |
1kh,922 ut
15.22 27
15.26 2"
15.42 37,17
15.7" 31

15.80 £ ko 15.792 0.259

16.24 = 4o 16.23 6t 1.91
16.3 (0-)
16.%07 ot

, 17.10" (17,2%,00)
17.17 £ ko 17.17 2t 0.k5
| 17.30 1~

(continued)
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Table XI (continued)

fa11 energies * 15 keV unless otherwise specified,

bInformation is taken from F. Ajzenberg-Selove, Energy Levels of Light
Nuclei, Nucl. Phys. A166, 1 (1971) and Ref. Tt unless otherwise noted.
CIntegrated cross section from ec.m.= 12.9 to 57.7° except as noted.
dThé ground state was not observed due to the experimental conditions.
eIntegratgd from ec

fRef. T2.

= 30.5 to 54.3°,

€Integrated from ec p,= 12.7 to 49.9°,

Beontains contaminant peak due to the 16O(oc,d)lsF reaction.
‘Ref. 25.

JIntegrated from Gc p.= 13:0 to 45.1°,




or 2p-2h with respect to the l60 core, since the target wave function66 is
about 93% (p;?2)1+. It has been suggested for some time that certain
states in l60 exhibit a rotational band structure25’67 based on the 6.05
MeV 0% state. This result has been reproduced with various calcula-

68-71 involving a mixture of hp-bh and 2p-2h configurations in a

tions
deformed basis. The nature of the lowest.even~parity band is belie?ed to
be mainly hp—hh.7o’71 Clearly such states should ﬁot be strongly popu-

lated in a two-nucleon transfer reaction on a target having only ébout a

.. ' 66
7% mixture of 2p-Uh configurations in its ground state.

These data are consistent with the interpretation that the 160
states assigned to the rotational band have a dominant 4p-bh configuration.
As can be seen in Fig. 27, the 6.92 and 10.35 MeV states, 2% and 4*, re-
spectively, are both populated rather weakly. The angular distribution for
the 10;35 MeV ;evel 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 previouslylh’17

in (a,d) reactions leading to weakly populated final states. The angular
distriﬁution of the 6.92 MeV level could not be extracted since it was
obscured by the pulser at most angles. At those anglesvwhére 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 Lp-Lh states (or to that of

T2

the other excited Q+ state'“ at 12.05 MeV), it would probably not be visi-

ble next to the much stronger 3~ level. On this basis, strong population
. o5

of the Up-kh 6% state observed in the a-120 resonance work ~ seems highly

unlikely.
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25,73

The a—lZC resonance experiment yields & width for the 16.2

MeV 67 state of =320 %90 keV. This is to be compared with a

value from this work of I~ =125 50 keV for the 16.2h MeV level,

In contrast to the large width quoted for the 16.2 MeV kLp-kh 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 o widths. For
example, the 12,05 MeV 0+ level is unbound by nearly 5 MeV and yet it shows
up as a very weak O resonance with a measured width of only 1.5 % 0.5
keV,72 while the 10.35 MeV yt state, which is a member of the Up-bh

Th

rotational band, has a width of 27 * 8 keV'  for a lower energy L = L
o decay. The O+ level, however, is believed to be the predominantly
2p-2h member of the triplet of 0% states arising from a mixture of Op-Oh,

2p-2h, and p-bh states,

and thus has a configuration which overlaps
poorly With[?QC + 0]. 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 0 state in (a,d) is about L times larger than that
of the 4* state, in spite of the expected preferencé for the 4t state
based on the kinematics argument given above. It would seem, therefore,
that the large width and the strong O resonance characteristic of the
16.2 MeV level observed by Carter, Mitchell, and Da,visg5 do suggest a
dominant Up-bh configuration for that state.

Another way of comparing the large states observed in the

1k
N(a,d)lGO reaction with levels of hp-Uh configuration is to look at

the results of the four-nucleon transfer reactions leading to 160. These
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should preferentially populate kp-bh states if the reaction mechanism
16 75 78

corresponds to & direct a-particle transfer. The - C( Li,d)”

120( Li t)l6 T1-T9 gna 12 (12 8B )160, . reactions have all been reported

75,76

by various groups. The C( Li,d) reactlon shows strong population

of the 10.35 MeV h+ level as well as large cross sections for states at

about 14,4, 14.8, and 16.3 MeV. The 12c(7

78,79

Li,t) results are essentially

identical, showing strong population of the 10.35 MeV state and

broad structure at 1L4-15 and 16.2 MeV. The 12c(12 8

Be) data, while
hampered by poor resolution, éive results in agreement with those of the
lithium-induced reactions, the strongest states asppearing at 10.3k4,
14,67, 16.27 Mev.8°
The interpretatien of these results, of course, requires some
knowledge of the reaction mechanism. In the case of d—particle transfer
the final states expected would be only natural parity, T = 0 levels,
although in either_reaction the seiection rules aliow formation of un-
' natural parity states, and in the (7Li,t) reaction T = 1 levels are also
allowed. Bethge 23_34377 have made a careful comparison of both reactions
and conclude that, while the (6Li,d) reaction seems to have some compound-

l20(7L:'L,1;) reaction, at least at 20 MeV, can

nucleus contributions, the
be interpreted as an O-particle transfer reaction. It appears that the
strongest states observed in both reactions can be understood in terms
of o-particle transfer. This allows population of np-nh states in 160,
where 0Sn<k, assumlng the 20 ground state is mainly Op-hh.'

A comparison of the N(a,d)l60 data with the above results

indicates that both the four- and two-particle trenSfer reactions show

strength for states at about 14.5 and 16.3 MeV. The level near 16.3 MeV
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‘appears broad in the four-nucleon transfer data. A precise measurement

76

of the excitation energy and width of this state made by Bassani et al.

yielded E = 16.304 £ 0.02 MeV and Pc = 360 * 4O keV. These values

agree with the original a—lzc resonance measurement of Carter, Mitchell,

2513 ana disagree with the values obtained from the lhN(oc,d)

data reported here. Recently the th(d,d) experiment was repeated at

and Da.vis,2

30 MeV by Lowe and Barnett.81 Their results for the triplet of strong

states are: 14.h00 % 0.003 MeV (rc n. S 30 keV), 14,815 + 0.002 MeV

(T = 60 * 12 keV), and 16.214 * 0,015 MeV (T = 96 ¥ 16 keV).
c.m, . c.m.

This latter value tends to confirm the belief that there are two distinct
25,75-80

states in this region, one of which is the broad state of 4p-lbh naxufe,
and the other of which is a 2p-2h state whose dominant configuration is
[th(1+) + (d5/2)§%].

The fact that thé four-nucleon transfer reactions appear to populate
the states at 14.k and 14.8 MeV which are observed in the (0,d) reaction
.may indicate that four-nucleon transfer reaétions can populate both states
in the 16.2 MeV region, while the th(a,d) reaction is able to strongly
poﬁulate only the 2p-2h level. The 14.82 MeV state, which is the strongest

1h

state in the ~ N(a,d) data, has been observed recently in the a-12¢ resonance

82,83

reaction and assigned a spin of 6*. Both the excitation energy and

width of the state seen in the resonance experiménts agree with the

th(a,d)160 resultsls’81 (see Table X). The state which appears to be "miss- '
ing" in the a-lzc.resonance.data is the one at 14.40 MeV in the (0,d) data. .
84

Evidence for an unnatural parityvassignment was obtained by Artemov et al.

who studied the o decay of the strong states formed in th(a,d). They
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observed no decay of the 1L.40 MeV state to the 12C (g.s.) while the’
14.82 and 16.2k MeV states were seen to decay with equal probability to
both the ground and first excited state of 120. The absence of a ground
. ' 1h .+ 2

state o decay argues strongly for the assignment of N(17) + (d5/2)5+ 5+
' - ‘s , 12 6. . T5,76
to the 14.40 MeV state. It is interesting that the ~~C( Li,d) reaction
appears to strongly populate this state, since an unnatural parity state"
wduld be forbidden in a direct a-transfer reaction.

The expectation of a triplet of l60 states with the configuration
[?hN(l+) + (d5/2)§+]vh+,5+,6+ is based on the systematics of the (a,dé

1

reaction in this mass region. On evén-even targets such as 120 and ~0 the
(d5/2)§+ state was always the most strongly populated in the (a,d) data.lh’l5
Additional support for interpreting the 14,40, 14.82, and 16.2h MeV states

as members of this.triplet cdmes from the shell.model calculations of Zuker,
" Buck, and McGrory85 (referred to hefeafter as ZBM). ZBM perform a complete
diagonalization in the space‘of up to four particles in the lpl/é’

14 , and 2s. orbitals and predict the existence of very pure (2195%)
5/2 1/ ,

2
6% and 5+ states of.the above configuraﬁion which.essentially do not mix
with the Up-Uh levels. The purity of these states is very insemsitive to
changes in‘either the matrix elementé or the single~pafticle energies ﬁsed_
in the calculation. Basea 6n the ﬁatrix element set B in Ref. 85, the
states are predicted at 13.4 aﬁd lh.h_MeV, with the 6+>being lower. This
ordering is also more or less independent of the choice qf matrix elements
and single-particle engrgies, although adjustments in these quantities do-

alter the predicted excitation energies and splitting somewhat. The exis~-

. tence of a nearby hp-bh 6% state; containing less than 1% admixture of
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2p-2h configuration,'is also predicted by this model. The fact that the
Lp-Uh state is calculated to lie at 16.9 MeV (again using matrix element
.gset B) is consistent with the interpretation by Carter, Mitchell, and

25 that the 16.2 MeV 6" resonance is a Lp-kh state.

Davis
The situation for the it state is, unfortunately, not so clearcut.
The ZBM results predict appreciable mixing of this state, both with L4p-kh
components and with other 2p-2h configurations. There are two h+ states
(referred to as hgvand hz in.ZBM) expected to carfy the major part of the
(d5/2)§+ strength. The results from matrix element set B indicate that
the (®,d) strength would go mainly to the upper, hz, state at an excita-
tion_ehergy of 15.8 MeV. However, this prediction is sensitive to the
choice of matrix elements; since thé wave functions for h; and hz essen-
: tiélly interchange in going to matrix elgment set Al, with the result that
the lower &' level now becomes the (expected) stronger (a,d) transition.
The results'for the h+ level would also be less certaih than those for the

+ +
5 and 6 levels if there are any effects due to the omission of the d

)

3/2

orbital, since a small amount of (d + could alter the expected strengths

2
3/2°3

of the various U¥ levels.
The reduced cross sections for the 14.40, 1L4.82, and 16.24 MeV

states, after dividing by [(27.+ 1)/(2tht+ 1)], are 0.51, 0.67, and 0.52

+

. . . + +
mb, respectively. This is based on a spin sequence 4 , 6 , 5 , since the

} . > > »
observed cross sections are 01h.82 016.2& °1h.ho' The spin sequence

predicted from the ZBM m0ae1®’ for the [th(1+) + (d5/2)§
5t, 4*, in order of increasing excitation energy. However, the evidence

82,83 and

+] triplet is 6%,

presented above implies that the 14.82 MeV level is a 6% state

the 14.40 MeV level is an unnatural parity (and presumsbly, therefore,
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5*) stza:l;e..sl‘l Thus, the 16.24 MeV level should be a 4* state if the strong
(q,d) states are interpreted as a (d5/2)2 triplet. The "expérimental"
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 érocess wﬁich change
the observed cross sections by significant amounts. Within thg framework
of fhe 7ZBM calculation, however, it ié difficult to change the ordering
of the 6% and 5+ statés, siﬁce ,- a8 mentioned above, the purity and ordering
of.the levéls sre essentially independent of the adjustable parameters in
the model. As yet there is no explanation for this anomaly, unless the
identification of the strong L'N(a,d) states as a [th(l+)+(d5/2)§{]h+’5+’6+
triplet is itself incorrect.

The other strong positive parity peak observed in this reaction is
the 11.09 MeV doubiet.v These states, at 11.080 and 11.094 MeV, were both

Th

observed in the th(BHe,P) reaction, = and the lower member was assigned

T _+

J = 3" in the th(3He,pyy) reaction.86 ‘The upper member was seen in the

T2

lzC(a,ao)lQC reaction'”™ and assigned J"= 4+ with a width Fc =0.3% 0.1

kevV, A peak at this energy has also been observed in almost all other

87 15 88

stripping reactions leading to 160, including lSN(3He,d), N(o,t),

th(3He,p),89 13c(6Li,t),9° 120(6Li,d),75 12C(7Li,t),91 and 12c(lzc,BBe).80

The lhl\I(OL,d) results, as well as those from 12C(6Li,d), 12C(7Li,t), and
l3C(6Li,t), indicate that it is mainiy the upper‘member of the doublet which
is being populated (based on the observed peask energy). A pfecise measure-
- ment of the energy of this staté by Lowe and Barnett,81 also using»the’
: 1hN(a,d) reaction, gives E = 11.094 £ 0;003 Mev which confirms that it is

the 4* which appears in the (o,d) data.
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The ZBM calculations predict a pair of levels with JTT = 3+, L+
. + +
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
) g+

for forma-

both contain large amplitudes of the 2p-2h configurations (d5/251/2

and (d5/2)§+ which have fairly large L = 2 structure factors92

tion in the lL‘I\I(OL,d)l60 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

12,7 72

level in ~“¢( L:'L,t)9l and the small o width' argue against a dominant

hp-bh configuration. This is consistent with the very strong population

13C(6

of this state in the th(a,d) end Li,t) reactions. The th(3He,p) data

of Weibezahn gz_gg:,eg however, showed oniy 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 120 core,
‘The appearance of this state in so many different reactions would seem to
imply a grgat deal of configuration mixing, some of which, e.g., 120
core-excited states, is not included in thé ZBM model.,

The negative parity 16O leveis which are strongly populated in
the lhl\l(oa,d) reaction should be those with a lp;lh configuration. The
6.13 and 8.87 MeV levels, 3~ and 27, respectively, are both described as

85,93

having large amplitudes of the (p;§2d5/2) configuration which over-

laps well with the([target core + deuteron] structure expected for the

strongly populated levels in the (a,d) reaction. Both levels were excited

87,9k

with an £ = 2 transition in the 15N(3He,d)l60 reaction, in agreement
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with this picture. The other negative parity state excited in ll‘l\l(oz,d),

at 12.53 MeV, was also observed in the 15N(3He,d) experiments and is

. . . -1 9k .
described as belng mainly a (pl/2d3/2)2_ level. vThlS state would also
be expected in the (a,d) reaction based on Glendenning's structure factors.92
‘The spih and parity of the 15.80 MeV level have not been esﬁablished.
It was observed by Comfort, Baglin, and Thompson95 in the ll‘ll\I(SHe,p)]'60

reaction and was suggested to be a T = 0 state, since no analog in 16N is

known. A preliminary analysis of the lhl\I(BHe,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 1hN(a,d)160 reaction confirms that it is

a T =0 level. The width obtained hére for the 15.80 MeV level is approxi-
mately 60 keV, but the low cross section and the pqsition ofbthe peak pre-
clude anything but a rough estimate of this quantity. A peak at

15.78 * 0.05 MeV with a width of < 80 keV was also reported in the lower
energy th(a,d) data.al
The highest sharp state observed in this work is at 17.17 * 0.0k

MeV. ©States in this region have also been observed in the a—l2C and p-lSN

25,96

resonance reactions at 17.10 and 17.14 * 0.015 MeV, respectively, in

the 15(3te,p) % reaction®® at 17.14 * 0.02 MeV, in the y(a,a) 0
reaction81 at 17.18 * 0.05 MeV, and in the 15N(3He,d)160 rea.ctiongh at

17.12 MeV, The state observed in the p—lSN resonance was assigned J = 1

and has T =335 keV.96 It is assumed to be the T = 1:-analog of

C.m.

the 4.32 Mev 1% 1evel 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

and Davis at 17.10 MeV with Fc n

= 110 keV and J"= (1”7, o*, 2*). The
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l)41\1(3He,p) data’? yield a value of T ~ 80 keV for the 17.1k MeV level.

It would appear, therefore, that this state has a much larger width than
that of the known T = 1 resonance.96 The data obtained here indicate a
| width of approximately TC keV for the 17.17 MeV state, but this is uncer-
tain due to problems with backgréund subtraction. If the 17.17 MeV ievel

seen here is idéntical to that at 17.1L4 MeV observed by Comfort, Baglin,
95

and Thompson, then a T = O assignment is required. The 17.12 MeV level

ok

observed by Fulbright et al.” 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.

