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iM. S. Zisman‘and B. G. Harvey

Lawrehce Berkeley Laboratory
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Auguet 1971 ‘
‘ .ABSTRACT
o 91:92:98, ([ +192,93,95y, < 90,91,92,94; (492,93, 9h 961y . and
92 Oh e : - . »
Mo(a,d)” Tc reactions have been investigated with a 50 MeV a-particle beam

 from the Berkeley 88-inch eyldtrbn} High—spihiproton excited states observed

in the (a,t) feaction, based on comparisons with (3He,d) experiments on the same

92 93

targets, include: Nb (1.08, 1.29, = 4.5 MeV), and

95

Nb (= 5 MeV multiplet),
b (1.27, 1.65, 2.10 MeV). Two groﬁps of strongly excited states appear in

the (a,d) data. Members of the lower group [92Nb(g.5a), 9hNB(O.O8 MeV),
v 96Nb(0.23 MeV) ] have been. prev1ously identified as being (ﬂg9/2, \)d5/2)7
92 9L ol

Te ground state can also be

9hNb(2.u2 MeV) 96

states. Based on the ““Mo(a,d)” Tec results, the

[92 Nb(2.38 MeV),

+
assigned 7 . The higher levels Nb(2.58 MeV),
L
Tc(2.68 MeV)] are believed to be either (ng/e, vg7/2)8+ or (ﬂg9/2, vhll/2)10
states based on the results of shell model matrix element calculatlons and the

(a,d) strgcture factqrs of Glendenning.'

<
- .
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I. INTRODUCTION
In recent years there have been many studies of proton configurations in
the Zr—Mb_region using the (3He,d) reaction.l_6 Most of this work concentrated.
90 92

on the N = 50 nuclei “°Zr and 2°Mo, although (°He,d). data on all of the Zr

. : ) : . : ‘ .
isotopes was reported in one case. A general feature of these (3He,d) experi-

. © 1= :
ments <6 is that very few high angular momentum transfers were observed except

for the ground states (g9/2)' The shell-model states expected in this region .
are g9/2, g7/2, d5/2, 81/2’ end hll/2’ whlch would glve rise to both £ = h and

= 5 transitions to various excited states. These hlgh-spln states should be

‘more easily observed with the (d,t) than the ('He,d) reaction because of

improved momentum matching for large & transfers in (o,t) [@ x R = 6]. A
previous paper on the 9OZr(a,t) and 92Mo(a;t) reactions7 showed a number of
. . . l
~strong levels in the excitation energy region from 4 to 6 MeV in 9 Nb and 93Tc

which are'telieved to centain L = h_or 2=5 strength.

: Detailed-shell—model calculationss_lo of the spectra of odd mass Nb
and Tc 1sotopes predlct the ex1stence of many hlgh—spln levels at low ex01tat10n
energy.' Some of these hlgh—spln levels have been observed in B—decay

91 91 pr > 2w

Mo >

93

studies (e.g., Zr (Ref. 11) and (Ref. 12)) and Coulomb

excitation-(e.g., Nb(p,p'Y)lS), but few have been seen in proton transfer

reactionsl—6 since they have spins which cannot mix with thevaVailablensingle-

. : . ' : 8-10 .
proton states in this.region. However, some of them are expected, to be

+ ot
2 and 5‘ and might contain some of the g9/2 or g7/2 strength and thus be

observable in proton stripping.

The (a,d) reaction also shows a preference for populating high-spin

~ final states. This is due, in part, to the same momentum matchiﬁg effect that

_ _ 5 - _ . . .
occurs for the (a,t) reaction.. QxRBR~8 for the (o,d) reaction in this mass
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regipn.] It is Wéll known,.hOWévér; that two-nucleon transféf reactions also
veihibit a-étfqng’éelectivify‘basedyupon the dégree to which the transferred
nucleons are,cqfrelated-in the final state. In the case of the (a,d) reaction,
the favorea étates ére those whose wave function cah'be descriﬁed'by [farget
core + deﬁtefdn]. .This structure selectivity has been discussed in detail by

'Gleﬁdenning.lh' In his notation, those states with large "structure amplitudes"
will be strongly popﬁléted.” For the (a,d) reaction the structure amplitudes_lh’15
also favor the population of high—spin:states. The selectivity of the (a,d)

16-21

reaction has‘been used previously to locate high-spin levels in the mass

region 14 <A < 70. 1In the Zr-Mo region, the shell model provides many possible

high-spin states which‘might be observed in the (a,d) reaction (e.g., (wg9/2,
A N o ety , ,

vds/e}7 . (ﬂgg/g, vg7/2)8f, (ﬂg9/2, “h11/2)1o , ete.) Thevhlgh splns of the
strongly populated (a,d) states make chfigﬁration mixing unlikely, so the wave

functions of the levels may be relatively simple. " In such a case it may

be possible to obtain information on the effective proton-neutron residual

interactions which are required for shell-model calculations.

¢
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II. EXPERIMENTAL
The experiment wasfperfofmed with aAEO'MéV a~particle beam from the
Berkeley 88;iﬁgh cyclotron at a beam resolution; AE/E, of 0.04%. .Target com-
positions are'summarizedvin Table I. Due to large uncertaihties'in‘the target 

thicknesses, absolute.cross sections are accurate only to gbout *50%. Relative

‘cross sections, however, should be good to about *15%. The deuterons and

tritons were detected by two counter telescopes, each consisting of a 0.25-mm
phosphorus-diffused Si AE and 5 mm Si(Li) E detector; and identified with a

Goulding-Landis particle identifier.-o
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" III. RESULTS
A 2Prr(a,t)?m
92 '

A triton-spectrumbof the Zr(a;t)93Nb reaction is shown in Fig. 1. The Y
resolution -is 50 keV full width at half maximum (FWHM) . As was true for the
‘90Zr(a;t)9

¥

Nb reactlon,T*the spectrum is domlnated by the g9/2 ground state (level l)

(Based on. the: data of Ref 7, the unresolved pl/2 level at 0. 029 MeV is expected
to contrlbute no more than about 57 to- the ground state 1ntens1ty ) A summary

93

of the Nb levels observed 1n this work is glven in Table II, along w1th the

92

“results obtalned from 7 Zr( He d) and Coulomb excitatlon.13 The excltation
energies from (a t) agree, in general with those from the (3He;d) reaction.

The 1.08 MeV & = hvlevel is populated about 1/20 as strongly as the
ground.stete, in sgreement with the spectrosc0pic factors measured by‘Catesg Ball,
and'Newmen;h‘:The:l.29 MeVVlevel, however, is too-strong‘to‘be the £ =1 level

'assigned in Ref. k. Rogersret gl.l3 observed a level at 1.295 MeV which agreed

+ - ' . ’ . >
equally Well w1th either a ; or-% assignment. More recently, Stelson et al. 3

93

1nvest1gated ‘the Coulomb ex01tat10n of Nb with a¥particles'and 160 ions and

+ :
vobtained a tentative 2 state at 1.297 MeV. The strength of the (q,t) state

2
13, 23 .
seen here :tends to confirm the Coulomb ex01tatlon assignments’ > of a high-

spin state at'l.29'MeV in 93Nb. The angular distributions ofvthe 0.0, 1.08,

and l.29»MeV-levels are shown in Fig. 2. The shapes of the three curves are
all quite'similar but, as was-indicated in Ref. T, the f-dependence of (a,t)
angular dlstrlbutlons 1s not very pronounced.

92Mo(oc t)93Tc experlment of Ref. T, a group of strong levels

92

In the
was observed at an exc1tat10n'energy of about 6 MeV. Mo ( He,d) experlments

indicated a possible £ =”5 assignment'for one of these levels. A similar group
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of levels occurs in the 92zr(a,t)93Nb data at aboutrh.S MeV (see Fig. 1). The

appearance of rather strong levels at this excitation energy suggests a high
angular-momentum assignment, butfit is not possible to assign f-values from
our data.

