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Population of intrinsic high spin states with the direct "Sn(n, p)" Sb reaction

P. A. Smith, R. A. Emigh, N. J. DiGiacomo, G. R. Smith, and R. J. Peterson
Nuclear Physics Laboratory, Department of Physics and Astrophysics, Uniuersity of Colorado, Boulder, Colorado 80309

(Received 16 June 1978)

The '"Sn(a,p)" Sb reaction at E„= 35.6 MeV has been used to locate previously unknown high spin
states in "Sb. Cluster distorted-wave Born-approximation calculations have been employed to identify
L = 10 (J = 19/2+, 21/2+) transfers to states at 4.120+0.015 and 4.210+0.015 MeV. A state located
at 4.020+.015 MeV may be fit by either L = 12 or 14 distorted-wave Born-approximation curves. These
high spin states are not members of the previously identified K" = 9/2+ rotational band. No evidence for
population of this 9/2+ band was observed. Residual interaction matrix elements for the

(vh»&, ms», ),-6- configurations have been deduced, assuming simple wave functions for the states populated
by L = 10 transfers. The resulting matrix elements are in excellent agreement with the predictions of a 8
force, as are other matrix elements extracted from the odd-odd Sb spectra,

NUCLEAR REACTIONS - 6Sn, (n, p) ~Sb, separated isotope, measured a (E&, 8),
cluster DWBA analysis, deduced residual interaction matrix elements.

I. INTRODUCTION

The studyof high spin states of nuclei remains
one of the most active subjects in current nuclear
physics research. In the case of spherical or
nearly spherical nuclei, the intrinsic high spin
states arise solely from the aligned coupling of a
number of single nucleon angular momenta. The

wave functions and excitation energies of these
states should be well described by the shell mo-
del. The high spin states of '"Sb, which are the
subject of this paper, can be considered as a pair
of 1hii/2 neutrons and a proton outside the Z=50
closed shell. The energy of a ~' state, described
by the wave function [v(h„/2)2»ws, /2]»» with respect
to the '"Sn ground state, would then be

~21/2 2~11/2 + ~1/2 + (v(f211/2)1p

(11/2
+2 [(»)(II)]' 'l~„,

/11/2
+2 [(21)(13)]''

(

II'..Iv(I 11/2)lp)

11/2 IOY

1/2 5)
((v ll/2+s1/2)2 l~., l(»ll/2~s1/2)p)

11/2 IO) ~

((»»»~ 1/2)pl&. &l(»11/2 1/2)2),

where 2e»/2+(v(h»/2)»IV lv(I2»/2)») is the energy
of the (»»/2)2»i state in '"Sn. In this simple mo-
del, mixing with other possible ~' configurations
involving d3/2p d5/2p and Q7/2 protons is neglected on
the assumption that off-diagonal matrix elements
are small compared to the diagonal terms, and
the nucleons that comprise the '"8n ground state
are presumed to be undisturbed by the addition of
three nucleons. This model for the three-particle
spectra near '"Pb has proven to be highly success-
ful in predicting the excitation energies of high
spin states, including the (2»»)22/„state of' 'Pb, ' ' although this is to be expected since ' Pb

is a good double shell closure. In this report we
extend this model to the tin region where the
protons comprise a closed shell but the neutrons
are in the middle of a shell. A local shell model
is used in the sense that a core of fixed, inactive
nucleons is not assumed. Rather, we envision a
model where the core is '"Sn for the three-parti-
cle states in '"Sb or the two-particle states in
'"Sb and '"Sn, but would be "'Sn if three-particle
states in "'Sb are considered.