90, (

3. r(o ,d)92Nb

90 )92

A spectrum of the 7 Zr(a,d)”“Nb reaction at 6= 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 (1Tg9/2,\)d5/2

multiplet in 92Nb, very few levels are populated in both the 9er(a,t) and
90

Zr(o,d) reactions. This implies that most of the states observed in (a,d)
do not contain appreciable vd5/2 strength., The 1.08 MeV level appears
(weakly) in all reactions leading to'92Nb, iﬁcluding the 93Nb(d,t) experi-
ment;65 thus, it probably has a réther complicated structure. The level
density is too high to make detailed comparisons between the 9er(a,t) and
QOZr(a,d) data, but the (a,d) levels at 2.46, 2.81, and 4.83 MeV may corre-
vspond 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 (ﬂgg/e,vd ) multiplet (see

5/2:
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Fig. 29. Deuteron energy spectrum from the 9OZr(a,d)92Nb reaction at
6£= 20°. The peak numbers correspond to excitation energies

given in Table XII.
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Table XII. Levels Observed in the 9OZr(a,d)92Nb Reaction at 50 MeV,

No. Levels Observeda Intensityb
(MeV) (mb)
1 0.0 10.278
2 0.13 Weak
3 0.21 Weak
b 0.28 0.025
5 0.36 0.069
6 0.k9 0.01 |
T 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 0.166°
13 2.58 0.345
1k 2.81 0.047°
15 3.72 0.057
16 3.81 0.0ko
17 .,3.92° 0.053
18 4 .L5 0.o4%
19 4.83 , o.osé
20 5.62 0.12h
21" (6.0 % 0.1) -

(continued)
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Table XII (continued)

®Excitation energy * 30 keV except as noted.

bIntegrated from 6 = 12.4 to 56.8° except as noted.

®Integrated from ec = 12.4 to 51.7°.

dIntegrated from Gc = 12,4 to 31.1°.
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Sec. IV-A6). The ™ (g.s.) is populated much more strongly than the other
states in the multiplet; it is about 20 times stronger than the LY, 6%
doublet at 0.50 MeV, The only level populated as strdngly as the ground
state (7+) is No. 13, aﬁ 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 (), however, does exhibit some
oscillatory behavior. Similar structure was reported15 forkthe ot —> 7+
transition in the hOCa(a,d)hQSc reaction although the oscillations were
attributed to the presence of a nearby 1* level in that case. This

+

ot — 77 (1L = 6) pattern (Fig. 30) does appear to reproduce in the other

examples studied in this work (see below).

L, 92Mo(a,d)9th
92 9k . — 5A0 s .
A spectrum of the Mo(a,d)” Te reaction at 62 = 20° is shown in
Fig. 31. The resolution is 65 keV (FWHM). The spectrum is quite similar

90

to that of the Zr(a,d)gsz‘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.

9k

Relatively little is known about the 7 Te level scheme. The ground

state is known to be a 6+ or 7+ based on the observed isbmeric transition
from the 107 keV 2* level and the allowed B decay of 9hch to the 2.h4232

MeV 6% level in Iy, 97

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 9QZr(u,d)92Nb results (Sec. IV-B3).

Also, the angular distribution of the ground state (Fig. 32) is identical
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Angular distributions of deuterons from the 90Zr(a,d)92Nb
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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Fig. 31. Deuteron energy spectrum from the 92Mo(q,d)9th reaction at

= nno
92 20°,

given in Table XIIT,

The peak numbers correspond to excitation energies
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reaction leading to the 0.0 and 2.68 MeV states. The solid
lines through the dats points represent smooth curves drawn
through the experimental angular distributions of the
90Zr(u,d)92Nb reaction leading to the ground and 2.58 MeV |
states (see Fig. 30). Statistical errors are shown for

each poinﬁ.
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Table XIII. Levels Observed in the 92Mo(d,d)9th Reaction at 50 MeV.
No. Levels Observed™ Intensityb
(MeV) : (mb)
1 | 0.0 | ©0.336
2 o 0.10 - | 0.0%40
3 0.21 | | 0.083
n 0.34 | ~ Weak
5 0.45 ' 0.027
6 0.93 0.0k40
ki 1.22 | 0.039
8 , 1.30 0.0k2
9 ' o 1.h1 : - 0.0k0
10 1.6k - | 0.0k45
11 . 1.7k gy 0.139
12 ‘ 2.1h Weak
13 | 2.35 | 0.109°
14 . 2.43 | o0.042
15 2.68 o 0.446
16 2.86 o 0.083
17 2.95 0.06
18 3.08 - 0.117
19 5,07 -~ 0.09°
20 | 5.2k ~0.183
21 _ 5.38 ' . 0.197

(continued)
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Table XIII

(continued)

- Bgxcitation energy ¥ 30

bIntegrated from Gc

CIntegrated‘from.Gc

dIntegratéd from 0
c.m

eIntegrated from Gc

keV.

12.5 to 56.9° except as

12.5 to L1.6°,

12.5 to 36.2°.

12.5 to 51.9°,

noted. -
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with that of the 7% 2y (g.s.). Thus, the (a,d) results indicate clearly
ok,

Te ground state, in agreement

9 S -

and Vervier. .

that 7t is the correct assignment for the

with the predictions of Bhatt and Ball7

The only other member of the | (mg )3 svd multiplet expected
9/2°9/2°"75/2] .

in (a,d) is the 5%, which is predicted7’9 at an excitation energy of about

9k

0.2 MeV. . The most reasonsble possibility for the 5% state in ” Tc 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 o(5%)/o(7*) = 0.25

9

from the OZr(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 %21y, The
9k 98

Mo(p,n) experiment” indicates two closely spaced levels, at 209 and

216 keV, either (or both) of which could be responsible for the observed

9OZr(a,d) results

(a,d) strength of the 0.21 MeV state. However, the

+ . .
(Table XII) indicate that only the 5 and possibly the 3* levels will give
strong (o,d) transitions.

15-17

In previous (0,d) studies 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 configuratioﬁ (e.g., (d5/2)§+ or
(g9/2)§+). The identification of.thé 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 stfongest (0,d) states are

92\ and 2.68 Mev in o

those at 2.58 MeV in Te. The strengths of these : N
states (relative to their 7+ ground states) are almost identical. More-

. over, the angular distribution of the 9th 2.68 MeV level (Fig. 32) is
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Fig. 33. Deuteron angulé.r distributions from the - OZr'(a,d
and 92Mo(a,d)9uTc(O.2l 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

configuratiéns for fhese levels will be discussed below.

92

5. 9%2r(0,d)" "m0

92

A spectrum of the Zr(a,d)ghNb reaction at 6, = 20° is shown in

%
. . . . 90 92
Fig. 34.  The resolution is 50 keV (FWHM). As with the Zr and ~ Mo

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.

9L 9k

Nb have
62,101

Tc, the levels in

93

In contrast to the situation for

93

Nb(n,Y)99’lOO o

been studied extensively, both by nd “°Nb(d,p)

The T9 keV level is believed to be the 7+ state based on its relative

intensity in (d,p)lo; and its weak decay to the ground_state.99 [The

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
ok 7,9,99-101 .

this assignment. Calculations of the “ Nb level scheme

give 6% as the lowest level.] The 57 level of the [ﬂgg/é,(vd5/2)§/2]
62,99

multiplet, at 0.113 MeV, was not resolved from the 7+ in the data.

The angular distribution of the 0.08 MeV level in (q,d) is less structured

,

" than those of the 7+ levels in 92Nb or 9th (Figs. 30 and 32) but is

accounted for rather well (Fig. 35) by assuming a 7+ + 5+ doublet with

9

relative intensities the same as those observed in OZr(a,d).

The 2.42 MeV state has an angular distribution (Fig. 35) similar

' +
to that of the 92Nb 2.58 Mev level. Its strength relative to the 7 level

9l

is consistent with those obtained for the strong states in 92Nb and ~ Te.

Based on (0,d) systematics this level should have the same configuration

9k

as the 92Nb 2.58 MeV and ° Tc 2.68 MeV states.
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Fig. 34, Deuteron energy spectrum from the 92Zr(u,d)9hNb reaction at

62= 20°, The pesk numbers correspond to excitation energies

~given in Table XIV.
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Angular distributions of deuterons from the
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
Zr(a,d)92Nb. The solid line through the 2.L42 MeV data
points is a smooth curve drgwn through the experimental
angular distribution of the 9OZr(a,d)92Nb (2.58 MeV) reac-

tion. Statisticel errors are shown for each point.
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:Téble XIV. Levels Observed in the 92Zr(d,d)9hNb Reaqtion at 50 MeV.

No. . ‘ ' Levels Observed™ - In“censity'b
' (MeV) : (mb )

1 | 0.08° | : 0.178°

2 - 0.32 | 0.01

3 0.65 6.01

L | o 0.95 0.o4¢

5 1.19 o Weak

6 | : 1.25 ' 0.0L49

7 o 139 S 0.0kY

8 | 1.65 . ' 0.027

9 | 1.84 . : 0.02%
0 2.05 f ©0.059
1 . 2.18 | 0.098
12 . 2.5 0.095
13 ' ‘ 2.k2 . 0.166
1k 2.53' 0.03%
15 ' 2.69 | 0.060
16 2.8 | 0.051°
17 2.95 - ~ o0.02¢
18 v' | 3.7 £ 0.10 'A : Weak

Bpxcitation energy * 30 keV except as noted.

bIntegrated from_Oc = 12.4 to 51.8° except as noted.

{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. | | |

dIntegrated from Gc = 12.4 to 36.4°,

©Integrated from 6_ = 12.k to L6.7°.

.
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6. 9th(u,d)96Nb

9th(a,d)96Nb reaction at 8, = 20° is shown in
Fig. 36. The resolution is 50 keV (FWHM). The iow—lying levels in 96

96Zr(3He,t)96Nb reaction by Comfort gg_gl,loz They

A spectrum of the
Nb
were studied with ﬁhe
obtained excellent agreement with the predictions of the Pandya tranéfor-

mation, which relates the energies of the [ﬁg9/2’(vd5/2)-1] particle-hole

multiplet in 96

92,

| Nb to those of the [ﬁg9/2,vd5/2] particle—parﬁicle multiplet
in “"Nb. In particular the 7+ level, which should be strong in (a,d),

6 6
- was observed "% at 233 £ 5 keV in 96Nb. Results from the 9 Zr(p,nY)9 Nb

rea.ction103 are in agreement with those from (3He,t).

104,105 96 96

Since recent measurements of the Nb —

96Nb different from that in the published

Mo B decay

indicate a mass excess for

Q-value tdbles,sl

90 92

an energy scale obtained by fitting (o,d) data on the
92 V

Zr , Zr, and ° Mo targets (along with light impurities) was used to

determine the energy of the Tt level. An excitation energy of

0.26 * 0.03 MeV was obtained using the Q-value consistent with the B-decay

104 p)

data while the published l'Q-value, -12.3342 MeV, gives an excitation

energy of about 0.30 MeV. Thus, based on these data, the mass excess of

96Nb obtained from the B 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

9k 96

Zr(o,d)” Nb 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

- 102 . . . . . . ‘ .
et al. The excitation energies determined in this manner are given in

96

 Table XV along with the 96Zr(3He,t) Nb results. These energies depend
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Fig. 36. Deuteron energy spectrum from the 9qu(a,d)96Nb reaction at
BZ= 20°, The peak numbers correspond to excitation energies

given in Table XV.



Ry
=137~
Table XV.. Levels Observed in the gqu(d,d)gsNb Reaction at 50 MeV.
(0,d) | » (Oe ,t)®
Levels e : Levels
No. Observed Intensity Observed
(MeV) (mb) (MeV)
-.0.0
1 0.05 - 0.014° 0.045
0.152
| 0.191
2 0.23° - 0.071° 0.233
| | 0.515
0.632
3 0.70 0.02 ~ 0.685
s 0.83 Veak
| | 0.865
5 1.01 : . 0.02
6 1.21 - 0.01
T 1.h1 0.07
8 1.7 0.02
9 1.89 0.02
10 2.10 0.06
11 2.24 | 0.0L
12 2.38 0.212°
13 2.h7 0.04
- 2.73 £ 0.0k 0.02
15 2.96 t 0.0k 0.0k

(continued)



«138-

Table XV (continued)

®Ref. 102.
PExcitation energy * 30 keV except as noted.

®Integrated from'ec = 12,4 to 33.2° except as noted.

dRelative energies ¥ 5 keV.
®Integrated from 6 = 12,4 to 51.8°.
sted 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 B-decay Q-value of Ref. 104 (See text.)




on the choice of Q-value and may.have a systematic error if the Q~value
of the calibrafion 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-distributioné of these levels, at 0.23 and 2.38 MeV,; are

i

shown in Fig. 37. The 0.23 MeV level has a shape consistent with the

02

7" essignment made by Comfort gﬁ_g;,l and the 2.38 MeV level is simi-

92

lar in shape to the “"Nb 2.58 MeV state.

7. Mor(a,a)m

9 )93

A spectrum of the er(u,d Nb reaction at 6, = 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;lpw—lying.levels seen in the
91Zr(a,d)93Nb data with those seen in 92Zr(a,t)93Nb (Sec. IV-AL and Table
VI) and Coulomb excitation. 2 The ground state (9/2%) is populated quite
weakly in (a,d) compared with the dominant &g /2 capture in (o,t). A
stronger group of levels appears at about 1.3 MeV in the (a,d) data.
These levels have been assignedl2 spins of: 0.952 MeV (13/2%), 1.337 MeV
(17/2%), 1.h92 Mev (9/2%, 11/2%, 13/2%), and 1.507 Mev (9/2*, 11/2, |
93 7,9

l3/2+). Shell model calculations of the Nb level scheme predict

low-lying 11/27%, 13/2+, 15/2%, and 17/2% levels whose wave functions are

2 90
5/2°d

IV-B3) it seems clear that only those levels having appreciable amplitudes

of the type ﬂgg/e;(vd ] g+ From the Zr(a,d)gng results (Sec.
| _ .

- ‘ .
of the type L(“g9/2’vd5/2)7+’vd5/2] and‘[}ﬂgg/z,vd5/2)5+,vd5/2] will be

populated strongly, since the 7+ and 5+ have the most favorable structure



Fig. 37.
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Angulaf distributions of deuterons from the 9th(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 disﬁributions of the
90Zr(a,d)92Nb reaction leading to the ground and 2.58 MeV
states. (Seé Fig. 30.) Statistical errors are shown for

each point.
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Fig. 38. Deuteron energy spectrum from the 91Zr(a,d)93Nb reaction at

8, = 20°. The peak numbers correspond to excitation energies
2 P ;

given in Table XVI.
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Table XVI. Levels Observed in the 9er(a,d)93Nvaeaction at 50 MeV.
No. Levels Observéd.a Inteﬁsityb “
(MeV) (mb) :
1 0.0 - 0.020°
2 0.80 0.010
3 0.96 0.056
L 1.33 0.077
5 1.48 0.052
6 1.66 0.039
3.54 0.078
8 3.8 0.094°¢
9 3.93 0.050°
10 4.06 0.080%
11 421 0.052¢
12 L.52 0.100

aExcitation energy * 30 keV.

bIntegrated from Gc

cIntegrated from Gc

dIntegrated from 0
c.mm

.

15.5 to 56.7° except as noted.
15.5 to 46.5°.

15.5 to 51.7°.
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for the (o,d) reaction. The strongest levels, then, should be the 17/2%
and 15/2+ since these must contain only 5+, 6+, or 7+ couplings of the
transferred (ﬂg9/2,vd5/2) pair. The 17/2" state, which is the "stretched"
configuration of thev[ﬁgg/z,(vds/z)g] multiplet, should be populated only
through the 7+Acoupling, i.e., it should be the same transfer as that for
the 90Zr(a,d)92Nb (g.s.) reaction. (The 6% is not expected to contribute

appreciably to the cross section either experimentally (Sec. IV-B3) or

theoretically.gz) 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

90Zr(a,d)92Nb (g.s.) reaction. Also, the 1.33 MeV level is the strongest

9

of the low-lying levels seen in er(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 1.4L8 MeV level would seem to be a

reasonable candidate, although Rogers g&_g},lQ assigned (9/2%, 11/2%,
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+ + 5t contributions‘similar to those from the .

ground and 0.36 MeV states of 92

Nb.

At about L4 MeV a second strong group of states appears in the
91Zr(u,d) data (Fig. 38). The angular distributions of these'levéls,
at 3.5h4, 3.8&, 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 levelé (3.5h



Fig. 39.

- -1hh-

100 1 T T T Y T T ]
N NZ¢ (a,d) BNb N
| Eq=50 MeV g
10 -
< - 0.96 MeV .
= ]
~ - pu
L - -
L L i
d o -l
g K .
; .33 MeVx I/5
s /
i N
= .48 MeV«k I210 -:
1 { ' ] [ B | ] i )

L
6] I0 20 30 40 S50 €60 70 80 90

Gc.m. (Qeg)
XBL718-4106

Angular distributions of deuterons from the 91Zr(0t,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 QOZr(oc,d)ggN'b reaction leading

to the Tt (g.s.) and 5% (0.36 MeV) with weighting factors of:
0.96 Mev [TH+ 5%], 1.33 MeV [7*], and 1.48 MevV [T+ + 2 x (5%)].
(see tex_t, Sec. IV-B7.) Statistical errors are shown for

each point.