9L

. B. Zr(a,t)gSNb

9th(a,t)9SNB reaction is shown in Fig. 3. The

resqlutioh is 50 keV FWHM. A summary of the 95Nb‘levels cbserved in this work

: Avtritoh‘spectrum of the

. . " o 1 b 3 b
is given in Table III, along with the results of the B-decay 2 and 9 Zr(3He,d)
experiments, The excitation energies obtained from our data agree well with

those reported by Cates, Ball, and Newman.h

+ C L v
Informatlon on the pair of 7 states at 724.23 and 756.T4 keV observed

by Brahmavar and Hamiltonlg was , unfortﬁnately, impossible'to obtain from our
data. The O. 7h and 0.82 MeV levels (both a331gned 2 = 1 in Ref. h) are not

adequately resolved in our spectra (see Flg. 3) and the doublet also contains

a contribution from the 92Zf(d,t)93Nb (g.s.) peak due to an isotopic 1mpur1ty

in the target. The existence of an £ = 1 level at 0.77 MeV was also reported

in the 96

oY

Mo(d,3He) experiment of Ohnuma and Yntema,3 in agreement with the
Zr(3He,d) resﬁlts.h The intensities of both the 0.T4 and 0.82 MeV levels
appear eomewhat'lafge compared to the O.éS MeV state based on the =1 spec-
troscopic.factors of Ref; L. However, in vieﬁ of the experimental problems
it is difficult to Know whether'this discrepancy ls real.

‘The'level observed.in our datalat l.QO MeV appears to 5e populated
relatively more strongly than was true for the (3He;d) experiment, which is-

consistent.with the £ = 3 assignments made in Refs. 3 and_h.
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9”Zr(3He,d):data,y at 1.26 MeV, was

,Tnelhighest level reported in the
.believedhto‘be a high angularvmomentuﬁ>(£ = 3,h) state. ASFCan be seen from Fig. 3,
thls state.(level 6), at 1;57 MeV in our data, is strongly excited in the (a,t) reae-
tion. Similarlj;'the levels‘8'and ll,‘at 1.65 and'2.lO.MeV are also‘strongly popu-

: v
lated;“ The 1. 65 MeV level contalns a contrlbutlon from the OZr(th)gle (g.s.)
impurity peak amount1ng to about 1/3 of the total 1nten51ty The 2.10 MeV level
: appears_brOad at all angles and is prObably a doublet. Angular distributibns_
.:for the 0. O 1.27, 1. 65, and 2 10 MeV levels (F1g h) are all very s1m11ar.->The'
angular dlstrlbutlon of the l 65 MeV level has been corrected for the presence

o1

of Wb (g. s.)‘tritons.

Flgure 3 also shows a group of falrly strong exc1ted states at about

_'h 5 MeV in 0°

Nb.. The strength of these levels in the (a,t) reactlon suggests
a'high»angular'momentum aSSignment, although no definite_2—value'can'befaSSigned

- from our data,

c. 91Zr£a,t)92Nb
This data corresponds to that mentioned as "Ref. 14" in a previous

91Zr(a,t)92

paper.7 A'triton.spectrum of the Nb reaction at 6, = 15° is shown

L
in Fig. 5. The resolution is 65 keV FWHM. The spectrum is domlnated by the

multlplet of levels whose conflguratlon is predomlnantly (ng/g, vd5/2)2 N 7 s

i.e., by the capture of ‘a g9/2 proton. Insofar as this slmple plcture is cor-

~

rect ~two results are requlred the cross sect;ons of the states should be

+ 1) and the total (a,t) strength of the multiplet should ®

£
be the‘same as that- for -the gg/g_ground state3of 91Nb. The angular distributions

proportlonal:tO'(ZJ

‘of the- five strong levels (the 0.478 and 0.498 MeV states were not resolved in

our data) are shown in Fig. 6. The 0.27 and 0.36 MeV levels were separated



©

.ﬂg9/2 stréngthf

- - LBL-226

by means of a Gaussian peak fitting program.. The similarity to the 9OZr(u,t)9le

(g.s.) angular'distributiohT is clear. The (2Jf + 1) dependence of the inte-

grated crqss'sections is given in Table IV. The resulfs are consistent with

93

the recent

Nb(d,ty)gQNb'experiment of Bhatia, Daehnick, and Canada2h and the
o . . _

7r(3He,d) results of Ball and Cates.-’

Aé méntiOned earlier,.thé absolute target thicknesses (and therefore

. absolute éross'séctions) are not well known, but a check on the'relative thicknesses

90 91

of the 7 Zr and

90

Zr targets is possible due to the appearahce'of the

91

Zr(a,f)gle (g.s.) peak as an impurity in the ~ Zr(a,t) spectra. Since the

integrated cross section for this impurity peak is only about 6% higher than

" that obtained from the 9OZr,target (using the nominal target thicknesses given

91

in Table I), itvis'possible to compare the 90Zr(a,t) and ” Zr(a,t) cross sections

directly. - The'total integratéd cross section of the five levels (from
| 90 )91

0 = 15.7 to 57.4°) is 2.4 mb. The cross section for the ~ Zr(o,t)” Nb

90

. C.M.

(g.s.) reaction (with the: 7 target) over the same angular range is 2.7 mb.

The agreemént indicates that this multiplet does, in fact, contain most of the
91

A list of the levels observed'in the Zr(a,t)ger reaction is given

in Table V, along with the 9er(3He,d)92

Nblresults.h As can be seen in Fig. 5
there are.few st?ong excited states except for fhe 1.h0vand 1.63 MeV levels,
both of whiéh are aésigned % =»l-iﬁ the (3He,'d)'w'ork.h Weak leveis at these
enefgies were also reported in the'93Nb(d,t) réacfion,'?h but bothfwefe assigned
L = Q transitidns. Since the neﬁtron pickub and proton stripping reactions
would nof, in general, be expectéd_to:bopulate the same le&els, the disérepancy

is probably due to the formation of different states.
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A weak group of levels appears at about 3 5 MeV in both the (a t) and

,( He d) data,’whlch would be con51stent w1th the formatlon of a
.91
[T

n .

Nb(3.37 MeV) @>vd5/2] multlplet at this’ energy. A similar group'of levels
at about 5 MeV which is populated rather strongly inu(d,t) might be associated
5/2] nmltiplet.v'ﬁoth muitipléfs'would be expected
based on the strong states observed in the- 9oZr(a t)9 Nb reactlon T

w1th a [91Nb(h 77 MeV) @)Vd

D.

A spectrum of the 90Zr(a a)

90zr(a;d)92Nb

92 6 s el :
Nb reaction at 62 = 20° is shown in Fig. T.

" The resolution is 50 keV’(FWHM) A summary'of the levels observed in this work
is glven in Teble VI Except for the lOWilylng (ng/g, vds/g) multiplet in

9 Nb very few levels are populated in both the Zr(a t) and 90

Zr(a.d)‘reactions.
‘Thlszlmplles that most of the states observed in (u d) do not contain apprec1able
stké'strength. The 1. 08 MeV level appears (weakly) in all reactions’ leading to
92Nb; lncluding the 93Nb(d t) experlment'zh thus, 1t probably has a rather
, complicated struéture.‘ The level dens1ty is too hlgh to make deta1led com-
‘parisons between the‘9 Zr(a,t) and Zr(a,d),data, but the (a,d) levels at 2.h46,
2.81, and h;83 MeV may correspond to'levels-seen in the singleénucleon'transfer
(cf. Table V). |

The select1v1ty 'of the (o, d).reaction is evident from the relative
1nten31t1es of .the levels belonglng to the (Ng9/2; vd5/2) multlplet (see Sec
III C). The 7 (g S. ) is populated much more strongly than the other states
‘:v in the multlplet, it is about 20 times stronger than the y* 6"doublet at
0. 50 MeV._ The only level populated as- strongly as the ground ‘state (7+)ﬂis No. 13,

at 2 58 MeV Angular dlstrlbutlons for the ground and;2.58 MeV states are shown.
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in Fig. 8. _The'highér’exéited states tend to have rather structureless angular
’ distributions, differing from one another only in slope. The ground state (7)),

. : : ' - ~ : : ' 1
however, does exhibit some oscillatory behavior. Similar structure was reported

3

+ + : : o
for the 0 > 7 transition in the hOCa(a,d)hQSc reaction although the oscil~.
lations were attributed tovﬁhe presence of a nearby l+ level in that case.
» + 4 + - 4 3 . u 3 )
This 0 > 7 (L = 6) pattern (Fig. 8) does appear to reproduce in the other
examples studied in this work (see below).

Mb(a,d)9h.

92 Te

-E.

9ol

'A'spectrum'of th¢-92M6(a,d) Te reaction at‘el = 20° is shown in Fig. 9.