The best way to populate the intrinsic high spin
states of '"Sb discussed above is to add the three
nucleons directly onto the '"Sn ground state via
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(n, p) ' ( Li, 3ny)'
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TABLE I. Levels of 98b (Me&).
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tion, the ~3' (1.676 MeV) member of this band
cannot be clearly resolved from the peak at 1.660
MeV observed in this work. Nonetheless, the

(n, P) angular distribution for the 1.660 MeV level
is fit quite well by the empirical shape obtained
from the known &' peak at 0.266 MeV, an indica-
tion that any population of the ~' rotational state
must be small. The observed shapes of the angu-
lar distributions for the levels in the region of the

' rotational +' (2.038 MeV) and ~7' (2.419 MeV)
levels are also those from low spin states, thus

precluding any significant population of the rota-
tional levels. In fact, all the angular distributions
for peaks below 3 MeV were found to be forward
peaked, with shapes similar to the &', &', 7', &',
and —", angular distributions of the known particle
states.

The angular distributions for the high spin can-
didates are found in Fig. 2. It can be seen by in-
specting Fig. 2 that the high spin states are char-
acterized by angular distributions that peak at
large angles. Because the states of interest are
4 MeV in excitation energy, they ride on a back-
ground of low spin states that have forward peaked
angular distributions. Consequently, the high spin
states are obscured at small angles and are only
visible near the maxima of their angular distribu-
tions.

III. DVfBA CALCULATIONS

1.975

2.121

2.223.
2.298
2.384

2.093
2.118
2.123
2.227
2,291

2.038

2.419
2,508
2.624
2.749
3.778 + 0.015
3.830 + 0.015
4.020 + 0.015

4.120 + 0.015

4.210 + 0.015

'This experiment.
*0.008 MeV.

Reference 11.
'Reference 12.

~23+ 25+)

(8+ 2k+)'2
(8+ '21+)

2 '2
Errors on levels below 3 MeV are

be members of a K"=T' rotational band built upon
the ~' state at 0.971 MeV. None of the states has
been definitely observed in the (a, p) data presented
here. This is consistent with the identification of
these levels as belonging to rotations built upon a
(vg», ) ' hole structure Due to th. e 50 keV resolu-

Because the (o. , P) reaction has not previously
been used to populate known high spin states in

this region, J" assignments for the high spin
states cannot be made on the basis of an empirical
comparison of angular distribution shapes. There-
fore, it is necessary to rely on DWBA calculations
to make the assignments. Recently, DWBA cal-
culations for the thi ee-nucleon transfer using
cluster form factors and we11-matched" optical
potentials have erijoyed considerable success fit-
ting L, =7 and 9 transfers observed in the
'Ca(o. , p)"Sc (Ref. 7) reaction and the l. = 8 and 10

transfers seen in the 'O'Pb(p, o.)'"Tl reaction. '
This is the approach taken here also.

The DWBA calculations were performed with
the code D%UCK." The optical potentials were
provided by Markham et gE. ,

"who successfully
fit transitions observed in the Te(P, e)Sb reactions
at 35 MeV. These parameters, which meet the
well-matching criteria of having identical real
well geometrical parameters and a deep e poten-
tial, are given in Table II. The transferred "tri-
ton" was also bound in a well with the same geo-
metry. The bound state well depth was allowed to
vary to reproduce the proper binding energy.
Typical depths were around 120 MeV, in accor-
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FIG. 2. Angular dis-
tributions for the high spin
states and the strong sin-
gle-particle states. The
curves are the results of
DWBA calculations using
cluster form factors.
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dance with the well-matching procedure. The pre-
dicted j transfer shapes compare favorably with
those measured experimentally. However, the low
spin states are fitted a little better .if the diffuse-
ness is decreased slightly as indicated in Table
II. The fits are shown in Fig. 2, where the known
particle states are included to demonstrate the
quality of the fits.

The angular distributions for the 4.120 and
4.2.10 MeV states are reproduced equally well by
L, =9 and 10 curves. The I.=9 and 10 predictions
are sufficiently different from L, =8 or 11 calcula-
tions to rule out these latter two choices. The

angular distribution for the 4.020 MeV state is
best fit by 1, =11 or 12 curves. Given the quality
of the data an L, =14 transfer cannot be excluded
for this transition, although the angular momen-
tum transfer is certainly greater than 10 g.