L
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and 4.52 MeV) are shown in Fig. b4O. 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

93

levels do not mix with other available configurations in ~~Nb.
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Fig. 40. Angular distributions of deuterons from the 91Zr(0L,d)931\Tb
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.9OZr(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 rules“fbr heavy ion induced single-nucleon transfer

,reactioné have been obtained by several authors within the DWBA'fréme-w:
rk.106’107

wo They are: » ‘
B, + 8. 2L > ]’Li-zfl o - (1)
3+ PL> |J1-3f| (2)
and '
2; + 4, + L = even » _ (3)

vhere li, Ji and £ are the orbital and total angular momenta of the

£ Jf
captured nucleon in the projectile and final nucleus, respectively, and L
is the transferred angular momentum. Foriboth the (160,15N) and (160,150)
reactions reported here, Li= 1 and Ji= 1/2 (i.e., the transferred nucleon
in the projectile is in a lp1/2 state), and equations (1) to (3) become

2, + 1?L>|szll - | (%)

Jp*+1/2>L >"]3f-1/2| (5)
and

L + gf = odd | (6)

A consequence.of tﬁé above selection rules is that different L
values are fequired fér stripping to states with Jf=2f+l/2 and Jf=£f—l/2.'
This can be seen by substituting into eq. (5). For'Jf¥£f+l/2, -

Lo+12L28, | 5 _’("r)



S -

and, for Jf=2f-.-l/2,
Q,f =1 = R,f- 1 (8)

The parity selection rule, eq. (6), then further restricts these values

so that, for'(lso,lSN) and (160;150) reactions,

L= af +1 for Jf = zf +1/2 (9)
or

L=2,-1 for Jo = A, - 1/2 (10)

This result is in contrast with the light ion selection rules (see Sec.
IV-Al) where, because Qi= 0, a single L value, L = Qf, is allowed for both

- 1/2 transfers.
108

jf= lf + 1/2 and jf= zf

It has been'pbinted out that the parity selection rule, eq; (3),
is only approximate, siﬁce it'resu;ts froﬁtignoring "reqoil effects" (see
Appendix A) in 6btaining thevDWBA expreséion for the transition amplitude.
At present, very little is known about the consequences of ignoring the
reéoil-terms. These'termé arérimportantvin DWBA calculations insofar as
igﬁoring theﬁ,leads tobdifferences 6f several orders of magnitude in pre-
dicted cross sections obtained by using the (formally equivalent) post or
prior férm of the DWBA transition Emplitude.lo9 Since the predicted DWBA
cross sections depend very strongly on L, (o o~ lOOL),h9 an implication
of the above seléction rules is that e very strong Jj-dependence is expected

160.15N) and (160,150)

in the ( reactions. However, the experimental evi-
dencello 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. 1In any case, it must be remarked

Sa




than the Coulomb barrier (which is about 39 MeV for the 0~

that the degree of validity of the approximate parity selection rule

above has hot been investigated.

9oZr(16 15N)91

A lsN spectrum from the Nb reaction at 9 25° i

shown in Fig. 41. The resolution is about 200 keV (FWHM). This reactlon

27

Has been observed previously by Nickles et al.”' at 60 MeV. Table XVII

sumnarizes the states observed in this work and their intensities. An

27

intéresting feature of these data, compared with those of Nickles gﬁ!g;.,
is thai the cross'Sectibns are much larger at the ﬁigher beam energy used
here. The peak cross sectidn for the ground state is_aﬁout 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 = S'transition vhile the 3.37 MeV d state

5/2

requires L = 3. It can be seen from Fig. 42 that the 90Zr(l6 15 N)

reaction shows essentially no L—dependence in the angular distributions,

16 15 27,111

in agreement with the results of other ( N) studles The

observed angular distributions can apparently be understood in terms of

" a semi-classical picture (see Appendlx A) even at energies much greater

16 90, 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 nucleil are outside the range of the

nuclear force which is responsible for the transfer. The peak of the
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Fig. 42.  Angular distributions of "“N from the Zr(

' reaction leading to the 0.0 and 3.37 MeV states. The angu-

lar distributions for the-two étates have identical shapés,

160’;51\])91Nb

although the ground state (pl/z——> 8 /2 transition) should be
L=5 and the 3.37 MeV state (p1/2—> d5/2 transition) L=3 based

oh the selection rules.
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rable XVII. Levels Observed in the 2°zr(*°0,%°N)%'Wb Reaction
~ut 10k MeV Compared with Previous Results. '

 This work | o : ‘ ‘Ref. 27
" Levels a | b - Peak - o ‘Levelé.. : Peak 4
Observed Intensity™ - Cross Section Observed Cross section
(Mev) -  (mb), , (mb/sr) (Mev) (mb/sr)
0.0° 5.30F 7.83 £ 0.08° 0.0 1.39
1.29 N 0.20 0.22t 0.01
1.60 0.2k 0.34 £ 0.02 e 0.03
1.88 0.3l 0.29 0.02 |
| 2.18 0.0
2.75 0.08
2.9 0.2k | 0.34 £ 0.02
‘3.37e 1.66 B 2,43 * 0.0k 3,36 0.15
k.26 0.3 0.47 % 0.02
n.81 0.478 0.59 t 0.02
5.25 _- 0.663 _ 0.94 % 0.03
5.9 £ 0,15~ 1.35 1 1.89 * 0.0k
6.6 *0.15  1.ho 2.07 £ 0.0k

“Excitation energy * 100 keV except as noted.

bInteg;ated_from QC = 18 to 41° except as noted. The cross sections

have been correctéd for charge state as described in the text (sec. III-B).

_ “Differential cross section at 62= 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. ITII-B).

(continued)
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Table XVII (continued) .. ... . . . ..

dDifferential cross section at 0,= 60°.
®Used as a calibration point.
fContains a contribution of about 15% from the unresolved 0.10 MeV level.

€Integrated from Gc 0= 18 to 35°.
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» anguiar distribution comes at the grazing angle, where U/OR deviates
from unlty. For these data the grazing angle is about 25° (lab).
2T

In the low energy ( 5N) data ' the spectrum cuts off at about

4 Mev exc1tat10n energy due to the Cou10mb barrier, so only states below

(16 15 )

3.37 MeV can be compared. In both experiments the ground and
3.37 MeV states are the strongest, with the gréundlstate being stronger
by a factor of L4 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

15

due to the nearness of the ~“N to the Coulomb barrier.) Near the 1,61

MeV Stgte reported in Ref. 2T there are three states seen here, at 1.29,
1.60 and 1.88 MeV. The 2.18 MeV staﬁe reported by Nickles gg_gl,,zT
whose intensity was somewhét larger than that of their 1.61 MeV state,
does not appear here (see Fig. 41). This state and the state at 2.75 MeV
were tentatively suggested to be core-excited states of the type
[90Zr(2+) 8 “gg/g] and [?OZr(3‘) 2 ﬂg9/2], respectively, in Ref. 273
based mainly on their excitation energies. The 2.75vMeV state is also

16 15 )

absent in the ( data obtained here, unless it corresponds to thé
. level at 2.97 MeV. A 200 keV error in the excitation energy of the 2.97
MeV level seen here is unlikely, however, sihce 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

Z (16 15

N) data which were not observed in the previous experlment.
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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»9le at these energies but, since similar groups at high exci-

15

- states . in

tation energies appear in the "N spectra of the other targets studied,

it seems reasoneble to also consider the possibility of (Doppler broadened)

15§ excited states. Such "shadow peaks" have been observed in some heavy

16 lSN) specifically.

15

ion reactiohs,112 but not in (

The first excited states of "“N occur at 5.27 and 5.30 MeV. How-

ever, these states are 5/2+,and 1/2+ levels and cannot be reached directly

from the 160 ground state except through admixtures of 2p-2h, etec., com-

15

ponents. The third excited state in ~“N, at 6.33 MeV, is a p;}z level

and thus can be reached from the major.(closed shell) component of the

16 o(a, 113

l60 ground state. [The He) N reaction, for example, yields

a cross section for thq-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

15

state in ~“N, but the average of the two energies (6.25 MeV) agrees

R quite well.

(]

A similar result was observed in the inelastic scattering data,

16 150) results reported

which was obtained simultaneously with the (
later. In all of the inelastic 60 spectra (Fig. 43) a broad doublet
appears at excitation energies of 5.7 and 6.4 MeV. The éppearance of
these states at thé same excitation energies and with the same cross

90Zr, 92Mo, and 93Nb targets suggests

sections (within about 20%) in the
a similar traﬁsition is involved. Here too, neither of the peaks corre-
sponds in energy to an 160 excited.state, but the average energy, 6.05
MeV, could be explained by population of the 6.13 MeV.3™ state in 100.

(The 6.05 MeV o* state in l60 is unlikely to be populated by inelastic



Fig. U3,

-156-

1000 T T T T T 7717
3Nb (°0'®0")®Nb
800 | E (‘GO) = 104 MeV ]
91 =20°
sool 130pucC |
6.4
| ls.7
400 + 7.5 i
*o6.1). '60(0.0)\1
200 | ]
1000 T T 7 T T T T T
SZMO('GO, IGo,)92M0
800}  E(®0)=104 Mev 63 |
8, - 20° o6
5/5 e 35
600} H
® 47
<
S 400} [ |
®0(6.1) '60(0'-0) J\Jﬂ
200} '2C(4‘4) | “clo0) 1
1000 T T T : ll lu ‘
| 9°Zr('601601)902r 2.8
: E('®0) =104 Mev
800} .
= 200 2.75
| Qj 30 Sl
427,u_C
600 | ' .
6.4
5.7
400} 3'|9 }
200} 1
0 . ] 1

1 1
100 200 300 400
Channel

XBL727~ 3406

Position spectra from the inelastic scattering of 104 MeV
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near 6 MeV may be due to (Doppler broadened) 160 excited

states.
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-15T=-

scattering since it is orthogonal to the 16O ground state and is believed
to be mainly a Lp-lLh lével.)

~ 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 difec-

tion. From the results obtained here it is not possible to unambiguously

interpret the highest excited states in the lSN spectrum. All that can
be said is that the levels above 5.27 MeV may be due to 15N excited states.
3. 220 (16 15N)93

(16 15 )93Tc reaction was studied only at 6£= 20 and 25°,

As can be seen from Fig. 4k, the spectra look very similar to those from

90 16 lSN)9l

Zr ( Nb reaction (Fig. 41). A summary of the levels identi-

16 15

fied in the 92Mo( N) reaction is given in Table XVIII, along with

the cross sections for the ground and 3.36 MeV states seen by Christensen

11k 90 (16 15

et al. at 66 MeV. As was true for the N) data (Sec. IV-C2),

the cross sections observed at 10k MeV are significantly higher than those

reported at 66 MeV. The cross section ratio of the ground and 3.36 MeV
93

Te is about the same as that observed for the corresponding

93

“Tc, is resolved

states in
Nb levels. The low-lylng pl/2 state, at 0.39 MeV in
from the ground state in these data, and has_a-cross section about 1/6

of the latter. The 0.10 Merpl/2 state in 91Nb‘was not resolved from the

90 16 15 )

ground state in 7 Zr( . Therefore, assuming the same relative

93

strengths as in Tc, the 9;Nb 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(l60,15N)93Tc Reaction

at 104 MeV Compared with Previous Results.

This work
Le?els Peak Levels Peak -
"Observed Cross Section Observed Cross Section®
(MeV) (mb/sr) (MeV) (mb/sr) .
0.0d‘ L.70 £ 0.19 0.0 0.47 * 0.05
0.k 0.75 * 0.08
2.7 0.23 % 0.0k
3.2 0.37 * 0.05
3.36% 1.39 £ 0.10 3.36 (0.12)
3.8 0.26 £ 0,0k
Lok 0.42 * 0,06
1.8 0.43 £ 0.06
5.1 0.29 * 0.05
5.9 1.39 # 0.10
6.7 1.61 % 0.11

BExcitation energy * 200 keV.

bDifferential cross section at 62= 25°, The error shown is only that due

to counting statistics.

charge state as described in the text (Sec. III-B).

The cross sections have been corrected for

cDifferential cross section at 8,= 50°. The excited state has about 1/4

of the ground state intensity.

,dUsed as a calibration roint.
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93 15

Near 6 MeV in “~Tc there are broad states in the ~“N spectrum

9oZr(16 15 ). 91

similar to those found in If the “"Nb ground state cross

section is corrected for the presence of the unresolved pl/2 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

15

consistent with the hypothesis that these states are due to excited "N

levels, but clearly it is not conclusive evidence.

y, 2260 155

This reacfion was observed at 92= 25 and 30°. A summary of the
16 15 N)

levels observed here, compared with those seen in the 60.MeV Z (

data of Nickles g§;§;3,27 is given in Table XIX. A spectrum of the

Nb reaction at 6,= 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

905, (16 15N) data (see Sec. IV-C2). The strong low-lying

27

‘true for the 7 Zr(

states at 0.75, 1.6, and 2.05 MeV seen by Nickles et al.” are also the
strongest states seen at 104 MeV. The cross section listed in Table XIX
for the Pl/2 state at 0.26 MeV was obtained from the-Gaussian peak fitting
program DERTAG méﬁtioned 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 93T¢. Since the
spectroscopic factors for the low—lying’p]_/2 levels in 91Nb,'93Tc, and
91

‘ 95Nb are all quite similar, a correction of about 15% to the “ Nb ground

state cross section listed in Table XVII seems to be a reasonable estimate.
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Table XIX. Levels Observed in the"Qth(l60,;5N)95Nb Reaction
at 104 MeV Compared with Previous Results.
This work Ref. 27

Levels Peak Levels Peak

Observed™ Cross Section ' Observed Cross Section®
(MeV) (mb/sr) (MeV) . (mb/sr)
0.0 3.2k £ 0.09 | 0.0 1.43
0.3 0.6h4 + 0.0k | |
0.7 1.12 + 0,05 0.75 0.3k
| | 0.92}
1.1 | 0.17 + 0.02 |
1.5 O.Eh * 0.02
1.7 0.31 + 0,03° 1.6 0.41
2.0 0.9% £ 0.05 : 2.05 0.52
3.0 0.4o % 0.03
3.2 - - 0.21 % 0.02
3.8? 1.48 + 0.06
b8 1.56 + 0,06
5.97 1.86 * 0.07
6.8 1.46 £ 0,06

®Excitation energy * 200 keV.

bbifferential cross section at 6,= 25°, Thé 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).

Differential cross section at 0,= 60°.

dUsed as a calibration point.

(continued)
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Table XIX (continued) . ..

eCorrected for Zr(

16 lSN)gl (g.s.) impurity by about 30%.

fCentroids and cross sections are for broad structures (see Fig. 45).

Individual levels were not separated.




-16k-

At highér excitation energies there appear four broad groups in

15

- the ~“N spectrum (see Fig. 45). The upper groups, at 5.9 and 6.8 MeV,

are similar to those seen in the 90Zr(160,15N) and 92Mo(;60,15N) reactions
15

and are possibly due to an ~ N excited state. The other two groups, at

3.8 and 4.8 MeV, must be 95

15

Nb levels since they are well below the fifsf
"excited state in "“N. 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 h5.7

5. 1. (16 15N)92

Z (16 15N)92Nb reaction was studied only at 6 25%. The

spectrum is shown in Fig. 46. Due to the fact that the target ground
state has Jﬁ= 5/2%, each single-proton state forms a multiplet of levels.
The ﬂg9/2»state, for exgmplé, forms a <“59/2’vd5/2)2+ - 7t 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

16 15)

multiplet. A summary of the levels observed in the Zr( Nb

reaction is given in Table XX. A comparison of the cross section of the

92 91Nb (Table XVII)

0.4 MeV "state" in ““Nb with that of the ground state of
indicates that about 90% of the Wg9/2 strength can be accounted for in

this multiplet. This result agrees very well with the cdrresponding mea-
surement made with the (a,t) reaction (Sec. IV-A6). The other strong group

in the spectrum, at 3.6 MeV, is expected to be a [91Nb(3.37 MeV) ® vds/z}

0
&
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6m= 25°, The peak near channel 50 is due to leak-through of
en intense 110 peek from the lSO(Tf) gate (see Fig. 54).
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Table XX. Levels Observed in the'91Zr(160,;5N)92Nb'Reaction

at 104 MeV.
Levels Observed® - " Pesk Cross Sectionb
(MeV) (mb/sr)
0.L . 7.02 £ 0.1k
1.8 0.65 £ 0.0k
3.6 _ 1.38 = 0,06
6.3 ' - 6.85 £ 0.1k

®mxcitation energy * 200 keV.
bDifferential cross section at 6£= 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 ﬂd5/2
state in the 9OZr(l6o,15N)9le reaction (Seec. IV-C2).