' The resolution is 65 keV (FWHM).' The spectrum is quite similar to that of the
90Zr(a,d)92Nb rea@tion’(Fig. 7)3 only two levels are strongly excited, the
grouﬁd and 2.68 MeV states. Aisummary of the levels observed in this work is
given in Table VII. |

oL

Relatively littleiis known about the ~ Tec level scheme. The ground

o B _ IR - S . _ _
_state is known to be & 6 or 7 based on the observed isomeric transition from
the 107 keV 2 level and the allowed B-decay of 9hch to the 2.4232 MeV 6 1level

ok 26 '

in 7 ‘Mo. The observed strength of the ground state in (d,d) is inconsistent

: + o + : -
with a 6 assignment since the 6 should be at least 20 times weaker than the

90

+. : : S _ : _
7 based on the Zr(a,d)92Nb results (Sec. III D). ‘Also, the angular distri-

. : S ' . : +
bution of the ground state (Fig. 10) is identical with that of the 7 92Nb (g.s.).
i ‘ : + v
Thus, the (o0,d) results indicate clearly that 7 is the correct assignment for

ol

the Te grouhdvstate, in agreement. with the predictions of‘Bhatt and_Ball8 and

Vervier.lo
The only other member of the~[ﬂ(g9/2)g/2.; vds/e]-multipleﬁ expected in

(o,d) is‘the 5 , which is predicted8’l0 at an excitation energy of about 0.2 MeV.
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The most reasonable possibility for the 5 state in,9th 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 0(5+)/0(7 ) = 0.25 from the QZr(a,d) results. The

angular distribution of the 0.21 MeV level (Fig. 11) is similar to that of the

0.36 MeV 5 level in 92Nb. The 9hMo(p,ny)vexperiment27 indicates two closely
spaced levels, at 209 and 216 keV, cither (or‘both)’of which could be responsible

90 (a,d)

for the observed (o;d) étreﬁgth of the 0.21 MeV state. ’Howeﬁer; the
results (Table VI) indicate that only the 5+ and possibly the 3. levels will
give strong (a,d) transitions.’ |
: . ‘ , . 18-20 . . L L
In previous (a,d) studies preferential population of a level in a
given maésTregionvwaSvshown to be dué to capture of a profoﬁ-neutrdn pair into
, | 2 L
one specific shell—model configuration (e.g., (d5/2)5+'or (g9/2

- fication of the level in various final nuclei was made on the basis of: (a)

)§+). “Thé_identi—v

strong populétion'in'(u;d), (b) similar angular distribution, and (c) regular

dependence of the Q—valué fbr'forming the level on mass number. Ih this case

9L

the strongest (o,d) states are those at 2.58 MeV in 92Nb ana 2.68 MeV in 7 Te.

The strengths of these states (relative to their 7 ground states) are almost

9k

identical. Mdfeover, the angular distribution of the ” Te 2.68 MeV level

9

(Fig. 10) is very similar to that of the °Nb 2.58 MeV level. Possible shell-

model configurations for these levels will be discussed below.
92, (

F. r a;d)ghNb ,

922r(a,d)9hNb reaction at 62 = 20° is shown in Fig. 12.

9QZr and 92Mb targets (Figs. T and

A spectrum of the
The resolution is 50 keV (FWHM). As with the
" 9) 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 VIII.
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: o

Tec, the lévelsvin, Nb have been

p). 30,31

gk

In contrast to the s1tuat10n for

93 28 29 93

studled extens1ve1y, both by Nb(d The T9 keV

Nb(n,y)
level is believad to be_the 7 ‘state based on its relative intensity in (d,p)30

and its weak decay to the ground state.28 [The grdund state was given a tentative

T assignment by Moorhead and Moyer,3l but the excitation energy determined here’

9k

of 0.08 + 0. 03 MeV argues against this assignment. Calculations of the ” Nb

- + : ' o+
level schem 5 lO 28 30 all give 6 as the lowest level.] The 5 level of the

‘ o +
[ﬂg9/2,.v(d5/2)g/é] -multiplet, at 0.113 MeV,28’31 was not resolved from the T

in our data. The angular distribution of the 0.08 MeV level in (a,d) is less

'92Nb_or'9th (Figs. 8 and 10) but is

. . : ) ’ . 4. + ’ .
accounted for rather well (Fig. 13) by assuming a 7 + 5 doublet with relative

90

intensities the same as those observed in ~ Zr(a, d).

The 2. h2 MeV state has an angular dlstrlbutlon (Flg 13) s1m11ar to that

of the 92Nb 2.58 MeV level. ‘Its strength relatlve to the 7 level is consistent
9k

with those obtained for the strong states in 924 and ?*Tc. - Based on (a,d)

systematics this.leVel should have the same configuration as the 92Nb 2.58 MeV

and 1 2.68 MeV states.

e P20(0,a)%m

9k

A spectrum of the Zr(a,d)96Nb_reaction at'6£_= 20° is shown in Fig. 1k,

The resolution is 50 keV (FWHM). The low-lying levels in'96
‘ %6

Nb were studied

with the Zr(BHe,t)96Nb reaction’by Comfort g§_§;,32 They obtained excellent

agreement with the predictions of the Pandya transformation, which relates the

96

)™1] particle-hole miltiplet in Nb to those of the

92

5/2

. + :
[ﬂg9/2, VdS/Z] particle-particle multiplet in " Nb. In particulsar the 7 level,

which should be strong in (a,d), was observed32 at 233 + 5 keV in 96Nb. Preliminary

- 96 96

er(p,ny) Nb.reaction33 are in agreemént with those from (3He,t).
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34535 ¢ tne 9 + Puo fodecay indicate a

36

Since recent measurements

mass excess for 96Nb differeht from thét in the published Q+value tables,

‘we used an energy scale obtained by fitting (d,d)'data on the 90Zr;'922r, and

20 targets»(albng with light impurities) to determine the energy of the 7

level.  An-exciﬁation energy of 0,26 * 0.03 MeV was obtainedvusing the Q-value
conéistent'with the_B-deca.y'dattza.?’Ll while the pu.bli'shed36 Q-value, -12.3342 MeV,

‘gives an excitation energy of about 0.30 MeV. Thus, based on'ouf.data, the mass

96

excess of ~ Nb obtained from the B-decay, which is 37 keV more positive than

that from Ref. 36, seems preferred. In order to minimize ‘the effect of shifts

between the various targets, the final calibration'was done using a

9ng(a;d)96Nb Q-value of -12.371.MeV,(inferred from Ref. 3%4) and assuming an

excitation energy for the 7 level of 0.233 MeV as given by Comfort SE.QL-32

The excitation energies determined in this manner ére given in Table IX along

with the 96Zr(3He,t)96Nb results. Our energies depend on the‘choice of Q-value

and may have a systematic error.if the Q;value of our calibrationistate is
incorrect;,but'this causeé.only.sméll errors (S;QOVEéV) over the energy range
covered in Table IX. | |
Aé with the other Zr isotopes only'two levels are strongly populated.
Angular distributipns ofttheSe levels; af 0.23 and 2.38>MeV, are.shown in Fig.
15. The 0,23vMeV‘1evel has avshape congisteht with the 7+'éssignmént made by

32

Comfort et al.” and the 2.38 MeV level is similar in shape to-the'92Nb 2.58 MeV

state.

H. 9er(a,d)93Nb

A spectrum of the > g = 20° is shown in Fig. 16.