At higher excitation energy a very broad group appears with a
centroid energy df 6.3 MeV. This group does not look like the.6 MeV
groups observedlin the spectra of the_even—even tgrgets_(see, for
example, Fig. 1), since it is not a double peak;‘-The centroid eﬁergy
of the group, however, still sgrees well with the energy of the p;}z .

lsN. The difference in shape in this case may be due

(16 15

excited state in

to the "valley" between the 5.9 and 6.6 MeV peaks in 20%p N) belng

destroyedbby averaging over the 500 keV wide ground state multiplet in
92 | 92

Nb. Also, since the level density of the odd-odd ~“Nb nucleus is

91

undoubtedly greater than that of “"Nb at the same excitation energy,
there is probably more cross section in this region due to "real" 92\

states, which might have the effect of washlng out the double peak structure.'
. 93 (16 15 )9h

The 93Nb(l6 15 )9h

Mo reaction was studied at 62= 20 and 25°.
The spectrum taken at e£= 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 Newma.‘n,h there are meny 9hMo ievels in the
region near 2.6 MeV. Spin assignments to somé_of thesé have been made

115

by Lederer, Jaklevic, and Hollander in a study of in-beam y-ray

spectroscopy of the even molybdenum isotopes. The y-decay datallS
indicate levels at 2.421 MeV (6%), 2.608 MevV (57), 2.738 MeV (Lt),
2.870 MeV (6% or 67), and 2.953 MeV (8% or 87). 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) rea.ctionh assigns £ = I to the 2,875 and 2.960 MeV states,
which suggests that these levels are the 6% and 8% of the (ng9/2)2 con-
figuration. Similarly, the strong £ = 1 transition to the 2.61L4 MeV

configuration for
160’15

level in (3He,d) indicates a dominant ("PI}Q g9/2)5_

" that state. A summary of the levels observed in the 93Nb( N) reaction,

as well as those seen in the (3He,d) aﬁd Y-decay expériments, is given in
Table XXI.

The highest state seen here, at L.l Mev, was not reported in Ref. k.
A number of levels in this region were seeh in the ¥y spectroscopy experi-
ment and given high—séin 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 ('lThll/2 g9/2) configuration. However,

93

the Th single-particle energy is quite high ( > 6 MeV) in “°Tc and is

11/2
9k

probably not too different in ” Mo.) The probable 10" state at 3.89L MeV,

for example, was tentatively associated with the [}ﬂg9/2)§} (vd5/2)§+]

configuration. In a single¥step stripping reaction, such a level could

| . - 2 .
qnly be reached through an admixture of [(ﬂgg/z) (vd5/2)2+] g/o* in the
93

Nb ground state. Another possible explanation for states in this region

would be ‘levels with a dominant ﬂd5/2 configuration, Such states would
be expected at about this excitation energy. The £ = 2 admixtures deter-
mined for the low-lying levels seen in 93Nb(3He,d) were all quite small,

‘indicating that the major ﬂd5/2 strength does lie at higher energies.

9k

At very high energies in “ Mo 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 9hMo (2.9 MeV) and

lSN (6.33 Mev), in‘agreement with previous evidence.



Table XXI. Levels Observed in the Nb(16 15 )9hMo Reaction at 104 MeV Compared with Previous Work.

This work 93Nb(3He,d)9hMo§ ’ In-beam 7y spectroscopyb
Levels Peak Levels e - Levels . T
Observed Cross Section Observed ') J Observed J
(MeV) (mb/sr) (MeV) P S (MeV)
0.0 0.18 * 0.02 0.0 4 o* (0.0) 0*
0.9 0.22 % 0.03 0.873 o2 2t 0.870 ot
1.5 0.10 * 0.02 1.582 2,4 wto 1.572 u*
1.868. . 2,k 2t
'2.08 4 (o)t
2,295 2,k O 2.300 éé
2.422 2,4 6* 2,421 6" !
2,527 1 (3,4,5,6)"
2.566 24 ()
2.6 1.22 + 0.06 2,61k 1 (3,4,5,6) 2.608 5
| 2.773 2,k () 2.738 (4*)
2.837 1 (3,4,5,6) |
_ ' . _ + (£)8
2.9 2.71 % 0.09 2.875 L - (8) 2.870 6
g
2.960 4 - (8,1)" 2.953 g*)

(continued)



Table XXI (continued)

This work 93Nb(3He,d)9hMoa In-beanm Yy spectroscopyb
Levels Peek Levels _ T Levels _ -
Observed .Cross Section Observed '3 J Observed J
(Mev) (mb/sr) (Mev) P A (MeV)
) 3-026 1 (3’"":596)-
3.318 (8 to 10)
3.357 - (8%)
3.364 (77)
3.803 (9 to 12) s
M
3.865 !
: g
3.894 10(1)
%.005 (8 to 10)
4.1 0.54 + 0.0k 4,187 (11,12)
A L. 493 - (8 to‘lo)
8.g" ©1.53 £ 0.07
9.9" 1.20 £ 0.06
®Ref. k. Pet. 115. “Excitation energy * 200 keV.

dDifferential cross section at 6£= 25°, The error shown is only that due to counting statistics.

(continued)



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.

sThe 2.870, 2.953, and 3.89L4 MeV states aré éonnecﬁea'by E2 decay and must all havé the same parity.
hCentroids and cross sections are for broad strﬁcturés (see Fig. L), Individual levels were not -

separated.

-eLT-
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16 150)91

A sbectrum of the Zr( Zr reaction at 62= 25° is shown

in Fig. 48, The resolution is about 250 keV (FWHM). To facilitate later
comparison, & spectrum of the 9OZr(a,3He)91Zr reaction at 65 MeV is included

in Fig. 48. As an example of the particle identification capabilities of

90 16 15 )91

the heavy ion focal plane detector, a spectrum of the Zr ("

feaction at a field setting corresponding.to\the 150(7+) magnetic rigidity
is shown in Fig. 49. This spectrum is clearly‘identical to.that shown in.
Fig. h8; The 150(7+) spectrum was separated from that of 15N (see Fig. U41)
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

( 6 lSN)9l

Fig. 50, are quite similar to those from-the Nb reaction

15 15

(Fig. 42). Both the ~“0 and "N angular distributions pesk at about the

same angle, but the 15O angular distributions fall off more repidly at

15

forward angles than do those.of N.

The expected Q-value dependence of heavy-ion induced transfer

reactions has been discussed by Buttle and Goldfarb.log

They find that
for neutron transfer the favored Q-value isrzefo. This is a consequence
of requiring that the distance of closest approach be approximately the
same in both the initial and final channels. (In the case of the (16 15N)
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 (d5/2) transition requires L = 3 and the transition
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2.16 MeV transition is L=6.
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to the 2.16 MeV state (h ) requires L = 6 according to the selection

11/2
‘rules (Sec. IV-Cl). From the kinematic model described in Appendix A,
an L =3 transition correéponds 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 grdund state (I = 3) is about T 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
-predicted to be quite steep. Von Oertzen116 showed & factor of 10 decrease
in cross section for a change from the optimum Q-value of 5 MeV for the

16 12 117

F ( c) reactlon. Similarly, Manko et al. observed changes in

cross section of sbout 1 order of magnitude for a Q-value change of 5 MeV

16 15

in the ( N) reaction on the nickel isotopes leading to the ﬂg9/2

states in copper. According to the calculations of Buttle and Goldfarb,log
the Q-value dependence for neutron transfer is even more pronounced than
for proton transfer. In fact, both von Oertzen108 and Buttle and'Goldfarblog
suggested that it would be ﬁecessary to.select a reaction whose Q—valug
was near the optimum value in order to obtain "méasurable" cross sections
for single nucleon transfer reactions. .

The data obtained here show cross séctlons for the ground and 2.16
MeV states (whose Q-values are —8 5 and -10.6 MeV, respectlvely) of 3 mb/sr
at 6 = 25°, This indicates that measurable cross sections are obtainable
with the (160 o 0) reaction, at least for the higher angular momentum
transfers, even at very negative Q-values. If the Q-value dependence

16 15

suggested above were correct, then the -cross sectlon for the ( 0)

‘reaction near the thimnm Q-value would be very large, perhaps as much as



~178~

100 times larger than the cross sections observed here., While this may

be possible (pedk cross sections of about 20'mb/sr were obtained for the

(16 1T )93

Zr reaction discussed below), it does seem improbable.

Since conventional no—recoil DWBA calculations do predict correctly the

k9 .. , - f?

magnitude of the cross sections measured here, © it seems apparent that
the Q-value dependence at 104 MeV is less steep than suggestedlo8 by the

lower energy results.

91 90

The levels of Zr have been studied by means of the ° Zr(d,p)ngr

118-120

reaction. The ground state is the vd single—particle'level and

5/2

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 f

they are assigned different £ values by the various groups. Cohen and

Chu.binsky118 and Graue gﬁigi,llg

and Halbert'2® and Booth gﬁ;gl363 assign the upper member as £ = L (g7/2)

see only £ = 4 strength, while Bingham

" and the lower member as & = 5 (hll/2)' The 91Zr(p,p') data of DuBard and
Shelinelzllalso~give Jn= 11/2~ for the»2.16 MeV state. Since the two levels

. . 118 , 119 :
were not resolved by Cohen and Chubinsky and the data of Graue et al. v

are fit equally well with either an £ = 4 or an £ = 5 curve, it will be

assumed here that the 9OZr(d,p) data establish the existence of an h

11/2 §
state at 2.16 MeV. A summary.of'the Zr(16 15O) results, compared with
those from the 9OZr(d,p) and 90Zr(a,3He) reactions, is given in Teble XXII.

The contribution to the 2.16 MeV peak from the unresolved vg7/2

state at 2.19 MeV cannot be obtained from the data. However, it can be

16 150)9

estimated with the help of the 92Mo( Mo data presented below (Sec.

levels are no

92 16 15
IV-C8). 1In the Mo( 0) spectrum the vg7/2 and vhll/2



Table XXII. Levels Observed in the 90Zr(

16O 15d)9l

Zr Reaction at

104 MeV Ccompared with Previous Work.

This work _ 9OZr(d,p)9era 9OZr(oc,3He)9era
Levels Peak Levels .  Levels
Observed Cross Section Observed J 5 ~ Observed s
(MeV) (mb/sr) (MeV) (MeV)
0.0% 3.07 £ 0.06 0.0 5/2" 1.04 0.0 1 0.98
1.201 172" 0.93
1.L59 572" 1 0.03
1.871 772 0.08 1.874 0.09
2.031 372 0.63 2,040 0.45 .
2.16% 3.38 £ 0.06 2.157 11/27 0.37 ‘ 0.41 :?
| 2.186 772" 0.48 BT {o.hs
2.309 11/27 0.05 2.323 0.05
2,541 12" 0.3b
2.7 0.12. * 0.01 2.681
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

(continued)



Table XXIT (continued)

This work Zr(d,p)ngra 9OZr(0L,3He)9-eraL
Levels Peak ‘Levels - Levels
Observed Cross Section Observed - J° 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 3.4k 7/2° 0.42 3.L66 - 0.3k
3.533 7/2* 0.09 3.575 0.08
3.610 |
3.661 (3/2%,11/27) (0.11,0.03)  3.676 (0.11,0.03)
3.721 N |
- 3.82L, (3/2%) 0.12 3.817 0.19
3.8 0.29 0.02 3.880 (3/2+,11/2') (0.05,0.08) 3.90L (6;05,0.09)
ha 0.11 # 0.01 | 11/2” 1,081 0.0k
11/2° 4,254 0.06
bl 0.12 % 0.01
L7 0.12 £ 0.01
5.0 0.15 £ 0.01

(continued)

'OQT-
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Table XXII (continued)

8Ref. 120.

bExcitation energy * 200 keV.

cDifferential cross section at 62= 256. The error shown is only that due to counting statistics.

dUsed as a calibration point.

®Ref. 119.

-19T~
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longer degenerate but are separated by about 800 keV. The spectroscopic
factors for the &7 /2 levels at 1.359 and 1.516 MeV, 0.26 and 0.1k4, respec-

tively,62 are about the same as that for the unresolved g7/2 state at 2.19

120 Similarly, the & = 5

93

MeV in 91Zr, whose spectroscopic factor is 0.48.

91

Zr 2.16 MeV state and “~Mo 2.32 MeV state

are 0.37 ahd 0,33, respectivély.120’62‘ From the cross section ratio of

spectroscopic factors for the

the 1.5 and 2.3 MeV groups in 93Mo we can then estimate that about 20%

(16 15 )9

of the 2.16 MeV peak in the 90 Zr reaction is due to the Ve /o

state at 2.19 MeV. This is only a rough estimate but it does justify the
assumption that the peak in the 90Zr(160,150) date at 2.16 MeV is mainly

An explanation for the domlnance of the h over the_g7/2 state

hyy/00 11/2

can be‘found in the selection rules, which indicate L = 6 for the hll/2

state and L = 3 for the g7/2. In a situation of poor momentum matching

( 6 15

(the favored 0) 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 angﬁlar momentum transfers are'preferred.
90 16 150)91

The higher states seen in the Zr( Zr reaction are all

16 15

quite weak. The 2.7 MeV state seen in the ( 0) data with about 3%

of the ground state cross sectlon could corresppnd to the 2.8 MeV, 2 = 2

9OZr(d,p) datallg with a spectroscopic factor about 1/30

lSO spectrum at 3.4 MeV prob- -

state in the
that of the ground state. The level in the

ably corresponds to the &7 /2 state observed at 3.47 MeV in the 90Zr(d,p)

119,120

reaction. Similarly, £ = 5 levels have beenAreportedlZO near L4.1

MeV. Above this point the level density is too high to attempt to com-

90 (16 15

pare the 0) data with the light ion results.
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8. 92Mo(l60,150)93Mo

e 92Mo(160,150)93M

o reaction was observed at 62= 20 and 25°,

A spectrum at 6£= 20° is shown in Fig. 51. The resolution is about 250

92

keV (FWHM). Included in Fig. 51 is a spectrum from the Mo(a,3He)93Mo

reaction at 65 MeV. As was true for the 90 (16 15 )9er data, very few

levels are populaﬁed strongly. A summary of the levels observed in the

92M (16 0) reaction and their intensities is given in Table XXIII.

The 92Mo(d,p)9 Mo reaction has been studied by Moorhead and Moyer,62

who assigned the 2.32 MeV level as & = 5 (h ' Booth 93_5;,63 also

assigned £ = 5 to this level in the_92Mo(d,p) reaction. The complementary

gh

11/2)'

Mo{d,t) reaction has been studied by Diehl 93_5;3122 in order to con-
firm the assignments from (d,p) for the low-lying levels in Mo, The 0.94
MeV state was found to be the strongest‘2 = 0 transition, with a spectro-

scbpic factor of 0.64. Near 1.5 MeV several states are reported. From a

92 62,122

comparison of the ““Mo(d,p) and 9hMo(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(T/2%).

16 150) selection rules, the 9/2+ would be the most favorable

Based on the (
transition (L = 5). However, this is a vg9}2 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 g7/2 (L = 3) would be

stronger than the d (L = 1) in a situation where the momentum matching

3/2
for low L transfers is poor. From Fig. 51 it is obvious that the relative

16 150)

intensities of the doublet at 1.5 MeV in the 92Mo( reaction can-

not be explained by populating only the g7/2 states. The 1.36 MeV 7/2+

+ .02
state has a larger spectroscopic factor than does the 1.53 MeV /2 state,6



-18L-

200

150

0o}

Counts

50

T T T

9210 (IGO,ISO-) 9315
E (°0) =104 MeV

@, = 20°

537 u C

0.0

100
Channel 200 300
800 1 T T T T T T
%2Mola,3He)? Mo
Eq= 65 MeV
g = 25°
600} 032 — 7000 £C ]
2 400t )
S 150 900
(@]
S l
|.37
sool 396 |
| 1 1 IL*" 'W-

I
700

L
800 90

Channel

Fig. 51. 150 position spectrum from.the
0g= 20°. A 920(a,3He)? Mo spectrum at 0g= 25° is shown for

comparison.

XBL727~3412

920(160,150)93Mo reaction at



; - s r %) . e s
(AN A Y * B W 55

-185-

Table XXIII. Levels Observed in the *2Mo(1%0,%%0)?3Mo
Reaction Compared with Previous Work. Vs

This work | 92Mo(d,p)93Modsi%;‘
Levels : Peak e Levels : ﬂ“ﬁ
Observed Cross Section Observed J : S
(MeV) . (mb/sr) (Mev) .

0.0% 2.64 + 0.11 0.0 | 5/2* | »0.87
0.9 0.05 % 0.02 0.950 1/2% 0.6k
1.3 | 0.22 t 0.03 1.371 /et 0.26

1.86T g2t
1.5 | 0.48  0.05 1.502 3/2* 0.50
1529 7/2* 0.1k
1.706 - 3/2t 0.18
2.157 - 1/2t 0.007
: 2.194 - 3/2t © 0.053
2.32° 2.50 * 0.11 2,320 /2= 0.33

®Refs. 62 and 122.

PExcitation energy ¥ 200 keV.

®Differential créss section at 62= 25°. The error shown is.onlj that
due to counting statistiecs. |

dOnly levels beiow 2.32 MeV are included here.

€Used as a calibration point.

fObserved»only in the 9hMo(d,t) data of Ref. 122.
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4

16 15

while the ( 0) data show more 1ntens1ty to the upper level by roughly

a factor of 2. (This is also true for the 92Mo(a He) data in Fig. 51.)
Whether the 1nten51ty of the 1.5 MeV state seen here is due to population

of the d state or to the appearance of the 1.49 MeV g9/2_state cannot

3/2
be determined without greatly improved experimental resolution. It should

be remarked here that the éstimate of ﬁhe VgT/é contribution to the 2.16

Z (16 15 )9er reaction (Sec. IV-CT) was based on the

93

MeV peak in the

assumption that all of the observed intensity ét 1.5 MeV in “"Mo was due

to the ng/z states. Therefore, the estimate of 20% should be considered
as roughly én upper limit to the expected contribution.

As in 9lzr, the ground state of 93Mo is the vd single-particle

5/2
state.. Although the ground state Q-value for the 92Mo(l60,150)93Mo

reaction, -7.6 MeV, is 0.9 MeV less negative than that for the
90 16 15 0)91

Zr( Zr reaction, the latter reaction has a larger cross section

at 0,= 25° for‘thé ground'staté transition. This runs counter to all

2
arguments regarding optimuva—values for neutron transfer. - A tentative

A explanatlon for this is that the grazing angle for the 92Mo(l6 15 0)

16 150) due to

reaction should be about 2° larger than that for Zr(
the higher Coulomb barrier. Since the anguiar distributions of the
(16 15O) reaction are sharply peaked at the grazing angle (see Fig. 50),

a 2° shift could account for the 10% lower cross sectlon at 8 25°

observed for the 92Mo(16 150)93Mo (g.s.) transition. . -
9. 93Nb(l60,150)9hNb
Nb(l6 15O)9hNb reaction was observed at 62= 20 and 25°.

A spectrum at 62= 20° is shown in Fig. 52. The résolution was about 250
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150.position spectrum from the 93Nb(160,150)9hNb reaction at

ez='2o°. Due to difficulty with the calibration, the energy

' 3 . \

of §he [ﬂgg/e,(vd5/2)5/2] 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
16 1
(100, L5y

calibration curve from the Mo 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.

e 93Nb(d,p)9hNb reaction has been studied by Moorhead and Moyer62
and by Sheline gz_gé3101 The low-lying levels are interpreted as being a

. . . . . 3
multiplet whose main configuration is [ﬁg9/2’(vd5/2)5/é]2+——>7+' These

states are analogous to the low-lying multiplet seen in 92Nb (see Sec. IV-A6).
ok

Nb the states are very close together. Five of the six states

92

However, in

lie within 113 keV of the ground state in 9hNb, while in ““Nb the six levels

span 500 keV of excitation energy. This explains why the peak in Fig. 52
Z (16 15 )92Nb

looks narrow compared with the peak seen in the spectrum

"(Fig. 46). The cross section obtained for this multiplet in QhNb is only
90,16 15 91
about half that found for the 7 Zr( 0)”"%r (g.s.) reaction, although the
Q-values are the same in the two cases. In the 9 Nb(l60,150) reaction,

however, the presence of two d neutrons in the target ground state will

5/2

reduce the vd cross section compared with that in the QOZr(16O,150)

5/2

reaction; since there are only 4 holes in the d shell (in a simple pic-

- 75/2
ture) rather than 6. Moreover, there is expectedlol to be mixing between
thé (vd )3 +5 (vd )3 +» and (vad )3 + configurations which will
5/2°5/2%> 5/2°3/2 5/279/2

remove some of the vd strength frqm the ground state multiplet. (The

5/2

93Nb(d,p) data indicater? g = 2 strength up to 1.5 MeV.)

The excitation energy obtained here for the vd5/2 multiplet is
clearly incorrect. The problem is due to there being no 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
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Table XXIV. Levels Observed in the 93Nb(160,150)9hNb
Reaction at 104 MeV,
Levels Observed™ Adjusted Energyb Peak Cross Section®
(MeV) (MeV) (mb/sr)
~0.05 _ 0.06 . 1.68 £ 0.06
1.8 191 | 1.23 £ 0.05
2.2 2.31 -~ 0.96 £ 0.0k

®Excitation energy * 200 keV.

bNormalized to the expected excitation energy of the low-lying

["89/2’(Vd5/2)g/2] multiplet. (See text, Sec. IV-C9.)
cDifferential cross section at 62= 25°. The error shown is only that

due to counting statistics.
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points from variousrruns was never perfect, it was always possible to
.obtain reasonable excitation energy values when there were known points
from each of the sfectra 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. 62 this is about 0.06
MeV. Thus, the excitation energies reperted for the three states seen
here sre estimated to be low by about 110 keV.

The-sﬁrength of the groups near 2 MeV in the (160,150) data argues

9k

strongly for a (ﬁg9/2?vh11/2) multiplet at this energy 1n_ Nb. As is

16 15

clearly evident from the Mo( 0) data (Fig. 51) only the vh

11/2

transition is comparable in intensity to the vd5/2 transition. The energy

differences between the vd5/2 and vhll/2 groups in the 90Zr(160,150) and

2240 (16 15O) reactions, 2.2 and 2.3 MeV, respectively, agree qulte well

with the 2.1 MeV difference between the strong groups in the (16 15 0)

93

data. No & = 5 neutron transfers have been repofted in the “~Nb(d,p)

reaction, but the cross sections for such transitions were estimated62

to be less than 70 ub/sr at a deuteron energy of 12 MeV.

gk 16 15 )95

10. Zr(

. 9th(160 150)95

Zr reaction was observed only at 6 25°, The
spectrum obtained from the 0(7+) charge state is shown in Fig. 53.

Due to the fact that only the T+ charge‘state was observed, the amount

- of data is rather small. ©Still, it wasbposeible to identify the ground

and 2.0>MeV states in 95Zr;

9h 118

Zr(d,p)gSZr reaction was studied by Cohen and Chublnsky

some years ago. The_ground-state was found to be a vd level with a

5/2

spectroscopic factor S = 0.30. As would be expected from a simple picture

ya
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~192-

of the Zr isotopes, the spectroscopic factor of the vd transition

90

5/2
decreases about a factor of 3 in going from Zr (6 holes in the vd

9k

5/2

shell) to 7 Zr (2 holes in the vd shell).

5/2
The 2.03 MeV state seen by Cohen and Chubinsky118 was assigned
(16 15

L=k (g7/é).. From the "systematics" of the 0) reaction observed

here, strong population of a vg7/2 state would be unlikely. However,

the 2.02 MeV state seen by Booth g&_g&,63 was assigned £ = 5 (h11/2)’

which agrees with the observed preference (see Secs. IV-CT and IV-C8)
16 15

for the ( 0) reaction to populate vh states.

11/2

As discussed earlier, there are serious difficulties in attempt-
ing to obtain cross section information.from data cérresponding 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 R8/ obtained from Sec. III-B, eq. (5b).

T

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, 9er(l6o,150)922r

e 9er(l6O,150)922r reaction was observed (with the 15O(7+)

charge state) only at 0= 259, 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.

91 118,120

Zr(d,p)9 'Zr reaction indicates that the 0.0, 0.936,

and 1.495 MeV levels are mainly (vd )2 states with spins of 0%, 2%,

5/2
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Fig. 5h. 150(7+) position spectrum from the Zr reaction at

Zr(g.s.) reaction, with the larger one being

17

‘due to ~'0 in its ground state and the smaller one to
its 0.87 MeV (s

0 in

1/2) first excited state.
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Table.XXV. Levels Observed in the-9th(l6O,;SO)9SZr
Reaction at 104 MeV.

Levels Observeda Peak Cross Sectionb Peék Cross Section®
(uncorrected) (corrected)
(Mev) - (mb/sr) (mb/sr)
0.0 - ’ 0.16 * 0.02 ' 0.87 £ 0.4k
2.0 . : 0.1k + 0.02 0.72 £ 0.36

a'Exciﬁl:avtion energy * 200 keV.
b 15 . X . . _ oo :

0(7+) differential cross section at 6,= 25°, but calculated as for
150(8+). See Sec. III-B, eq. {10b). The error shown is only that due
to counting statistics.
¢ l50(7+) cross section from column 2 after correction by R8/7 from

Sec. III-B, eq. (5b). An arbitrary error of % 50% is assumed for the

correction.
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Table XXVI. Levels Observed in the 9er(l6O,150)92Zr
' Reaction at 104 MeV,

Levels Observeda Peak Cross Sectioﬂb . 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

®pxcitation energy ¥ 200 keV.
b 150(7+) differential cross section at 6£= 25°, but calculated as for
15O(8+). See Sec. III-B, eq. (10b). The error shown is only that due
to counting statistics.

¢ 150("{+) cross section.from column 2 after correction by RB/T from

Sec. III-B, eq. (5b). An arbitrary error of * 50% is assumed for the

correction.
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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
(a,p) data, is the probable explanation for thé lack of an identifiable
ground state pesk. (The (160,150) cross sections of the 0.9 and 1.5 MeV
pesaks alsé folléw 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 reasonsble to associate the 3.5 MeV level seen here with

this h state, based on the observed selectivity of the (160,150)

11/2

reaction in strongly populating only Vd5/2 and Vh states in the other

11/2
targets studied.
(16 17

12. 0) 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 17O(8+) and 150(7+),

which have the same 7 and (within the resolution of the detector) the

same value for M/q. If the Q-values for the (16 15 0) an (16 o 0)

reactions are appropriate, they will fall in different regions of the

focal plane and can therefore be observed simultaneously. Such is the

16 17

case for the ( 0) reactlon on most of the Zr isotopes. DPeaks

corresponding to the (160,170) reaction (leading to the ground state of
91, - 92 oL

the final nucleus) have been observed for Zr, Zr, Zr , and possibly

96
90

Zr. These peaks were all observed in the 15O(7+) gate set for the

Zr target at 0,= 25°. They are labelled in Fig. 49. (The small peak

L
between the 90Zr‘and 93Zr ground state peaks has a position appropriate
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96 Zr ground state, although it corresponds to a very

16 17

16 170)95

for the 7 2r(

large cross section. Compared with the other ( 0) cross sections
determined here, however,-it does not appear to be unreasonably largea)
Fortunately, it was possible to confirm the identity of some of the
peaks seen in Fig. 49 by finding them in the 15O(7+) gates of the other
tafgets studied. Based on the isotopic abundances from Table.I, Ccross sec-—

tions for all of the 17 90

91 16 17

0 peaks were calculated for the
(16 1T

Zr target. 1In the

case of the 7 Zr( 0) and Zr 0) reactions (see Figs. 53 and 5k),

90

the cross sections calculated from the

91 ok

Zr targets. No confirmation for the

Zr target agreed quite well with
16 1
zr(*%0,%70)

those from'the Zr and

I‘96

Zr(l60,170) cross section was possible since these targefs were not

used in the heavy ion experiments. The cross sections obtained for the

(16

O) reaction on the wvarious targets are summarized in Table XXVII.

91 16 17

In the 7~ Zr( 0) reaction (Fig. 54), a peak correspondlng 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 170 (0.87 MeV) peak

17

was off the detector. Although the 0 excited state was only observed

once, its interpretation seems uhambiguous. 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

90

state in the residual nucleus since the first excited state of Zr is

at 1.75 MeV. (Furthermore, the cross section for the 1.75 MeV o* state

in the % 123 vas less than 103 that of the ground state.)

91Zr(l60’170*)90

Zr(p,d) reaction

The cross section observed for the

91Zr(l60,l70)90

Zr (g.s.) reaction
was 22% of that for the Zr (g.s.) reaction. From the

selection rules, the latter reaction (d5/2——> d5/2 transition) can have
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Table XXVII. Zr(l60,;70).Cross Sections at 104 MeV.

Peak Cross Section®

o (mb/sr)
Reaction® Terget: 2Ozr Ny by
91, . (16 170)%r(g.5.) 12,6 £ 1,0 A 12;h 0.2 —
917+ (160, 1T6*)9%(g.5.) — 2.8 ¥ 0.1 —
927, (360 170)9 51 (g.5. ) 12.1%1.2 | — —
9L‘Zr(l6 7 )93Zr(g.s.) _ 20.5 * 1.8 A' S — - 21.8 0.2
%2r (1%,110)%2x (g.5.) (51. % 6)° — —

aleferentlal cross section at 6 259, Isotopic abundances are taken

from Table I. The error shown is only that due to counting statistics.

" it
bThe 170* refers to the outgoing 170 being in its 0.87 MeV (s

1/2
first excited state.

96

®The amount of ” Zr is given as < 0.1%, so only a lower limit to the

cross section can be calculated.
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contributions fromL = 0, 2, and h, vhile the former reaction (ds/z-—> 91/2
transition)‘is restricted toIL = 2, The factor of 5 difference in cross

section between the two reactions may.be related to the preference for high

110

L transfers (o *’100L) suggested by DWBA calculations.

(16

L+2

.~ The trend in 0,170) cross sections with mass number can be

qualitetively understood in terms of the filling of the Vd,, shell. In
a simple picture the cross sections should be in the ratio 1:2:4:6 in

91 96 2

going from “"Zr to ° Zr. With the exception of the Nor to 2gr ratio,

_the experimental results (Table XXVII) are in reasonable agreement with

this prediction. The states observed here were also seen in the (160,170)

data of Christensen gghg;,llh at 60 MeV. They report peak cross sections

92 9k 96

of 0.77, 2.13, and 8.4 mb/sr for the ° Zr, ° Zr, and ~ Zr targets, re-

spectively. Since the 9I“Zr(l60,170)93ZrA(g.s.) cross section seen here

is a factor of 10 larger than that reported at 60 MeV, a > 50 mb/ér cross
section for the 962r(160,;70)952r,(3.3,).transitibn-appears reasonsble
compared with the 8 mb/sr eross section observed'in the lower energy

experiment.
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V. DISCUSSION

A. Single-nucleon Transfer

1. 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-

o N . " s " . . . .
rat}ons which include the "active” orbitals ﬂpl/2’ ﬂg9/2, apd vd5/2’ i.e.,
88

by the assumption of a closed shell at ~ Sr. (In some calculations a
90Zr‘core, i.e;, no Wpi/e orbital, was a.ssumed,7 but #he experimental
evidence showsh that in the ground states of the Zr isotopes the ﬂpl/2
"shell ié only about half filled.) Within this model there are some
low-lying states which can mix with the high-spin single particle ofbitals.
In this.region the configurations.which can mix'are (wgg/2)$/2; with the
' ﬂg7/2 single-particle orbital and (ﬂg9/2)g/2+ with ﬁhe ﬂg9/2 single-particle
orbital.

For‘example; in the ﬁunperturbed" picture of 9Nb there are three
9/2% states eipected, two with.seniority v=1 and one with v = 3. (The
seniority, v, is the number of particles which are unpaired, i.e., not

coupled to "= 0*.) The v = 1 states would be

(npy /)5 (TEg)p) (1a)
aﬁd e S
(T8y/,)2, (Tggy,,) (1p)
9/2’0% 9/2
In fact, however, the,residugl interagtion ﬁixés the (“Pl/z)gf and

90

(ﬂg9/2)§+ states in “ Zr so that;the:gréund and first exéited states

(both 0%) are
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g.8.% a(ﬂpl/2)§+ + 3(ﬂg9/2)§+‘ v - (2a)
. 2 2 ' .
and 1.75 MeV: B("P1/2)0+ - 0‘("g9/2)0+ : (2v)

with8 a? A 0,6 and 62 ~ 0.4, By analogy with configuration (1), the v = 1

9/2% states in 91Nb become

at () 5)o0 (Mgg p) + 8'(Mag5)0, (mey ) (32)
‘and

B'(1py 1) (Megp) = a(mgg )2, (meg ) (30)
If a' = o and B"= B, we can describe configurations (3a) and (3b) as a

T8y /o Bingle particle coupled to the ground and first excited (1.75 MeV ot)

90

states of “"Zr. In this case, the state (3b) would have no overlap with

0 _ , .
the 9 Zr ground state and would have a spectroscopic factor for proton

9

transfer in 90Zr(3He,d) or OZr(oc,t) of zero. However, if a' # q and

B' ¥ B, a non-zero spectroscopic factor is allowed for the upper level as
well, although generally it will be small.

91

In “"Nb, the 9/2% state corresponding to configuration (3b) (calcu-

lated to lie at 1.64 MeV) is expectedh to have an intensity about 1/1800

- that of the ground state. In this case the level would not be observed

even in (o,t). The (ﬂg9/2)$/2+ state was calculated8 to lie at 1.62 MeV.
Due to the nearby'p;}'2 state in the experimental spectrum, it is not clear
whether or not this state is populated. At.higher energy there is a
calculated (ng9/2)3/2+ 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

.. 90 3 1 . .. 90 R
very weak in 7 Zr(~He,d)” but is populated in 7 Zr(o,t) (Sec. IV-A2) with

sbout 1% of the ground state intensity. A 7/2% state at 2.792 MeV was
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56

also. observed by Rauch and may correspond to the {a,t) state at 2.T7 MeV.