The resQlUtion'is'65 keV (FWHM). A.Summary of the levels seen in this work is

er(a,d)93Nb reaction at 6

given in Table X.
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It 1s 1nterest1ng to ‘compare the low-lylng levels seen in the

9l 93

Zr(a, d)93Nb data to those seen in 92Zr(a t) “Nb (Sec. III A and Table II) and

1 +o
Coulomb excitation. 3 The ground state (2—) is populated qulte weakly in (a,d)

compared with the dominant “gg/é capture in (a,t). A stronger group of levels

appears at about l 3 MeV in the (a d) data. These levels- have been a551gnedl3
13+ gt 11t 13+
=) CI
93

splns of: o 952 Me v . 1. 337 MeV 0—— ), 1.&92 MeV:

11+ 13 ).
)

, and

b

Shell model calculatlons of the Nb level scheme

1 + o5t a7t ' '
.predlct low—lylng él , i? ) 2; , and 2; levels whose wave functions are of the
. 9o

Nb results (Sec. III D) it seems

1.507 MeV (9 y

' 2 90
type [ﬂg9/2, v(d 5/2)J ] I From the 77 2r(a,d)
clear that only those levels hav1ng appreciable amplltudes of the type [(ﬂg9/2,_
vd5/2)7+, vd5/2] anq [(ﬂg9/2, vd5/2)5+,'vd5/2] will be populated strongly, since

+ o+ : . .
the T and 5 " have the most favorable structure for the (a,d) reaction. The

17+ + o .
strongest levels, then, should be the 2;\ and %? since these must contain only

. +
+ o+
5, 6 s OT 7 coupllngs of the transferred (ﬂg9/2, vd5/2) pair. The %} state,

which is the "stretched" conflguratlon of the [Wg9/2, v(a S/é)z]lmultiplet, should
be populated only through the 7 coupllng, i.e., it should be the same transfer

as that for the 90 92

Zr(a,d) Nb (g.s.) reaction. (The 6 is not expected to con-
tribute appreciably to the cross section either experimentally (Sec. III D) or
'theoretically.l5) This prediction is horne out by the angular distribution of
the l.33'MeV‘level (Fig. 17) which hae the same shape as that from the
9OZr(d;d)92Nb (g.s.) reaction. Also, the 1.33 MeV level is the strongest of the

low-lying levels seen in 91Zr(a;d).‘ Thus, our data tends to substantiate the

identification of the %} level at 1.337 MeV made in Ref. 13.

15t L 8,10 7+
The 5 level is predicted ’7 to lle sllghtly hlgher than the - level.

Based on our results the 1.48 MeV level would seem to be a reasonable candldate,

]
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ot 1t
22 2

levels. Both the 1.48 MeV and 0.96 MeV lévels have angular distributions (Fig. 17)

although Rogers gg;gl.l3 assigned ( , %?‘) to both the 1.492 and 1.507 MeV

>

.. . R . . 4 + R .
which can be "fit" with the assumption of 7 + 5 contributions similar to those

92Nb.

i

from the ground and 0.36 MeV states of _
At about 4 MeV a second strong grouﬁ of states appears in the 9er(a,d)

data (Fig. 16). The angular distributions of these levels, at 3.54, 3.8k, 3.93,
4.06, h,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. Ahgular distri-

butions of two of these levels (3.54 and 4.52 MeV) are shown in Fig. 18. The ‘
splitting between the two multiplets is about 2.7 MeV. This is consistent with
a simple "weak coupling" picture of these.groups of states, although it is very

unlikely‘that the levels do not-mix with other available configurations in 93Nb.
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'IV. DISCUSSION

A, (o,t)

There has beeh.great interest recéntly in the spectroscopic information

" obtainable from heavy-ion induced’transfer reactions. A study of the (160, 15N)

reaction oh ali‘of the even Zr isotdpes has récently been reported.37

16O

The

15 « - ' R oL
Zr( ) SN) reactions were observed to strongly favor the capture of a g9/2

proton by an undisfurbéd Zr coref '(The ground'stafe_ﬂg9/2 cross section was

in ali caseé‘at least a factof_of 3 larger than that for any other state.) This
'reéult indicates a preference for large angular momentuﬁ transfers similar to
ﬁhat shown b& the (0,t) reaction on the samé targets (seevRéf..Y and Sec. IIT A
and B). The Zr(l60, lS.,N) results37 were cémpéred to the Zf(3He,d) results of
Cates, Ball, é,_nd‘Newr'n'anh in order>to determine which levels were populated by .

single—partiéle transitions. Several other states, not seen or Seen weakly in (3He,d),

o | , S . o
were interpreted as possible core-excited levels of the type [2Zr(2) @)ﬂg9/2]
' 1
160, 5

or [Zr(37) @>ﬂg9/é]§ Since the éngular momentum aspects of the ( N) reaction

" appear to be similar to those of the (a,t) reaction, it seems reasonable to
compare the results of the two in order to determine which levels might be popu-

lated due to their high spin réther than due to core excitation. A summary of

(16 15

the core-excited levels seen in 0, N) compared to nearby levels seen in-

(a,t) is given in Table XI. As can be seen from this comparison, essentially

all of the levels seen in the heavy-ion Work37 also appear in our data.
In 93Nb'there is good evidence23 that some of the low-lying states do
y 92 +y » : R v g*
have [77zZr(27) @'ﬂgg/e] components. However, for the 1.08 MeV Z level, the
92, ,3 92 e ) ’ - -
( Zr(o,t) strengths (relative to the ground state £ = 4 transi-

Zr He,d)&‘and_

tion) are identical. This implies that two step excitations in (a,t) are no
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more 1mportant than those in (3He,d). ‘The appearance of these states in both

l . v .
5,), then, may be due to the high angular momentum transfer

(oa t) and (
in the heavy 1on reaction rather than to a two step collective ex01tat10n Very .
possibly both the 51ngle—part1cle and . collectlve aspects of these strong levels

are contributing to thelheavy ion cross sections, but,we suggest that_ 'elimination"

of those statesvhauing mainly singlefparticle character be done by comparison
.with:(u,t) astuell-as.(sHe;d)_data in orderrto better reproduce.the momentum

matching conditions:of the heavy'ion experiments, .In the presenthcase, the
appearance of theseblevels'(Tableixl) as fairly strongA(a,t) transitions certainly

15y, 3

xcasts some'douht on the mechanism of their excitation in'(l60,
B. (a,d)
'As mentioned previously,’the_three criteria used for selecting (a,d)
states of the same COnfigurationuare: (a)vlarge cross.section~inv(a,d), (b)
similar angularidistribution, and‘(c)_regular dependence of the Q-value for -
‘forming,the_leVel; Qf; on mass number. We have shown that requirements (a) and
(b) ‘are met by the strong (a d) levels seen in th1s work. A summary of the

Q—values for formation of these levels in (a d) is given in Table XII. Unfortunately,

, -

- neither of the‘strong (q?d) groups,seen here displays the regular Qf Vs. mass
dependence ohserued.previously.;s—2q It.is clear that the lack of regularity .

in Q is.not due'to a.failure of'the reaction.to~selectively:populatezspecific
shell model configurations, 31nce the 7 levels (whichvcorrespond to the energies,
labeled E 1n Table XII) have been 1dent1f1ed in all but one case by otherv

o 2h ' ’
reactions. ?8 32A Since bothlgroups of strong levels show the same Q-value

&

vbehavior (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
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‘listed as E2 in Teble XIT with a specific shell model state in spite of the
irregular Qf vs. A dependence.
One possible expianation for the anomelons behavior of the 7+ leveisv

is that both the g9/2 proton and d 'neutron are entering partially.filled

5/2

shells and thus the wave functlon is somewhat different in each case. For erample,
in 92Nb the T is malnly a "simple" two-particle (Wg9/2, vd / )+ state while

2’7
in O oh

TC'the wave functlon is [(ﬂg9/2)9/2, Vd5/2] + and in 7'Nb it is [ﬂ59/2,

(vd ) ] This wes not the cuge for Lhe lévels observed 1n previous

5/2 572"

(oc,d)_.studieslB—20 except for the vaievels in 22Na and 26Al, which are in a
deformed.mass region. Consistentvwith this hypothesis is the.fact that the Qf_
vs. A-dependence for the Zr isot0pes alone'ig similar to that observed previously.
From evidence presented belon it seems likely that the higher gronp of levels
aiso conteins avﬂg9/2 configuration, which'would aecount for its hehavior being:

. . +
_ similar to that of the 7 levels.

C. 'Shell Model Calcuiations

In this mass regron there are 'a number of hlgh—spln proton—neutron states
which mlght be strongly populated in (a a). “Qne of these configurations,
(ﬂg9/2, vds/e 7+, is already known in the nucleivstudied here. As expected,
this configuration is selectivelyvpopulated in the (o,d) reaction in all cases.
Other possible high—spin states, to which the‘higher (a,d) group might correspond,

(d

are (Tgg /55 Vhyy /p)107s ("g9/2’ “g7/2)8 5/2 5 » (Mg ps Va5 p)gts (8 )p) %

1172097+
In order to determlne which p0581b111t1es are reasonable, simple shell

8
model calculations have been performed using the code PHYLLIS.3 The method

and (ﬂg7/2, Vh
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of calculation is outlined by Brody and Moshinsky.39 The calculations were done -
uSing'a Gaussian potential employed by True in calculating the‘lyN spectfum:

~

v -52 exp(-0.2922vr2) (MeV)'

v = Vg
SE” 1.6
Vso T Vpo = ©

The oscillator parameter, Vv, was determined by requiring that the calculated
residual intergction, VRES’ for the (ﬂg9/2’ vd5/2)7+ state.bevthg same ‘as the

92Nb grdund state, -0.679 MeV. This yielded a value

empirical value for the
: ' -2 . .20 . o A
of v'= 0.156 fm . In previous calculations the oscillator parameter was .

vcalculated_accdrding to the formula

_2n+ 4+ 3/2 =._2n + 8+ 3/2

22 IRYEE

(%
Our value of the oscillator parameter would correspond to a radius parameter
Ty = 1.32 fm.