This state is not included in the shell model calculations since only one
7/2% state can be formed from the (ﬂg9/2)3 configuration. - At higher exci-

tation energiés, 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 protoh levels such as ﬂgT/z and Wd5/2

becomes important.

n 23

I Tc the low-lying levels are described in a manner similar to

91

that for “"Nb. The ground state is of the form

(10, /o Von (e )on (g p) + (ng ) (e )

There is a very low-lying {(ng )3 + state calculatéd to be at 0.69-MeV,8
9/2°7/2

which probably corresponds to the 0.68 MeV level seen in the 92Mo(a,t) data.

This state has sbout 1% of the ground state intensity in (a,t). The weak
mixing with the ﬂg7/2 single particle state is not surprising. The single
. particle enefgy for ﬂg7/2 is quite high (about 5 MeV) in 91Nb, and is

93Tc. It is unlikely that levels so far apart would

probably similar in
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 92M9(d,t) would be the 2.59

MeV state (possibly a'doublet), which appears to be considerably stfbnger
compared with the 3.36 MeV state than_indicaﬁed by the (3He,d) spectroscopic
factors. The (o,t) strength of this state amounté to about 2% that of the
ground state. A cépdidate for the lower 9/2+ level is less obvious. iThe
2.1k MeV state is relatively strong in (a,t) but was assigned £ = 3 by
Kozub and Youngblood.S The. only lo_w-lyiﬁg (a,t) level unreported in (3He,d)

was that at 1,42 MeV, which has about 1% of the ground state intensity.

-
3



¥

ﬁu
-
£
o
A
Lo
z
-
.
g‘a
)
LV
'\,\

-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.
93

The situation for Nb is very complicated since there is appre-

ciable mixing between the various states. Near 1 MeV both a 7/2% and 9/2%

7,9 Levels at this energy are populated in both the

30,4

level are predicted.

92

92Zr(a,t) and Zr(3He,d) reactions. The 1.08 MeV state was assigned

L =4 vy Cates; Ball, and Newmanh andvassociated with'the first calculated
9/_2+ level. The calculated 9/2" level was predictedh to have a spectro-
écopic factor about 12% that of the éround state, but the 1.08 MeV level
has only 5% of the ground state intensity (in both_(a,t) andv(3He,d) ).
Conflicting assignments for the 1.08 MeV ‘level were obtained from Coulomb
excitation measufements, one’group6h assigning Jﬂ= 9/2+, the other12

J"= 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 £he
9/2% level than that from the 1.08 MeV level; The tentative assignments |
from Coulomb excitation of the 1.29 MeV levei.are J"= (7/2+, 7/27, 9/2’)6h
and 3"= (9/2*). 12 |

7,9

In view of the number of high-spin levels expected in this

93

region of ““Nb, the strong (a,t) levels cannot be easily associated with

unique states. One point seems worth making, however. The 1.29 MeV state
in (o,t) is actually stronger than the & /o state observed at 4.8 MeV in-

M (whose spectroscopic factor in (3He,d) is® 0.34). Thus, if this
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" level is not associated with the 9/2% state calculated in Ref. k4, there

must be significant mixing with the ng7/2 state even at a rather low
93

excitation energy in ““Nb. This seems somewhat surprising considering

91

the situation in Nb, but, if'true, it wéuld mean that wave functions
computed by ignbring the ng7/2 orbital cannot be compared with the
expérimentally observed states with any degree of éonfidence.

| In 95Nb the predicted 9/2% state comes at 1.15 MeV and has about
1/30 of the ground state spectroscopic factor.h' The 1.27 MeV state is
9k

assigned & = 3,4 in the Zr(3He,d) reaction.h 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 preéence of strongvﬂg7/2 states may be
important here too, so no association of.the calculated and experimental

- levels seems possible.

2. Comparison Between o Particle and Heavy Ion Induced Reactions

16 15

The 60 MeV ( N). data obtained by Nickles et al.27 on the

Zr isotopes were compared with the ( He,d) data of Cates, Ball, and Newmanh
v’in order to find the singleQParticle 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 reasén for

the difference in the (°He,d) and (a,t) results is related to the different
momentum matching in the two reactibns, tﬁe (3He,d) reaction preferentially
populating low angular momentum (£ < 2) states and the (a,t) reaction
"preferentlally populating high angular momentum (2 >’3) states. As was

16 15)

shown in Appendix A, the favored momentum transfer for the (

16 15

reaction, L = 3, suggests that the ( 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 corefexcited levels reported by Nickles eL__l,gT along with nearby

strong states seen in the (®,t) reaction. As can be>seen, essentially

16 15

all of the levels reported in the ( N) reaction also appear as strong

(a,t) transitions. The levels at 2.18 and 2.75 MeV in Zr(16 15N)9l
may not have counterparts in the (d t) data. However, neither of these

Z (16 15 N)

states was observed in the present experiment (see Fig. hl).
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 (0.,t) reaction. As an example, consider the

907, (160,29y)9 Wy results. The intensity of the 3.37 MeV (2d.,.) state

5/2
is greater relative to that of the ground state (lg9/2) than was true for

e 90 )

Zr(o,t) reaction. Moredver, the cross section for the 3.37 MeV (2d5/2
state (L=3) is much larger compared with that of the L4.81 MeV (lg7/2) state
(L=3) in the heavy ion than in the light ion data. The apparent explana-
tion for these observations ié 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; hoﬁever, depends on both

tﬁe quantum numbers n and £. »Forba given radial quantum number, n, the
wave function peaks at a larger radius as £ inereases. 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

208? (16 15N) reactlon,llo it appears that the effect

on data from the
~of an extra radial node is approximately the same as the effect of two

additional units of transferred angular momentum.v



Teble XXVIIT. Collective Levels Observed in zr(100,°N)Nb Compared with the Zr(a,t) Results
161 o b 1 \b
(*°0,*°m)? (a,t) (+60,%%y)® (a,t)
' c - a e o f d e
Target E2 _ 12 E I ) E3 I3 E _ I
(MeV) (MeV) (MeV) (MeV)
92y 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
92 : . N
“Zr 0.93 0.05 0.95 0.02 2.34 0.17 2.30 o
2,36
b 0.92 - 0.82 0.0k 2.05 0.36 2.10 0.08
"1.00 0.01
®Taken from Ref. 27.
bTaken from Sec, IV-A.
Cassumed [Zr(2*) ® ﬂg9/2] configuration.
(continued)




v

Teble XXVIII (continued)

dRa.tio of differential cross section (at 6£= 60°) to that of ground state.

eRatiQ of integrated cross section to that of ground state.

fAssumed [Zr(3™) ® ﬂgg/z] configuration.

-Log-
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In the case of the 9OZr(l60,l5N)9le reaction, if we divide the

observed cross sections for the ground and 3.37 MeV states by the values

2

of (2J_, + 1) C°S from Ref. 2, we obtain reduced cross sections of

£
GR(lg9/2) = 0.5 and 0R<2d5/2) = 0.7. The same calculation using the
90 ; : . _ )
Zr(o,t) cross sections yields OR(lg9/2) = 0.4 and OR(2d5/2) 0.1.
Thus, in (a,t) we would expect that the lg9/2 cross section would be

about U times larger than that for a 2d state with the same spectro-

(16 15

5/2

scopic factor, while in N) 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
sbove are probably reasonable.) From the heavy ion selection rules, a

1g7/2 and 24 state require the same L transfer, and in this case the

state (with the extra radial node) is clearly favored. A nice
16 150

2d5/2

example of this effect can be found in the Mo(
16 15 16 15

93Mo spectrum

0) and ( N) reactions have identical selection

93Mo is 24 5/2° the states near 1.5 MeV are

92

(Fig. 51). (The (
rules.) The ground state of

lg7/2, and the 2.32 MeV state is 1h Comparison with the ““Mo(a, He)

11/2

spectrum (also in Flg 51) shows that, relative to the 1lh level, the

11/2

24 state is stronger in the heavy ion data, while the lg7/2 states are

5/2 _
considerably weaker compared with both the 24
e oL 16 15

and lh 1evels;

5/2 11/2

zr( )95Nb data obtained here show population of the

same states observed by Nickles.g}_g&,27 9th(u t), the 0.7k - 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,

16 15

this ratio is essentially the same in the 9th( N) data (see Table XIX).

»
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Similarly, the 1.65 and 2.10 MeV states, which were strong in the (a,t)

16 15

reaction, are also strong in the ( N) reaction. The 1.27 MeV level

. 9th(a ,t), which had about 8% of the ground state intensity, looks

weaker in the heavy ion data (assuming it cofresponds to the 1.1 MeV
level). However, the intensity ratio of the 1.1 MeV state to the gfound
state, about 5%, does not differ greatly from the light ion.ratio. The
2.0 MeV state appears relativel& stronger in the heavy ion data, but this

would occur even for d states, for example, which wquld be expected

5/2

to begin to appear at about this excitation energy. A strong d state,

5/2

of course, should have been observed in 9th(3He,d)? but only levels up
to 1.26 4eV were reported in Ref. kL.

The apparent absence of the 0.68 MeV level_iﬁ the 92Mo(160,lSN)
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

LLE admixture, its weakness (compared with the lg9/2 and 24 states)

16 15

5/2

in the ( N) 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 ﬂg9/2 transfer along with uncoupling
the (g9/2)§+ protons. Fig. 44 indicates that the likelihood of such a

93

process is small. Particularly in “~Nb, there'is good experimental evidence6

that the low-~lying states do have appreciable admixtures of the core-excited
configuration [92Zr(2+‘) 8 e /2]. , but the (a,t) levels at 0.80 MeV (5/2%)

(16 15

2 and 0.95 MeV (9/2%) could account for the ’N) state reported by

Nickles gﬁ_g;,27 at 0.93 MeV.
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An estimate of the importance of a multi-step reaction mechanism

9oZr(160’150)91

can also be made in the case of the Zr reaction. From

Fig. 48 it is obvious that only two levels are strongly populated.- the
90

same two levels which are strongly populated in the Zr(a,3He) reaction. v ..

91

The locations of core-excited levels in ~"Zr have been determined by

91

DuBard and Sheline121 with.the Zr(p,p') reaction. They find that the

2.16 MeV level is indeed a member of the [90Zr(3’) 8 vdS/é} multiplet, as
are the states at 2.630 MeV (1/2‘), 2.683 MeV (7/27), 2.800 MeV (9/2™),
2.821 MeV (5/27), and 3.022 MeV (3/2). As is evident from Fig. 48, only
one member of this core—excited multiplet is populated with réasonable

intensity. It seems extremely unlikely that only the 11/2- state (which

63,120

is known to have an appreciable Vvh single-particle amplitude)

11/2
16 15 0)

reaction if core-excitation

16

would be strongly populated in the (
were an important part of the reaction mechanism. The Mo ( O) reaction
(Fig. 51) also yields a spectrum very similar to that from the (o, He)
reaction. Althéugh it hés nof been experimentally verified; it is quite

9o is also partly a

likely that the 2.32 MeV 11/2° state in
[92Mo(3') 8 Vds/é] 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
. . 27,11k
to the suggestion of Nickles et al., there is no strong evidence

for the population of states which do not have single-particle strength.




ot

-211-

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 angﬁlar distribution, and (c) regular dependence of
the Q-value for forming the level, Qf, oﬁ 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 theseblevels in
(a,d) is given in Table XXIX. Unfortunately, neither of the strong (a,d)
groups seen here displays the regular Qf vs. mass dependence observed pre-

viously.ls-'17

It is clear that the lack of regularity in Qf is hot due
to a failure of the reaction to‘selectively populate specific shell model
configurations, since the Tt levels (which correspond to the energies
labeled.E in Table XXIX) have been identified in all but one case by

1
65,99,102

other reactions. Since both‘groups of strong levels show the

same Q-vaiue 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 E,. in Table XXIX with a specific shell

2
model state in spite of the irregular Qe ¥s. A dependence.

One possible explanation for the anomalous behavior of the 7+

neutron are entering partially

levelg is that both the g9/2 proton and d5/2
filled shells and thus the wave function is somewhat different in each
92

case. For example, in ~“Nb the 7' is mainly a "simple" two-particle

(ﬂg9/2 ,Vd5/2)7+ StatE, While in 9)+TC the wave function iS [(Trgg/z)g/23 vd5/2]7+

AR -] R 3 7 .
and in 7 Nb it is [ﬂg9/2, (vd5/2)5/2]7+. This was not the case for Fhe
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Table XXIX. Q-Values of Strong (a,d) States

Final Nucleus Ela , le o E2 Qéb
(MeV) (MeV) (MeV) (MeV)
90y . 0.69¢ -12.79 BERTL 15,21
2 o0 13.03 - 2.58 -15.61
9th‘ 0.0 -13.37 2.68 ;16.05
M - 0.08 | -12.89 2.h2 -15.23
% 0.23  -12.60 2.38 _1k.75

9k

a(ﬂgg/é,vd5/2)7+ states. All levels except the Tc ground state have

been assigned 7+ by other groups. OSee text, Sec., IV-B,

96

?Ground state Q-values taken from Ref. 51 except for “ Nb, which is

. inferred from Ref. 10k.

“Obtained from 888r(a,d)90Y data, M. S. Zisman, E. A. McClatchie, and
 B. G. Harvey; University of California, Lawrence Radiation Laboratory

Report UCRL-19530, p. 100 (1970), (unpublished).
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15-17

levels observed in previous (o,d) studies except for the 5% levels

in 22Na and 26Al, which ére in a deformed mass region. Consistent with

this hypothesis is the fact fhat the Qf vs. A dependence for the Zr isotopes
alone is similar to that obsefved previously. From evidence presented
below it seems likely that the higher group of levelé aléo contains a

ﬂg9/2 configuration, which would account for its behavior being similar

to that of the 7t 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, (ﬂg9/2,v§5/2)7+, is elready known in the nuclei studied here. As
expected, this configuration is selectively populated in the (o,d) reaction
in all cases. Other possible high-spin states, to which the higher (o,d)

. o 2
group might correspond, are (ﬂg9/2’Vhll/2)lO" (“59/2’vg7/2)8+’ (d5/2)5+,

' 2
(Trgrr/za\)ds/2)6+a (g7/2)7+’ and ("g7/2’\)hll/2)9—-

In order to determine which possibilities are reasonable, simple

shell model calculations have been performed using the code PHYLLIS.la’4
The method of calculation is outlined by Brody and Moshinsky,125 and is
described in Appendix B. The calculations were done using a Gaussian
potential employed by True in calculating the th spec‘l:rum:66

Vg = =52 exp(-0.2922 r2) (MeV) o (1a)

v : .
= 1B »

VsE * 1.6 _ (10)

Voo = Vo = O (1e)
where VTE’ VSE’ VTO’ VSO refer to the triplet-even, singlet-even, triplet

odd and singlet-odd potentials, fespeétively. The oscillator parameter, b,
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was determined by requiring that the calculated residual interaction, VRES’

for the (ngg/z,vd )7+ state be the same as the empirical value for the

5/2
92N-b . . - -2
ground state, -0.679 MeV. This yielded a value of b = 0.156 fm .
17 ’

In previous calculations the oscillator parameter was calculated according

to the formula -

_2n+ & +3/2 _2n+ L + 3/2 ’ (2)

b = z = 173,2 2
R (r0 AT

Our value of the oscillator parameter would correspond to a radius parameter

r0 = 1,32 fm.

Matrix elements and excitation energies obtained with this oscillator
_parsmeter are given in Table XXX. The single-particle energies required to

calculate the excitation energies are taken from single-~nucleon transfer

a‘_‘;’8.2,120

d and are listed in Table XXXI. Figure 55 illustrates the results

5/2) multiplet.

The ordering and splitting of these levels are reproduced reasonably well

of the calculation for the states belohging to the (“g9/29Vd

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 92Nb are
("89/2’Vh11/2)10‘ and (ﬂg9/2,vg7/2)8+. (The’predlcted excitation energies

for states containing an h neutron are lower limits because not all of

11/2
the £ = 5 strength was observed in Ref. 120 and the remainder presumebly

9er.) The large single—barticle

lies at higher excitation energies in
energies for excited proton states meke it extremely unlikely that a state
with other than a g9/2 proton would appear at such a low excitation energy

in 92Nb. As can be seen from Teble XXX, the calculated interaction energies

_are quite similar for all of the high-spin.configurations considered here.
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Fig. 55. Comparison between the calculated a.nd'experimenta.l spectra for
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Table XXX. Summary of Shell Model Calculations for the

TwO—Particle»States in 92Nb.
Configuration J" Veps : - Exb
(MeV) ~ (Mev)
o + ' .
(ﬂgg/g,vds/z) T | o -0.678 . 0.0
(ﬂg9/2,vhll/2) 10~ | -1.263 | > 2.10
- | (-1.472)° - (> 1.89)°
+ ; '
(ﬂgg/z,vg7/2) : 8 E -1.098 2.35
2 +
(ds/z) : | 5 -1.129 3.75
~ +
(Tgy /0oVeg /5) 6A | -0.543 5.66
2 + .
(g7/2) | 7 -1.268 7.70
(aq/25¥011 75) 9 0975 - > 7.90
(-1.136)°€ (> 7.74)°¢

fCalculated with a single oséillator parqmeter b = 0.156 fm—2 except as
noted.

bBa.sed on single-particle energies summarizgd in Tgble.XXXI.
'cCalculated‘With oséillator pafameters 0.156 and 0.18k4 fm™2 for the

proton and neutron, respectively.
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Table XXXI. Single-Particle Energies for A = 9l.

&

S, oy,

(MeV) (MeV)
g9/2 0.0 . —
ds /o k.20 0.0k
81 /2 5.27 1.66
dz/n 6.43 2.76
&7 /2 5.52 2.77
By1/2 - > 2.68

a‘I‘a.ken from Ref. 2.

bTaken from Ref. 120.
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Thus , the predicted excitation energies depend strongly on the single-
particle énergies but are not particularly sensitive to the choice of
oscillator parameters.

One problem in doing these calculations arises because the hll/2

level is in a different oscillator shell than the other levels. From
eq. (2) sbove this should correspond to a different oscillator parameter.
To see what effect this has on predicted interaction‘ehergies, a modified

calculation (see Appendix B) with different oscillator parameters for the

two particles was performed using the code NAOMI.l2h The generalized

transformation brackets can be expanded in terms of products of standard

125 126

Moshinsky brackets using a formula derived by Gal. The Talmi inte-

_grals must also be modified slightly because the transformation to relative

coordinates requires a "redefined" oscillator parameter
. PPy |
o= T, .- (3)
1 2 :

where bl 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):
2n,. + &, + 3/2
2 v
b, = X b
2 2n_ + 21 + 3/2 1

N

[

N
[\

5

|

X 0.156_'

\J1

= 0.18h fm 2

The results of this calculation are included in Table XXX. The larger h11/2

oscillator parameter'has_the effect of increasing the résidual interaction

matrix elements by about 15%. The predicted excitation energies are, there;

fore, decreased by about 200. keV.



3. (0,d) Structure Factors

Shell model calculations (Sec. V-B2) suggest that the best candi-
dates fog the higher level observed in the (a,d) data are (“g9/2’Vhll/2)lO‘
and.(ngg/z,vg7/2)8+. Such high-spin states are kinematically favored in
(0,,d), because the momentum matching (see Appendix A) for the reactién‘is
best for large L transfers. [The semi-clasSical angular momentum transfer
is a x R ~ 8,] The structure of these high-spin states is also favorable
for the (a,d) reaction, since they contain relatively large gmounts of
the [target core + deuteron] configuration required for strong population
in (a,d). Structure factors for these levels heve been tabulated by
Glendenning92 and are listed in TablelXXXII. The prebdbility of finding
the favored 3S correlation for the transferred pair (with cehter of mass
angular momentum L) is given by

A W

e N
This probability, weighted by 2J + 1, is also given in Table XXXII. Since
no kinematic effecﬁs are inclﬁded in this probability, the ratios in Table.
XXXIT cannot be interpreted as relaﬁive eross sections even if the wave
functions are adequately described by these simple configurations, However,
the relative probabilities dobserve to indicate, for example, that the
("g9/2’v87/2)8+ would probably be‘weaker than the (ﬂ59/2’vhll/2)10'
(assuming the L = 8 and L = 9 kinematics are similar) and that either

)

of these states would be comparable in strength to the (ngg/g‘,\)ds/2

level.



Table XXXII. Structure Factors for (o,d) States.

. . a b ' c
Configuration GNL PL (27 + l)PL
(Teg /paVds /) s G g = =0.0221, G, = 0.3140 0.099 1.0
(Tag/02V011 /0)10- Gjg = 0.4396 0.193 2.7
(Teg /0 V812 g+ G1g = 0.3277 _ 0.107 1.2

_(nds/e,vd5/2)5+ Gy, = 0.0k4kLT, G,), = 0.0351, G3h = 0.3278 0.111 Q.8

&Taken from Ref. 92.

b

S P s Z GﬁL .
5

wave function.

represents the probability of finding the appropriate 38 correlations in the

®Relative to the (ﬂg9/2,vd5/2)7+ state. This ratio does not include any kinematic effects, which

are also important in determining which states will be strongly populated.

A A
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k. Other Evidence

The (0,3) structure factors (Sec. V-B3) indicate that the

(ﬂg9/2’vhll/2)10' state shquld be stronger than the (ﬂg9/2’v87/2)8+
state. The shell model calculations (Sec. V-B2) predict these states
92 '

to be close together in " "Nb, because the residual interaction matrix

‘elements are similar for the two configurations and the vg7/2 and

single-particle energies in My (see Table XXXI) are almost

93Mo the situation may be different. The 92Mo(d,p)93Mo

VB, /o

identical. 1In

. 62 . . . . . - :
reaction”  indicates single-particle energies for the vg7/2 and vhll/2

configurations of 1.6 and 2.3 MeV, respectively. This would argue for

9k

" a 10~ sssignment for the ° Tc 2.68 MeV level, since the observed ng/z

centroid (1.6 MeV) corresponds to a repulsive residual interaction if
the 2.68 MeV level is associated with the'(ﬂg9/2,vg7/2)8+_configuration.

Unfortunately, large fractions of both the ng/z and vh spectro-

11/2

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

(0.,d4) state is that the level should be observable in a reaction where

a neutron is transferred to 93Nb, i.e., 93Nb(d,p), 93Nb(a,3He), or

16 15 93

Nb( 0), since the Nb ground state is a ﬂg9/2 level. As

mentioned previously, the 93Nb(d,p)9hNb reaétibn62’101 did not locate

93

any vhll/2 transfers. Nb{a, He) data were obtained in these

experiments and the reaction has not been reported in the literature.

16 lS

However, from the results obtained here with the ( 0) reaction

- (Sec. IV—C), this may be the best of the three reactions for looking
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at Vh. transfers, since these are significantly stronger than ng/z

11/2
transfers (see Sec. V-A2). In spite of the calibration problem, the
93Nb(l60,;50)9hNb data (Sec. IV-C9 and Fig. 52) indicate clearly that

the (Wg9/2,vh ) levels are located near the energy of the strong

11/2
922r(a,d)9hNb state (2.42 MeV). This does not prove that (ﬂg9/2,vg7/2)’

states are not also located in this region, but three VgT/z states were

62 93Nb(d,p) below 2 MeV, none of which correspond to strong

(16 15 )9h

reported
(a,d) transitions. In any case the Nb data do demonstrate
experimentally that at least one of the configurations suggested here

for the strong (o,d) state appears plausible.
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VI. CONCLUSIONS

A. (o,t) Reactions

A search for high-spin proton levels in 91’92’93’95Nb and 93Tc

has been made with the (o,t) reaction. Based on relative strengths
compared with (3He,d) data, the following levels are believed to be
populated with & > 2 transitions: Wb [2.39, 2.53, 2.61, 2.77, 2.90,
3.01, 4.18, L.77, 4.89, and (5.1k4) Mev], 93pe [0.68, (3.58), 3.91, k4.37,
(b.47), (4.67), 4.77, 4.90, 6.01 (multiplet), 6.17 and 6.4l MeV], 2
[~ 5 MeV multiplet], 2>Nb [1.08, 1.29, and =~ 4.5 MeV], and 2°Nb [1.27,
1.65, (2.10), and ~ k4.5 MeV]. The states near 5 MeV in these nuclei are
in a region where & = 5 proton strength has béen tentatively identified '
in the 92Mo(3He,d)93Tc reaction.” The 4.18 MeV level in 94b and the
3.91 MeV level in 931¢ have been assigned £ = 2 in (3He,d),h’l but both
states are populated too strongly in (o,t) to be consistent with the

91

measured spectroscopic factors. In the case of the Nb 4.18 MeV level,

additional evidence for a high-spin assignment is obtained from the fact

that it is fed by the B decay of 91Mo(9/2+).10 Comparison with published.

7-3 b 2.63 and 2.77 MeV

shell-model calculations suggests that the

states, the 9pe 0.68 MeV state, the 23Nb 1.08 or 1.29 MeV states, and

the 95Nb 1.27 MeV state may be populated through small admixtures of

8 /2 and & 12 s;ngle—particle streng#h in the calculated (ng9/2)3/2+
n : .

and (ﬂg9/2)7/2+ levels. The (2Jf+ 1) dependence of the (ﬂg9/2,Vd5/2)

92 91

multiplet in ““Nb was investigated with the “ Zr(o,t) reaction. The

results are in good agreement with recent spin determinations for these

~_states.6s Finally, a new Q-value for the 90Zr(u,t)9le reaction,

¢
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14,643 £ 0.0ET‘MeV, was determined from this work. This value corresponds
to a change'in the 91Nb mass excess of +98 keV, and is consistent with

several other recent determinations of the 91Nb mass.53’5h’56



'B. {(a,d) Reactions

The lhN(oc,d)l6O reaction has been investigated with improved reso-

15

lution. The excitation energies and widths for the previously observed
. triplet whose proposed configuration is l,'*N(l"') + (a )2+ 4 ot o4
. 5/2°5% W*, 57, 6

are: 14,40 % 0.03 MeV (I = 30 * 30 keV), 14.82 % 0.03 MeV

= 125 . 50 keV). From
82,83 Jﬂ - 6+

c.m.

(r = 69 £ 30 keV), and 16.2h £ 0,04 MeV (r
other evidence; the 1&.82 MeV state has been assigned ,» and
the 14.40 MeV state has been showth to have unﬁatural parity. A com-
parison of ﬁhis work and the l20(6Li,¢:1) measurements of Bassani 93_2;,76
indicates that the 16.2h MeV state seen here is different from the lp-lh
6% state near this energy. Two excited stateé, at 15.80 * 0.0k and
17.17 * 0.04 MeV can be assigned T=0 by this work. Compared with the
population of the known lp-lh and 2p-2h states, the lLp-Uh states in

16O are populated extremely weakly in the th(a,d)l60 reaction.

It has been demonstrated that the tendency of the (o,d) reaction
to éeléctively populate high-épin states continues in the Zr-~Mo region.»
The (ﬂg9/2’vd5/2)7+ transfer is strong in all of the Nb isotopes studied
here, The ground state of 9th has been shown to be a 7+ by this work,

9L

based on its stréngth'and angular diétribution, and the Te 0.21 MeV

level is a probable 5¥ state. Levels of the [ﬂg9/2,(vd5/2)%] configura-

93Nb. In particular, the 17/2% assignment12

tion have been observed in
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 sabout

. 2.4 MeV higher excitation energy than the T¥ level. (See table XXIX for
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s summary of the preferentially populated (o,d) states.) Simple shell

11/2)

are the most likely high-spin configurations expected in this energy

model calculations suggest that (ﬁg9/2,vg7/2)8+ and (wg9/2,vh 10~
region. The structure factors for (u,d)g2 indicate that either of these
levels would be strong in the (o,d) reaction. The 93Nb(l60;150)9hNb'

reaction has given experimental evidence for the existence of (ﬂg9/2,vh

9 )9k

11/2)

‘levels near the energy of the strong state in the 2Zr(OL,d Nb reaction
(2.42 MeV). This fact, as well as the apparently low value for the Ver /o

. coos 93 ‘ s

centroid in Mo, meke the (ﬂg9/2’Vhll/2)lO’ assignment appear more probable
at present, although a (ﬁg9/2,vg7/2)8+ assignment cannot be conclusively

eliminated.

o
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C. Heavy lon Reactions

The heavy ion data obtained here provide a good example of the

Aresolution and particle-identification capabilities offered by a magnetic

b7

'spectrometer and position-sensitive focal plane detector. The present

Zr (16 N) results, when compared with the 60 MeV results of Nlckles

27

et al., generally show population of the same states. The cross sections

measured at 104 MeV, however, are much larger than those reported at 60

(16 lSN) reaction shows a preference for high

MeV. As expected, the
angular momentum transfers similar to (but not as pronounced as) that shown
by the (a,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.

(16 15

0) reaction was also observed on the targets studied

here. Although the Q-values for this reaction are supposed to be very

unfavorable,108’109 measurable cross sections (about 3 mb/sr) were observed
in all cases. The data from the 90Zr(l6 150) and Mo(16 15O) reactions
3

are very similar to those from the (o, He) reaction on the same targets.

16 15

The ( 0) reaction, at least in this mass reglon appears to be an

excellent way of observing Vhll/2 levels. The “h11/2 levels are about 5
16 15

to 10 times stronger than ng/e levels in the ( 0) reaction, while in

the (o, He) reaction the vh and vg7/2 transitions have nearly comparable

11/2
intensities.

91 92

The ( 0) reaction on 7~ Zr and 9th, (and possibly on ““Zr and

- 96

Zr, which are present asvisotopic impurities'in the targets used here) has

~also been observed. Only the ground state transition was seen in all cases.
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(16 17

Outgoing 1To% (0.87 MeV) particles were identified in the 0)

data, with an intensity about 22% that 6f the 170 ground state. The cross

sections for this reaction are quite large, more than 20 mb/sr in the case

of 9th(l6O,170).

Some evidence for the existence of excited outgoing

16 15 16 16

partlcles was also obtained in the ( N) and ( 0') reactlons. 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

(16 15

outgoing particles in the 0) data.

Notably absent in the present data are the proposed core-excited

states in  Nb at 2.18 and 2.75 MeV reported by Nickles g§_§;,27

93

- Similarly, the 0.68 MeV (g9/2)$/é+ stéte.in Tc was unobserved in the

220 (16 lSN) data. In the (16 15 0) data on 907, ana 92Mo, only the 11/2-
member of the core-excited mu;tiplet was populated. These 11/2~ states have
been seen in both (d,p) and (a,3He) and have significant vhy /o single-
particle strength.120’62 ~ Insofar as the other possible core-excited states
seen by Nickles gﬁ_g&,gT all éppear as stfong (d,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

- In the plane wave theéry of nuclear rea.c‘c:i.ons,lz7 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 possible to 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

" .
i=k, - R (A-1a)
final
> > '
=k, - K , (A-1v)

i

where ki and k. are the incoming and outgoing momenta. As a function of

0
' scattering angle this can be written (see Fig. 56(b))

. | 1/2
lq 1 = [ki2+ K® - 2k;K cos e] - (a-2)
The transferred angular momentum is then
> > ‘
L=lgx&l=Ig] «IR| siny (A-3)

If we additionally assume a tangential collision (kilR), we can obtain

from the geometry that

2 /2.
L o=lgl « | &I -[1-K—2- sin"‘e] (A-b)
| . |

* The value for "Z x B normally quoted29’3o

is at 0° and, from eq. (A-3),

corresponds to

>

L=1gl «IRI ' | (A-5)
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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

R=1.3 [A:1L/3 + A:2L/3] fm (A-6)
For numerical calculations the following (non-relativistic) expressions

are employed:.

M, _ _
I - . | )
Eom. “M _ + W E b . (A-Ta)
tgt 1
T
e S : (A-To)
tgt i
- 1/2
[2 "ui f‘Ec.m;] /2. :
ki B h , . ' . (A-Te)
final . :
Mo = ©oM . (A-74)
°© Mesnar ¥ Y ° - .

and

2w . (® + Q1?2 |
Ko = s (a-Te)

where Q is the reaction Q-value.

For the 9OZr(3He,d)9le(g.s.) reaction at 31 MeV,h we obtain
(at 0°) L ® 2, while for the 90Zr(a,t)9le(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 (o.,t) reaction on essentially
all targets. For the two reactipns considered here, the decrease in uo
relative to pi 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

- =13 MeV. The negative Q-value for (a,t) causes ko to be much smaller than
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ki and therefore a large momentum transfér is required even at 0°, A
comparison of egs. (A-Tc) and (A-Te) clearly shoﬁs that, for stripping
reactions (uo < ui), a large negative Q-value increases the favored
momeﬁtum transfer while, for pick-up reactions (uo > ui), a large positive
Q-value makeé L iarger. For this reason a large momentum transfer ié
characteristic of most reactions involviﬁg an incoming or outgoing o

particle, e.g., (o,t), (a,d), (a,3He), (3He,a), ete.

2. Coulomb Effects

If the Coulomb potential‘is included in the description of the
reaction, it is neceséary 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
905, (169,15y)91

the value of E X ﬁ for the Nb (g;s.) reaction at 0° is about
T, 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 descripfion chosen here is to aséume that the'transfer occurs
aﬁ the classical "distance of closest approach" of the hyperbolic orbits
of both the incoming and outgoing particles. From Rutherford sca@tering
theory we have

~ 2122 e?

D = -5 " (1 + csec 6/2) ‘ (A-8)
- ““c.m. v o



where Ec is the incident particle energy and 0 is the'center of mass
scattering angle. It has been found empirically, however, that if D is
parameterized by

1/3
Ay )

D=4, '.(Ai/3+ (A-9).

the maximum of the heawy ion induced transfer reaction cross section
corresponds quite generally to a radius parameter Qo= 1.65 fm.108 In
vhat follows we will use this value of d0 and eq. (A-9) in predicting
the favored angular momentum transfer at the maximum in the angular
distribution. Figure 5T shows the trajectories assumed in the model.
Note that the actuai 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 Céulomb orbit.