Matrix elements and excitation energies obtained with this oscillator
pdrameter are given ‘in Table XIII. The single-particle energies required to
| A | | 2
calculate the excitation energies are taken from single-nucleon transfer data’
and are listed in Table XIV. Figure 19 illustrates the results of the calcu-
lation for the staﬁes belonging to the (ﬂgg/z, vd5/2)'multiplet. The drdering

~and splitting of these levels are reproduced-reasonably well by the calculations.
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Based on the'resulfsbin Téble XIII, it seems clear fhat_the most likely con-

. . : .92 - :
flggratloés forvthe 2.58 MeV level in “ Nb are (ﬂgg/e,.vhll/g)lo— apd (ﬂg9/2,

11/2

"neutron are lower limits because not all of the & = 5 strength was observed in

Vg7/2)8+' f(The:predicted excitation-energies for states containing an h

Ref.‘hi and the remainder présumably 1ie§ at higher excitation energies in'9er.)
The large single-particle eﬁéfgies for exéifed pfoton states make it extremely
unlikely that q statedﬁith other thén.a g9/2 proton wouldvappear at such é loﬁ
excitation eneréy in 92Nb. As can be séen from'Table.XIII, the calculated inter-
action energies are quite similar fof all of.the_high—épin configurations con-
sidered here.’ Thﬁs, the prédicted excitation enéfgies.depend strongly on the
single;pﬁfticle energies but -are not pafticularly sensitive to the choice of
oscillator pafameters.' |

level

One problem in doing these calculations afises because the hll/2

is in a differenf oscillator shell than the other levels. From the formula
above this should correspond to a different oscillator parameter. To see what
effect this has on the predibtéd”interaction energieé,;a modified calculafion

with différent oscillator parameters for the two pafticles was performed using

38

the code_NAOMI. The generalized transformation brackets can be expanded in

_ terms of pfqducts of‘standard MbShinsky brackets39 using a formula derived by .

Lo .
Gal. The Talmi integrals must also be modified slightly because the transfor-

mation to relative coordinates requires a "redefined" oscillator parameter

“where vl and v2 are the oscillator parameters,for'particles 1 and 2. ‘The oscil-

‘lator parameter for the h neutron was obtained by‘assuming the shell dependence

11/2

indicated above: .



-20- . LBL-226

v2n' + 8" 432
T on+ 2 4+ 3/2

XV

[}

: 6 65
55 x 0. 156

0.184 % .

The results of this calculation are included in Table XIII. ‘The larger hll/2
oscillator parameter has the effect of ihcreaéing‘the residual interactlon
matrix elements by about 15%. The predicted excitation ehergies are, therefore,

‘decreased by about 200 keV.

(a, d)'Structure Factors

Shell model calculations (See. IV C) suggest that the best candidates

) - and

for the hlgher level observed in the (a,d) data are (ﬂg9/2, 10

D172
._(ﬂg9/2’ vg7/2 8+. Such high.spin states are kinematicglly-favored in'(a,d),
becéuse fhé momentum matching for the reaction is best for 1arge L ﬁranéfers.
[The clasSicgl angular momentuﬁ transfer a x §_~‘8.] The structure of these
high-sﬁin states is also favorable for the (o,d) reaction, sincé théy céntain
relatively lafge amounts of‘thev[térget core + deuteron] gonfiguratiqnwrequiredl
~ for strong pdpulation in (a,d). Structure factors for these lévelsjhavé been
tébulated by Glena,enningl5 and are listed in Table XV. The'pf¢bability of

.finding the favored 3S correlation for the transferred pair (with center of mass

angular momentum L) is given by
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This proﬁability, weighted by 27 + 1, is also given in Table XV. Since no
kinematic effeéts are included in this probability, the ratios in_Table'XV‘
cannot be interpreted as relative crbss sections even if the wavé_functions aré-
. adequately déscrlbed by these s1m§le conflguratlons. Hoﬁever thé.relative
probabllltles do serve to 1nd1cate for example, that the (ﬂg9/2, vg7/2)8+ would
probably be weaker than the (Wg9/2, Vhll/2)10 (assumlng the L = 8 and L= 9
.klnematlcs are slmllar) and that either of these states would be comparable in

strength to the (ﬂg9/2, vd ) + level.

5/2
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V. CONCLUSIONS

. vA-‘ (a,t)
92, 93 95

A search for high-spin proton levels in ‘ Nb has been made with the

(a,t) reaction. Based on relative strengths compared,with the ( He,d) data of Cates,

. i ;
Ball, and Newman, the follow1ng ex01ted states are believed to be populated -

with £ > 2 transitions: 92 Nb(~ 5 MeV multiplet) Nb(l.08, 1.29, ~ 4.5 MeV);
95Nb(1 27, 1.65, 2.10, =~ 4.5 MeV). The multiplets near 5 MeV in these nuclei

are at an excitation energy where £ = 5 pfoton strength has been tentatively.

92

identified in the )93Tc reaction by Kozub and Youngblood.5 The (2J + 1)

92

Mo(3He,d

dependence of the (ﬂg9/2, Vd5/2) multiplet in “ Nb has been investigated with

91

Zr(a, t)9 Nb reaction. The results are 'in good agreement with the recent

93Nb(d,ty) reaction.2h

16

spin determinations from the
A comparison of our reésults with the Zr(~ 0, 5N) data

37 indicates that

most of the levels populated in the heavy-ion induced proton transfer also appear
in (a,t); This.may be due to the heavy ion kinematics,'which appears to fator
population of the & = h ‘ground states in these nuclei similar to the preference
shown in (a,t). We suggest that a comparative study of the (a,t) and heavy ion
proton stripping will provide a convenient means of observing the "momentumv

~matching" aspects of the heavy ion experiments.

B. (a a) -

_ We have’ shown that the tendency of the (a,d) reaction.totselectively
populate high—spin states continues in the Zr-Mo region. The (Wg9/2, vd5/2 7+
- transfer is strohg.in all of the Nb isotopes studied here. The ground state of
9th has been:shown to be a 7+ by this worh, based on its strength and'angular

. ’ +
distribution, and the 9th 0.21 MeV level is a probable 5 state. Levels of "the



“in the (a,d) reaction. The neutron sihgle-particle energies from

‘centroid in
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["f9/2’ (vag/,

i7 assignmentl3'for‘the 1.337 MeV level is in agreement with our results and a

2
: o 15+ , ’ 93
candidate for the = level has been observed at 1.48 MeV in

93

5 . o . . R :
)71 configuration have been observed in “~“Nb. In particular, the

Nb.

A second strong (q,d) state waé observed in all the nuclei studied here .

- = _ ' o : o +
at about 2.4 MeV higher excitation energy than the 7 1level. (See Table XII

for a summary of the preferentially populated (a,d) states.) Simple shell model
o e R oL

calculatléns suggest that‘(ﬂg9/2, Vg7/2)8 and (ﬂgg/g’ vhll/Z)lO are .the most

likely high-épin configurations expected in this energy region. The structure

14,15 indicate that either of these levels woﬁld be strong

92

factors forA(a,d)

Mo(d3p)3l

suggest thét the vg7/2 centroid may be significantly lower than the vhll/2

93 9k

'“Mo. This argues for a 10 assignment for the ~ Tc 2.68 MeV level,

since the observed Vg, /., centroid (1.58 MeV) would correspond to a repulsive
residual interaction if the 2.68 MeV level is associated with the (ﬂg9/25 Vg7/2)8+

configuration. Unfortunately, .a great deal of the spectroscopic strength of

11/2 has not yet been. observed so no firm conclusions can be

both ng/g and Vvh

reached at this time.
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Table I. Target Composition.

Zr Targets

- . Nominal _ S o
Target Thickngss ‘Isotopic Abundance
(mg/en) . (st ) :
-9OZr 9lzr - 9%, 9th' ';96zf '
90, . L | L I
Zr 0:20 97.8 0.95 0.65 0.49 < o0.1
Oy 0.30 4.95  91.85 2.51 0.62 0.07
P 0.40 2.86  1.29 - 9h.57  1.15 0.1k
- 0.25 2.08  0.69 0.92  96.07 0.2
Mo Target
92Mo v ?hMo’ 95Mb .96Mb 97Mb | 98Mb , lOOMO.
%20 0.30 98.27 0.46 0.37 0.26 0.13 0.27  0.25




Table II. Levels Observed in the

Nb Reaction at 50 MeV.

(at) Coulomb Excitation®
o§:Z§izd - 'Intensityé - o§§Z§iZa¢ B s O£:Zii:d "
(MeV) (ub) (MeV) - (MeV)
.0 2.672 .0 .79 0.0 -9/t
} .029 1 0.53 0.028 1/2”
.69 0.079 .685 07 .
S 0.742 /28
| - 0.808 3/27
3 .80 £ 0.03 0.070 807 .06 - 0.809 s/t
‘ 95 0.064% o o 0.952 132t .
N 0.97 * 0.006 0.980 9/2" =
1.08 S 0.k 1.08 0.0 1.080 72t
1.29 0.304 1.29 0.05 1.295 (1/2%,9/27)
| | . 1.33 0.0k) 1.337 (17/2%)
.37 * 0.03 WEAK- | o o
- 1.465 (3/2%,5/27)
1.492 (9/2%,11/2%,13/2%)
1.507  (9/2%,11/2%,13/2%)
| 1.528 '
.57 * 0.03 0.028 .57 .02 |
1.67 - 0.055 1.66 0.008 ?
| ' 1.71 .006 N
.00 * 0.03 0.0211 | <
15 % 0.03 0.125 .18 .03

(cbntinued)



Table II. (continued)

16

19

(a,t) (3He,d)a Coulomb Excitationb
No. Oooerved® -In?;giityd ‘vo§:::i:de_ B SRR .oﬁ§Z§$2a€_1. "
(MeV) T (MeV) P - (MeV)
12 2.30} { 0.087 2.32 2 0.03
2.369). . '
13 2,48 + 0.03 . 0.089 2.52 (0)
14 2.59 + 0.03 0.038 - 2.59 - 2 - 0.02
15 2.81 " 0.067. |
2.98 0.0919

17 3.15 - ofo5h. , L
18 3.50 - 0.066" - =

©3.72°% 0.03 0.038"
20 3.84 + 0.03 0.0t
21 h.23 0.072"
22 h.o3h 0.043
23 b.u6 ~0.120"
2k 4.56 0.080%
| 4.65) -
o5 4.70 + 0.03 0.067
26 4.81 % 0.03 0.08u* -
o7 - 5.00 * 0.03 0.066 &
28 5.34 + 0.0k o.omt N
29 5.49 + 0.0k -
- (continued)



lIntegrated from. 8 .
: ‘ o, ¢,

. JIntégrated from 6
T T Te.m

‘Table II. (continued)

%Ref. L.
PRef. 13.
®Excitation energy *20 keV except as noted. -

d]fntégrated from 8 i ='12.5 to 52.2°.éxcept.as noted.

®Excitation energy *15 keV except aé noted.
fAll L =_1.transi£ions assumed p3/2 except for 0.029 MeV.
transitions assumgd.gg/é..

€Excitation energy *2 keV.

B ntegrated from 0, 15.7 to 52.2°.

12.5 to 36.7°.

12.5 to 47.1°.

A1l & = 2 transitions assumed d

5/2°

All 2 = b

92z-141



T : o : L
. Teble ITI. Levels Observed in the ° Zr(a,t)

95

 No. -

LeVelslé
- Observed -
o (MeV)

(ab)

' Intensityd ‘
(mb)

'(3He,d)a

Levels -

_ Observed® = &
- (MeV). ’

f

~Cs-

- Levels.
: ,ObServed%".'
(Mev).

Nb Reaction at 50 MeV. - .

95

Zr’Decayb

AV, |

O =9 O

11 o
12

13

14
15

;6

it

0.0 -
25

0.
0.

0.82

N

1.00

I R R R R e R e

e

43

65
72
.81
.90
.10
b2

j

.5k
.66
.79
92 -
.11

2,540
0.081
0.10k4

O

o o o o o

o © o © o, 0o o

.103
.038

1198
.04

i

079~
.15

212
.090

0230
0329
.0309
.0369
0629

139"

H = O O

o .o O

.80 1
.99

.20 o
26 - (3,k)

.73

0.86

0.34
0.045

o.0TT

0.030
0.022

0.0
0.23h7o

C0.72Lk23

0.756T4

9/2
1/2

(1/2)"

(1/2)"

. (continued)

a

9ee~14d1



dIntegrated from‘eC m = 12.5 to 52.1° except as noted.

eExcitation energy *15 keV.

 “Excitation energy * 20 keV except ésvnoted.‘

fAll L =1 levels‘exéepf 0.26 MeV assumed p3/2} :The 0.99 MeV ievel assumed f5/2'

Table III. (continued)
(o,t) (3He,d)a | QSZr_Decayb
- Levels . d Levels . . . , Levels _ ’
No.. " Observed® ’In?;gilty Observed® gt %5 ‘Observed® .
:  (MeV) (MeV) P ' (MeV) :
18 3.51 0.035%
19 3.90 0.073Y
20 k.05 0.0k17
21 416 0.0579
22 4.36 0.1259
23 §.52 0.147
ol k.61 0.0607
25 4.83 0.102Y
26 5.20 0.068"
28 5.77 —
. BRer. L.
Prer. 12.

(continued)

_EE_'

922—14'1



‘Table III. (céntinued) - .

vgEXcitétioﬁfenergy,id.QbkéV or lesSfy

9

Beorrected for

'lih%égraﬁéd”frbﬁf
' =”JIhtEgrated from -

R .
--‘kIntegrated”from-

thtegrated from

in(a,t

)Qle (é,s.)uiﬁpurify:‘;‘.

15,7 to 52.1°.

12.5 to 33.6°.

12.5 to 26.1°%.

12.5 to 31.h4°.

ThES

Y
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Taple IV. l(2J£ + 1) Dependence of the (ﬁgg/é, vds/é) Multiplet
| in the *'7r(a,t)?“Nb Reaction.
g Level® = B JTra ‘ - ob""‘ 6 ¢ Ratiod
(vev) - () (u0)
0.0 o  o.ss0 0.236 1.00
0.135 A 0.190 0.228 o 0.97
0.285 3 . 0.255 0.219 0.93
0.356 5 o2 0.269 1.1k
. 0.478) ot 0.899 0.245 | 1.0h
oiuge}} | & { - |

a‘Taken_ from Ref. 2k.
Pytegrated from 6, = 15.7 to 5T.ke,

. _
-‘2Ji + 1) 6o

R =.(2Jf T 1y (°F (27, + 1)

dRelative to ground state reduced cross section.
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17

bEiccitation energies +20 keV except as noted.

: Table V. Levels Observed in the 9lZf(a,t)92Nb Reactibnvat 50 MeV..
C (ast) - (Ce,a)?®
~ To. Cvgerved® Intensity” Shaerved g %
(MeV) (mb) (Mev) . P
0.0 0.590 6}0 } L 0.75
0.1k 0.190 0.130 * 0.005 L 0.7h.
‘ | " 0.225 1. 0.k0
3 0.28 0.255 0.285 L 0.81
4 0.36 0.492 0.350 L 0.67
| | 0.388 1 0.3k
5 0.49 0.899 0.478 b 1.00
o 0.503 ) . 0.91
6 1.10 0.017¢ 1.09 £ 0.01 1
: . L 1.32 | 1
7 1.ko 10.059 . 1.2 1
8 1.63 0055 1.64 1
| 1.67 1
. 1.72 1
9 1.83 0.048°%
10 2.49 0.0t
11 2.80 0.038°%
12 2.94 0.032%
13 3.36 R
'y 3.53 0.025%.
15 . 3.66 . 0.060%
16 h.83 + 0.10 -
4.93 # 0.10 -
18 5.21 + 0.10 -
8Ref. k.

~ (continued)
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Table V. (continued)

®Integrated from © 15.7 to 57.4° except as noted.