To obtain the momentum transfer we replace egs. (A-Tc) and (A-Te)

by their "local" values at the distance of closest approach:

L2 - (B -v)Y2
ki . i . cam. ¢ ]‘ (A-10a)
and o
, L2 + (E +q-v)H2
ko _ UO 1:(;.m. .C i (A—lOb)

. . _
where Vc and Vc are the heights of the initial and final Coulomb barriers,

respectively. The favored angular momentum transfer is then

. ] 1)
AL=L, - L =k,D-%k0D (A-11)
i o] i o)
A summary of the results of calculations using this equation for
“the P%2r —> Miv(g.s.) transition with (*°0,2%N), (a,t), and (3fe,d) is

given in Teble XXXIII. The results are in qualitative agreement with the
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XBL 726-1077

Fig. 5T. Trajectories for & nuclear reaction in the presence of the
Coulbmb force. The reaction is assumed to occur at the dis-
tance of closest approach, D, of both the incoming (solid
curve) and 6utgoing (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.



Table XXXIII.

Calculation of the Favored L-Transfer for the

Transition Using Coulomb Trajectories.

Zr —>

le(g.s.)

. a . . ;
Reaqtlon Elab Ec.m. .D Vc Vé Q ki k% Li Lf AL
(MeV) (MeV) (fm) (MeV) . (MeV) (MeV) (fm~1) (fm-1) :

6, %5%) 104  88.3  11.6 39 34 -6.96 5.7 5.4 66 63 3

" 60 50.9 " " " " 2.8 2.5 32 29 3

(a,t) 50 47.9 7.9 16 8 -1kh.64 2.4 1.9 19 15 L

(3He,d) 31 30.0 T.7 " " -0.32 1.4 1.4 11 11 0
®D=a (Ai/3 + A§/3). For heavy ions d_= 1.65 fm, for light ions d_= 1.3 fm.

-Lee-

o

tE
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observed preference of the reactions to populate high-spin states. If
we use the relative population of the ground state (g9/2) and 3.37 MeV

) as a measure of this preference, we obtain values of 1/2,

(16 15

state (d5/2

4/1, and 15/1 for the (3He,d), N), and (o,t) reactions, respectively,
while the corresponding favored momentum transfers are 0, 3, and k.

3. Recoil Effects

For the heavy ion induced transfer reaction

+t)+cl ,

(€; +t) + ¢, — (¢

where C; and C, refer to the heavy "cores" and t is the transferred particle,

1 .
<y " s 106
the DWBA transition amplitude can be written

- Jo M E T vy o @)
- 2%
Vo 1) Yo G ) E) )

Réferring to Fig. 58, the relationships between the various vectors in

eq. (A-12) are:

> > - . ] ( )
r2 = #l -r , . A-13a
A S - S :
TS T - T r | (A-13Db)
c t :
1
and :
T o=TF 4+ M 7
r- YT M, FuM To
c. %
2
M. _ ,
ST UL T (aei30)
= ) 136
Mo + My Mo + M, 71
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-> — —
rz = r‘ - r
— — M
rh = r — t =
r +
* hﬂci*hﬂt
= M, 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 M, , M

o , and M, are the masses of the various nuclei.

c t

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/MC + Mt) and
1 .

(Mt/MC + Mt) in eqs. (A-13b) and (A-13c), is made. In this approximation
2 : .
the distorted waves ¥, and Y. depend only on T. By expanding ¢* , (¥.)
i f £2h2 2

in terms of » and o (see eq. (A-13a)) the resulting expression for the

1
transition amplitude can be reduced to two 3-dimensional integrals106

which can be handled by a conventional DWBA code. Making the no recoil
approximation impiies that the transfer occurs when the particle t lies

> ) . .
along the vector r, i.e., (see Fig. 58) when t is between the cores Cl

5>

-5
and C2. However, replacing the vectors r. and re by ; means that the

new vector has neither the correct length nor the correct direction.

In an effort to overcome these defects, Buttle and Goldfarb

109

have proposed a partial solution, namely, to make ; proportional to

1

> . -+
r. They argue that the ry

integral in'eq. (A-12), which is a product of
the bound state wave functions ¥ (r.) and ] (r.) with the interaction
) zlhl 1 22K2 2

(r

potential VC % will have its major contribution near nucleus Cl’

s

since VC t(;l_) decresases rapidly outside the nucleus. Therefore, they
A as
replace ¥, with (Rl/[r|) r, where R

is the radius of C Furthermore,

1 1 1’

since the ; integral will be largest at a distance corresponding roughly
to the distance of closest approach of the semi-classical orbits, a valid

+ .
r, 1s

approximation for 1

>
r

1

~z

->
r

(A-1k)

'u, o
[



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))
M R '
- t 11> ‘
r, =1l - m— 5 r , (A—lSa)
Cl t
and ’
M
* = 2, . a1z (A-15b)
£, + M) (MC + M) D -
2 2 v

qu Coulomb wave functions the radius enters only as the product E '-;

and eqgs. (A-15a) and (A-15b) are equivalent to using the "recoil corrected"

wave numbers

- t e Y .
ki =1 - 57 5 ki | , (A-16a)
(o t
1
and
' MCZ Mt Rl
ke =Sl Fu) Y M +m) D% (A-160)
02 t 02 t

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 treatﬁent of the DWBA transition
amplitude.

An important effect of the recoil-term.isAto 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
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are related to'kiqand k. (or E, and E, = B, + Q) by eq. (A-8), the result

f f

1 ! .
of using k. and k, from eq. (A-16) is to change the predicted Q-value for

which the initial and final distances of closest approach coincide. 1In

90Zr(16 ’15N)91

the case of the Nb reaction considered here, this change

in Q-value ié sbout 2.5 MeV.

A second consequence of the recoil term is that the parity rule

no longer holds.108 The introduction of the parity rule is based on the

>
1

>
if the full integral is calculated. Alternatively, if r, and ;f are not

separation of the T and integrals in eq. (A-12) and no longer appears
parallel, an additional soﬁrce of angular momentum transfer becomes
availasble which allows angular momentum trensfers of the "wrong" parity
to_occur.

Based on the mass ratio in eq. (A-13b), 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,, as opposed to 1/16 r, in the case of

160’15

the ( 0) reaction. However, most light ion reactions are calculated

in
Clt

eq. (A-12) with a delta function. In this case ry —> 0 and the zero-range

with the zero-range approximation, which corresponds to replacing V

integral is identical to that obtained in the heavy ion "no recoil" approxi-
mation. For relative s-state particles full finite-range calculations are
possible in some cases, because the fact that 21= 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

. . . . . . 108,128
the same angular distribution (and give the same selection rules )

. as would be obtained from a zero-range calculation. Since-ohly the mag-

nitude of the cross section is affected, it is possible to incorporate a
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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

9

exactly.12 Thus,'for light ions it is possible to do a pseudo finite-

range calcuigtion 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
109

example'the treatment of Buttle and Goldfarb described above or a series

expansion as proposed by Austern gg_gl.,laa is required.
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APPENDIX B
- CALCULATION OF SHELL MODEL DIAGONAL MATRIX ELEMENTS
The calculation of shell model matrix elements using harmonic
oscillator Wéve functions has been described in.detail by Brody and

Moshinsky.l25

For completeness this derivation will be réproduced here.
This appendix will be cqncerned only with the case of the diagonal matrix
element of a central potentiai, although Brody and Moshinsky alsé 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 numbér, 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 1ls, etc. The derivation in Part 1
describes the calculation carried out by ﬁhe program PHYLLIS,lgh with the
exception that the program iﬁcludes 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

the basis for the program I\TAOMI.l2h

1. Diagonal Matrix Elements - Single Oscillator Parameter

The single-particle wave function in a harmonic oscillator poten-

tial is

Intm) = R_ (%) Yp(#) ()

nf

The two-particle wave function is

.
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In %

l’n2 Ru)=v

> ->
Z ¢ 2.8 mm| Au) R_ -, l(rl) R o (%)
mymy

(B-2)

This wave function can also be written in the relative~center of mass

x LE) GEG)

(RCM) coordinate system, which is defined by

<>
r

([
e R4

<>
r

(r; - r,) (B-3a)

D!

-> + >
= &:l r, +r,) (B-3b)
This is not the usual definition of this coordinate system. However,

it has the advantage that the harmonic oséillator wave functions are the

same as those referred to the center of the well coordinate system, i.e.,

those using ;i and ;é, since with the definition in eq. (B-3) we have

12,2 2y 1 2,2 2 | "
vV = 5 (rl +r, ) = 5 (R® + r°) A (B-k)

In the RCM system the two-particle wave function is written

InZ,NL,Kﬁ) =

2 CuaMu) R (F) Ry (R) YR(F) TH(R)

(B-5)
mM

Since the RCM system forms a complete set, we can expand the wave function

(B-2) in terms of wave functions (B-5):

lnlﬁl’ n222,‘Xu )
= ) Ing, 5L, W) (ng, WL, Aln %, n22,2,7\) (B-6)
niNL : :
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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 u, this quantum number is not included in eq. (B-6).

The summation in eq. (B-6) is restricted by energy and angular momentum

conservation:

on + L+ 2N+ L = on, + zl + 2n, + 22 | (B-T)
and

?f+f=7\>='9fl+12 ' (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

(B-3a) ). Thus, by calculating residual interaqfion matrix elements in
the RCM system, only a single integral must be evaluated.

We wish to calculate the diagonal matrix element

(n. % hulV(r)ln , \u y (B-9)

1210 Btoe 1%1> "ok
Transforming (B-9) to the RCM coordinate systemwbynmeans of eq. (B-6) we get

(n. % N

1445 1, 2,ku|V(r)|n 21,

0y,

| | "
Z (nf, NL, M.nlg'l’ n222, A)

niNL _ .
x {n%, NL, \ulv(r)Ing, NL, Au ) -~ (B-10a)

2
}E: {nt, NL, Aln 1895 Dolys A )
niNL.
x Zj(zMMmur2<NmMmm)

far "2 ()

x {nehv(r)ling) | ‘ - (B-10b)
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where the wave function INIM ) 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,

(B-10b) becomes

{(n 21, n Ru'V(r)lnlll, n 2, Au >.'

l 2
' | 2 |
%L{ nf, NL, Mnlzl, ny%s, A (ntllv(e)iing ) | (B-11)
In both egs. (B-10b) and (B-11) the reduced matrix element is defined by
(- -] .
= * 2
(nlllV(r)llnl} = [ R o(r) V(r) Rnll,(r) r° ar (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

2 0 '
an(r) = r'Q’ e T /2 Z & 0k r2k | (B-13a)
=0 .
where
_ 2 (n!) 1/2 fn+i+1/2 (-)E

Bntk [F(n + R,n+ 3/2)] : ( ek k! (B-13p)
( n-k )= Ttaerl) T (oEw372) (B-13¢)

r'(i + 3/2) = S?.}__Li__i'_ \[_' (B-13d)
and ' ’

r(i) = (i - 1)! o (B-13e)

' Inserting eq. (B-13a) into eq. (B-12) gives
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(ot V(z)int )

n oo 2 .
2 hk+2¢ -r
=2 f & ™ V) r¥ ar
0.
k=0 .

We now define a new summation variable

p=2k + &
The reduced matrix element then becomes

(nfliv(r)ing ?

iy r(pr3/2)
_ 2 1\p+3/z
= ZEZ B (p=-2)/2 2
=%
© 2 op -r? 2
x F(p+3/2 r°F e v(r) r° ar
s |
2n+4
- 82 r(p+3/2)
2 Can(p-t)/2 3 o
=4

where'Ip, the "Talmi integral" is defined in eq. (B-l6a).

In the notation of Brody and Moshinsky,

o2 I'(p+3/2) =
nf(p-2)/2 2

and we can write eq. (B-16b) as

B(n%, n%, p)

2n+L

(alV(r)intd=" 37 B(nt, nk, p) I_
p=2

Referring to eq. (B-11), the residual interaction

. becomes

(B-1k)

(B-15)

(B-16a)

(B-16b)

(B-17)

(B-18)

matrix element
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(n_% L, luIV(r)llel, n.%., A\

0% % oo
- : 5 2n+tl
= :E: (n%, NL, Aln 2., ny2,, A) :E:.B(nz,nz,p) I, (B-19)
niNL =L }

Generally the two-particle wave functions are jj coupled, i.e.,

Inlzijl, nyndys IM )
21 1/2 ji
— ' mg (. ' '
_; 2,2 1/2 o ;lnlll, n22,2, Ap ) Xg } (B-20)
- A8

A 8 J
wvhere the curly bracket denotes vector coupling and the square bracket is
a .jj-LS transformation coefficient.

In this coupling scheme the residual interaétion matrix element

becomes
An 0 dys 00, MIV(e)Ing g gy, 005, M )

, =2
21 1/2 3

=2 2,2 1/2 3o (nlkl, n222, hulV(r)lhlﬂ, -

10 Bolys Aw ) (B-21)
AS :

A S J
where the "LS" matrix element is given by eq. (B-19).
In order to evaluste eqs. (B-21) and (B-19) we choose a Gaussian

form for V(r):

V(r) = -V exp[-Br'2] . (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
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Pt -t ' | (B-23)
: 1 2
This differs from the variable "r" used above in two respects. TFirst of 7

all, we have made the radius a dimensionless quantity by writing it in units

1/2 = (Mw/h);/e, and second we have defined

of the oscillator parameter b
the relative coordinate as in eq. (B-3a) rather than the proper definition

(B-23). To make r' consistent with the other definition we let
- - v | |
! —> \[2' -———rr_‘ (B-2k)
b
and eq. (B-22) becomes
V(r) = -V exp[~28r°/b] ” ~ (B-25)
Now, if we use.this expression for V(r) in the Talmi integrai defined by

eq. (B-16) we obtain the simple analytic expression

-V
I

= L (B-26)

2k

Finally, the program PHYLLISl calculates the matrix element (B-21)

using egs. (B-19) and (B-26).

2. Diagonal Matrix Elements - Two Oscillator Parameters

This calculation follows a derivation by Gal.l26 We define the

relative and center of mass coordinates for particles 1 and 2, having

oscillator parameters bl and b2 as follows; | ' W2
-> - -> .
= - B~
r=r -1, (B-27a)
> 4—» g
b.r. + b r
L A1 22
R (B-27Db)
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b.b
b! = bl+§ (B"27C)
172
- . -
B' =b, +b, | (B-274)

Using these definitions we can make an expansion similar to eq. (B-6):

lnlll, n222,.hp )

%55 A ) (B-28)

= Z Ing, NL, Au) {n, NL, Mnlz X

1° %2
nNL
where the transformation bracket (with index B) is now a generalized

Moshinsky bracket. The transformation (B-28) connects the eigenfunctions
>
of the center of the well coordinates ry and ;2

relative coordinate (B-27a) and a '"fake" center of mass coordinate (B-27b).

to those of a proper

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:

(n%, NL, )\lnlﬂ, 2,2, A)

1° P2 B

= im'_m Z e-imHB (nﬁ,, NL, )\|n32‘3, nhzh-’ A)

n32,3nh2,)4
x (nlzl, Ly }\In323, n 2, » A (B-29a)
where
m =_12‘-(2n+2,-2N-L) | (B-29D)
1 ' -
m' = 5 (2nl f 21 - 2n2 - %2) | (B-29¢)
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I - - " (B-294

| m = 3 (2n3 + 8y - 2n) gh) | (B-294)
The summation in eq. (B-29a) is restricted by energy and angular momentum
as in egs. (B-7) and (B-8). The bracket index B depends on the two -

oscillator parameters:

b2 - bl ‘ '
B = arccos B—;—::b—l O0SBS<T , (B-30)

The "standard" Moshinsky bracket, where b, = b2, corresponds to the phase

1
B =m/2.

Using the transformation (B-28) we obtain, analogous to eq. (B-1l1),

<n121, n222? A lov(r) Inlzl, n2£2, INTRY

. 2 |
- Z (ng, WL, M2, moy, A2 (ntll V(x) ng) (B-31)
nNL '

The calculation of the reduced matrix element proceeds as before

and yields
(nlkl, n222, A | v(r) |n121,.n2£2, Ap?
- 2n+4
2
= Z {(n%, NL, Mnlsal, 0,0y, “B z B(nz,nz,p)_lp | (B-32)
niNL p=14 : K

Again, however, we must be careful in evaluating IP. The argument of the
Gaussian force (B-22) is now properly defined but must still be put in

" the dimensionless form



ot

~253-

= ~ (B-33)
where b' is defined in eq. (B-2Tc). This results in an expression for

the Talmi integral similar to eq. (B-26):

-V
I = o (B-34)

P (14 g/pt)P * 32
12}

The program NAOMI calculates the matrix element (B—Zl) from
Part 1, making use of egs. (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 atteupt
to calculate off-diagonal matrix elements was made. . The output of ﬁhe

program NAOMI was verified by repeating some of the calculations in Part 1

with bl = b2.
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