 “Integrated from 9 15.7 to 36.5°.

®Integrated from 0 15.7 to 52.3°..

15.7 to u7.1°.

‘fIntegrated from ©

<D
]

€Integrated from. 15.7 to 31.4°.
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Table VI. Levels.Obsérved in the 90Zr(a,d)92Nb Reaction at 50 MeV.
No. = Levels Observed” Intensity®
S (MeV) (mb)
1 0.0 0.278
2 0.13 WEAK
3 0.21 WEAK
y - 0.28 10,025
5 © 0.36 10.069
6 0.49 0.01
T 1.08 0.022 -
8 : 1.75 0.03
9 2.03 - 0.019
10 2.5 0.051
11 2.28 . 20.097
12 2.7 0.166°
13 2.58 0.345
W 2.81 0.047°
15 3.72 0.057 -
16 3.8 -0.0ko
17 - 3.92 0.053
18 4,45 0.0k
19 4.83 0.05°
20 5.62 0.12k4
21 (6.0 * 0.1) -~

aExéitafion eneréy efrdf

;lbInﬁegrated.fromnG =
. 3 c ~ ..

cIntegrated from 0 =
: _ c.m.

dInteg'rated from © =
AR 3 c.m.

iSOhkeV except as‘noted,:

12.4 to 56.8° except as noted.

12.k to 51.7°..

12.4 to 31.1°.
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' - C o 92 2 . ‘
Table VII. Levels Observed in the ““Mo(o,d)” Tc Reaction at 50 MeV.
- a ' ... b
No. : Levels Observed Intensity
: (Mev) “(mb)
1 0.0 0.336
2 10.10 10.040
3 0.21 - 0.083
y 0.3k . WEAK
5 -0.45 0.027
6 . 0.93 10.040
T 1.22 0.039
8 ~1.30 0.0k2
9 1. 0.040
- 1.6k 0.0L5
T11 S1.7h 0.139.
12 ) 2.1b WEAK
13 2.35 0.109%
i 2.43 0.04¢
15 - 2.68 0.4ké
16 . 2.86 0.083
17 2.95 0.06
18 3.08 0 0.117
19 '5.07 0.09°%
20 5.24 0.183
21 15.38 0.197
‘ aExcitation‘energy't30vkeV.f
vbIntegrafed from>6c .- l2.5-£o 56.9° except as noted.
“Integrated from 8 = 12.5 to 41.6°.
dIntegrated from ec o = 12.5 to 36.2°.
eIntegrated from‘vec o = 12,5 to 51.9°;
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Teble VIIT. Levels Obsérvéd»in the 9?Zr(a,d)9uNﬁlReaction at 50 MeV.
No. ’Leveis‘Obseiveda Intensityb
:  (MeV) (mb) -
1 0.08%" 0.178°
2 0.32 0.01
3 0.65 0.01 |
5 " 0.95 o.ond
5 ©1.19 WEAK .
6 1.25 0.0k49
T 1.39 0.0bk
- 8 1.65 0.027
9 1.8k - 0.028
10 ©2.05 © 0.059
11 2.18  0.098 -
12 2.25 10.095
13 2.k2 0.166
14 2.53 0.034
15 2.69 0.060
16 “2.84 1 0.051%"
17 2.95 : 0.02%
18 3.7 + 0.10 WEAK

- ®Excitation energy error

bIntegr.ated from Sc

“This level is a doublet

state.  See text.-

. dIntegrated from 0
: grated Ve.m

®Integrated from 6
- . c.m

+30 keV exdépt as noted.

12.4 to 51.8° except as noted.

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 - -

1é.h‘to 36;4°.

12.L to 46.7°.
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Table IX. Levels Observed'injthe 9th(a,d)96Nb Reaction at 50 MeV.
(0,d) | (3He,t)?
; - Le&els' , o ‘ ' Levels - o w
No. Observed Intensity : Observed J
AMev) (mb) ' (MeV) ‘
N o B 0.0 6"
1 o005 0.014¢ 0.045 5"
' - 0.152 yt
| | 0.191 3"
2 o.23" 0.0m° 0.233 o
- ‘ - ' 0.515 |
0.632 ot
3 | 0.70 |  0.02 0.685 |
h . 0.83 . WEAK |
| R 0.865
5 <~ - 1.1 ©0.02 |
6 1.21 0.01
T “1.h1 0.07
8 1.71 0.02
9 1.89 0.02
10 2.10 ~ 0.06
11 2.2k 0.0k
12 2.38 0.212°
13 2.47 0.0k
1l 2.73 +.0.0k 0.02
- 15 ' 2.96 = 0.0k 0.0k4
®Ref. 32.

bExcitation energy error +30 keV except as noted.
“Integrated from 6, . =12.h to 33.2° except as noted.

dRélative energies is_kev.,'

{continued)
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 Table IX. (continued)

®Integrated from Gc = 12.4 to 51.8°. .

. v _ N
sted as a calibration point. The excitation energy of the 7 was obtained from
Ref. 32 and the ground state Q-value, -12.371 MeV, was inferred -from_the B-decay

Q-value of Ref. 34. ' (See text.)




bInte'grated from 9 =
R c.m.

cIntégfated from 6 =

. : c.m.

dIntegrated from 6 =
e c.m.

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

15;5 to 51.7°.

~L3- - LBL-226
TaBIeZX.‘ Levels Obsefved in fhe 91Zr(a,d)93ﬂb Reaction at 50 MeV.
_‘No;. g _ Levels Observed" Intensityb
- (MeV) (mb)

1 0.0 0.020°

2 0.80 ' 0.010

3v' 0.96 0.056

b 1.33 0.077

5 . 1.48 0.052

6 1.66 0.039

T 3.5k 0.078

8 © 3.8k 0.094¢

9 ©3.93 0.050°
10 k.06 d.080§ '
11 .21 0.052%
12 k.52 0100
aExcit'ation enérgy error =30 keV.




: Table‘ XI.  Collective Levels Observed in Zr(

16

16 | o
0, _SN)Nb Compared to the Zr(a,t)Nb Results.

16715 .a Ly S 1 : . RN
(*6o, Loy)® (ayt)P (T, Pme (a,t)®
~ Target 'E2°- : 12d _ - E. 1° ._E3f_ ‘ 13d _ E 1°
90, . 2.18 10.03 2.30 1 0.01- 2,75 ©0.06 2.61 0.007
: | 2.77 - 0.003
2.90 0.02
92, o o o ' N
Zr 0.93 = -~ . 0.05 0.95 0.02 2.3 . 0.17 - 2.30:(. 0.03
' ' ' 2.36 §
ol o | . S .
- 772y - 0.92 : - 0.82 0.0k 2.05 0.36 2.10 . 0.08
- 1.00 1 0.01 .
 ®Taken from Ref. 37. | |
Prye ?9%r results are from Ref. 7. The other isotopes are discussed in this work.
©Assumed [Zr.(2+) ® TTg9/2] configuration. o ' -
dRatio of differential cross section (at ez = 60°) to that_@f ground state.
®Ratio of integrated cross section to that of groimd state. '
TAssumed [Zr(37) ® Trg9/2] configuration.

922-14'T
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TablevXII Q-Values of‘Strong.(a,d) States
Flpal Nuclegs ‘ El ” Ql : : _E2 Q2
(MeV) (MeV) ~ o (MeV) (MeV)
90y 0.69° 212.79 3.11¢ -15.21
- PPy, 0.0 -13.03 2.58 -15.61
9th - 0.0_ -13.37 2.68 - -16.05 .
oL - v .
Nb o 0.08 -12.89 2.h2 -15.23
96 ~12.60 _14.75

i S 0.23

2.38:

*(

assigned 7 by other groups. See text.

ﬂgg/e,.vd5/2)7+'states. All’ieVels except the_9th ground state have been

Peround state Q-values taken from Ref. 36 except forw96ﬁb, which is inferred

from Ref. 3k. .

“obtained from-883r(a,d)90

Y data, M. S. Zisman, E. A. McClatchie, and B. G.

Harvey, University of California Lawrence Radiation Laboratory Report UCRL-

19530, p. 100 (1970), (unpublished),
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CalculationS’fof'the Two—Particlé

.

Table XIII. Summary of Shell Model

States in

p o . | . a '  _ : E )
C@nf;ggratlon: _ J VRES o Ex
(MeV) (MeV) .

(ng9/2, Vhll/z) : | 107 , '1’263‘, o > 2.10.
(-1.472)¢ (> 1.89)°
T8y ps Ve ) o 8 -1.098' 23

g 2 e o |
(dg /5" - 5 1129 : v3'75' 

(Mg s Vg ,0) 6t . -osk3 5.6
(g7/2)2‘ T 268 T.T00
(ﬂg7/2,_Vhll/2) o 97 -0.975 ﬂ,:' > T7.90 .
| (-1136)° (> T.)C

SCalculated with a single oscillator parameter v = 0.156 fm=2 except
>aS’ﬁotéd.. | |

bBééed-on single—paftiéle energies summarized in Table XIV,
W'CCalculated with oseillator paréméteis 0.156 and 0.184 fm 2 for the

proton and neutron,»respectively; ' See text.
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Table XIV. Single-Particle Energies for A = 91.

.'glea ,9lsz
(Mev) =~ : (Mgv)

8/2 0.0 "
ds /o L. 20 : |  Q.oh
S1/p 5.27 - 1.66
a3/, 6.43 2.76
&0 ' 5.52 . j2.77
i1/ - > 2.68

%Taken from Ref. 2.

bTaken from Ref. 4l.




Table XV. Structure Factors for (a,d) States.

a SR b

-Conflgutat;on - o Gy, - P | (23 + l)PL
o 89/22 vés/z ol o Gy g = -O. 0221, G26 o 31uo , 0.099. - . 1.0
_(ﬂg9/2, “hll/z)lo‘ Gy =»o.h396 | 'm , | 0.193, 2.7 -
| (Wg9/2, Vg7/2)8+ G g = 0.3277 . _ : 0.107 1.2
(“d5/2? Vdg /o)t .91h = 0. ohh7, 2h = 0.0351, Gy = 073278 0.111 o _of8
®Paken from Ref. 15.
b — o B _ o o g ,
EPL =“§[:GNL . P, represents the probability of finding the appropriate ~S correlations in the

wave funétion
Relatlve to the (ﬂgg/z, vd5/2)7+ state. This fatio‘dOés hot'include any_kinematic effects, which are

'also 1mportant in determlnlng Wthh states w1ll be strongly populated

‘ .‘81-(_

922-14T
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FIGURE CAPTIONS
o2 )?3Nb reaction at 6, = 20°. The

Fig. 1. Triton energy spectrum from the ~ Zr(a,t’

peak numbers correspond to excitation energies given in Table II. Peak O is

the ° Zr(a,t)95Nb (g-s.) peak resulting from an isotopic impurity.

Fig. 2. Angular distribﬁtions of tritons from the 922r(d,t)93Nb reaction leading

to théthO, 1.08, and 1.29 MeV levels.‘_The solid line thrdugh each set of
data poiﬁts'represents a'smodth.curve drawn.fhroﬁgh fhejexperimental angular
distributiop of the ground state. Sﬁatisticél erroré are éhowﬁ for each
point.

95

9th(q,t) “Nb reaction at 6, = 20°.. The

vFig. 3. 'Trifon energy spectruﬁ from the
peak nuﬁbers correspond to excitatién energies given in Table III.R

"Fig. 4. Angular distributions of tritons from'thé‘ggzr(a,t)95Nb réaction leading
to the'o;d;_1527, 1f65, and 2.10 MeV levels. _The solid line through each set
of data_pointsvrepresentsva Smooth curve draﬁn through the ekperimeﬁtal anguiar
distributipﬁ of the ground state. Statistical érfors are shown for each point.

Fig. 5. Triton enérgy spectfum from the ngr(a,t)92Nb reaction at Gg = 15°; The
peak numbers correspond to excitation.energies given in Table V.

Fig. 6. Angular distributions of tritons from the Qer(a,t)92Nb reaction leading

| tovthel0.6,70;1355 o.285,v0.3565 and (ﬁnresolved) 0.478/0.498 MeV states: .Thg
solid line through eﬁch éet of data points represents a smooth curve drawn

9OZr(u,t)9le (g.s.)

- through the experimental angular distribution:of the
reaction from Ref. 7.. Statistical errors‘are indicated for each point.

, ' 2 .
Fig. 7. Deuteron energy spectrum from the 90Zr(a,d)9‘Nb reaction at 62 = 20°.

The-peak numbers COrrespond to eXCitatioh energies given'in Table VI.
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9 )92

Fig. 8. Angularﬁaistributidns'of degtérpnsifrom the QZrta;d Nb reaction
;eading to the 0.0 and 2.58 Mev sgatés.' Statistical errérs are shown for
eaéh ﬁointf The curves hgve no'theoretical significance.b

Fig..9; Deﬁteronvenergy spectrum.from ﬁhé 92Mo(a,d)9hTé.reactioﬁ at'62'= 20°.
The‘peak-humbers cofrespénd to excitation'ehérgies given in Table VII.

Fig; ld. Angular.distributions of deuferoﬁs.from‘fhe 92Mo(a;d)9th reaction

leading fo the 0.0 énd é.68'MeV states.  The solid lines through the data

point; represent smooth curves drawn thfough the experimental angular distri-

90 ‘

butions of the Zr(a,d)gsz reaction leading to the ground and 2.58 MeV

states (see Fig. 8). Statisticalferrors are shown for each point.

. | . g0 2 L |
Fig. 11. Deuteron angular distributions from the 9_Zr(a,d)9'Nb (0.36 MeV) and
o gL ' : ' : S
9 Mo(a,d)g Te (0.21 MeV) reactions. - Statistical errors are shown for each point.
I | | | 92, 9 . = 500
Fig. 12. Deuteron energy spectrum from. the zr(a,d)” Nb reaction at.ez = 20°.

»'The peak numbers correspohd‘to excitation energiés»given in Table VIII.

Fig;kl3. Angular distributions of deuterons from the 922r(a,d)9hNb reaction
leading to the 0.08 MeV and 2.42 MeV states. The‘solid liné.through the

' 0,08>MeV data points-rebresents a smooth curve drawn‘through the experimental
) +
)

A : + o
angular distribution of the summed 0.0 MeV (7 ) and 0.36 MeV (5) levels in

90Zr(d,d)92Nb. The'splid line through the 2.42 MeV data points is a smooth

‘ | : 5
curve drawn through the experimental angular distribution of the 90Zr(a,d)9 Nb

(2.58 MeV) reaction. Statistical errors are shown for each point.

9th(a,d)96Nbvreaction at 62A= 20°.

Fig. 14. Deuteron energy spectrum from the
_&he peak numbers correspond'to:excitétion energies giveﬁ in Table IX..

Fig. 15. Angular distributions 6f‘deu£erons:from'thevthr(a;dy96Nb reaction
vleading ﬁb the 0.23 and 2.38_MeV‘ievels. The solid lines fhrough the data
pointé represent sﬁooth curves‘dfawn‘ﬁhrough the experihental ahgﬁlér distri-

90

_ butions of the Zr(a,d)92Nb.reacfion lea&ing to the‘grbund and 2.58 MeV states.

(see Fig. 8.) Statistical errors are shown for each point.
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Fig. 16.'_Deuterdn_energy spectrum from the Qer(a,d)93Nb reaction at o, = 200,

The peak numbers correspohdvto excitation ehergies given in Téble X.

91 )93

Fig. 1T. Angular distribuﬁions of'deutefons ffom_the Zr(a,d Nb reaction

leading to the 0.96; 1.33, and 1.48 MeV levels. The solid lines represent

smooth curves drawn through éxperimental»angﬁlar distributions from the

+.
90Zr(a d)9 Wb reaction leadlng to the 7 (g. s.) and 5 (0.36 MeV) with

Welghtlng factors of: -0.96 MeV [7 + 5 ], 1.33 MeV [7+],_and 1.48 Mev

+ . + - '
[T +2x(5)]. (See text.) Statistical errors are shown for each point.

Fig. 18. Angular distributions of deuterons from the 9er(a,d)93Nb reaction

leading to the 3.54 and k.52 MeV states. The_solid lines represent smooth

curves drawn through the experlmental angular dlstrlbutlon of the

90Zr(a d)92 (2.58 MeV) reaction. ,(See Fig. 8.) Statistical errors are

rshown'fof each'point.

Fig. 19. Comparlson of the calculated and experlmental spectra of the (ﬂg9/2,

) multlplet in 92Nb.

vd5/2
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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