Although the I.= 9 and 11 curves fit some of the
data quite well (see Fig. 2), nuclear structure
and microscopic reaction mechanism considera-
tions make them unlikely assignments. A micro-
scopic three-nucleon form factor is constructed by
projecting the center-of-mass motion of three
nucleons in an internal s state out of a product of
three single-nucleon wave functions. This form

TABLE II. Optical parameters.

Channel (MeV)
Jp a„

(fm) (fm)
W

(Mev)
ai

(fm)
&so'

(Mev)
+so aso

(fm) (fm)
WD

(MeV)

p
Form
factor

-180.44
—46.87

vary to
fit BE

1.22
1.22
1.22

0.72
0.72
0.60

-41.85
-5.0

1.32
1.32

0.80
0.62 -24.8 1.06 0.68 19.88

'Includes factor of 4 used in D~« input (Ref. l4).
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factor is generally created by one of two methods:
Harmonic oscillator single-particle wave functions
are transformed by a pair of Moshinsky transform-
ations" or wave functions generated in a Woods-
Saxon well are transformed by a generalization of
the Bayman and Kallio method commonly used to
compute two-nucleon form factors. " (See Ref. 6

for details and a list of references. )
If the harmonic oscillator approach is taken,

the form factor may be written as

pI. s1(g) —p GLs JL„yL(g)
vL rt

where

GLS JL~ MLS J
V (n;l -g])L„2(;l]J.)

1 ~ 1 ~

~3 223

xg((N» —v»)Ov»L„:L„In, l,n, t2:L„)»((N —v)0@L:L~v»L„n, l, :L}»Q(o., P) Q, (R) ~ ~ ~,
Pg2

(See Table III for a summary of the notation. )
The term Q(o. , p) is an internal integral which, among other terms, is a function of the size parameter

difference (P- o.) raised to the number of internal nodes. If the size parameters of the target nucleus (P)
and the a particle (n) are taken to be the same, a zero form factor results, unless the number of internal
nodes is zero. Thus the sum over v in Eq. (I) reduces to one term where v is the maximum number of
nodes. In this form Eq. (I) consists of a normalization factor and a cluster center-of-mass wave function.
A cluster spectroscopic factor for a single configuration can be defined by

0 L„

j~ (DON»L„:L„~n~ I, n2/: L)»( OONL:L g»L„n~l3:L}»Q(n = P) ~ ~ ~ .
L„

The reaction cross section scales like ~S~s~ ~'.

The odd L transfer values would require an (h»»)'
configuration. Thus we can compare the likeli-
hood of observing an I.=9 transition to that of an
I.=10 transition by examining the appropriate cal-
culated ~S~'I~' values. Table IV is a list of these
~S~~s~P values. The largest single spectroscopic

factor for an L =9 transition is 38% of that expected
for the L, =10 transitions. However, this percen-
tage is only realized if there is a state with a pure
[sh»»v(h»»)2~]»&, wave function. In general a +
state in this limited basis will be a mixture of the
four possible L„values, so that the realistic
spectroscopic factor should be calculated with the

TABLE IQ. Meaning of symbols used in text.

Symbol Meaning

y I sJI)
GLS J'Lq

V

In

y„L(Z)

~LSJ
(nial j&& )Lg

~(~,P)
p, e
MLS J

Ln

form factor.
three-nucleon structure amplitude.
number of nodes in the center-of-mass wave function.
the angular momentum of the two neutrons.

the harmonic oscillator wave function for the center-of-
mass motion.

coefficients for expanding the final state in terms of
the target plus three nucleons with quantum numbers JLn;, l;,j;).

normalization factor which expresses the effect of the Pauli
principle.

&-j coupling to l-s coupling transformation coefficients.
Moshinsky transformation coefficients for masses i and j.
number of nodes in the center of mass motion of the two

neutrons.
the integral over the internal coordinates.
the sizes parameters of the target, & particle.

cluster spectroscopic factor.
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TABLE 1V. Cluster spectroscopic factors.

I
sl' 0.015

L= 9,J=~-~

6
0.025

8
0.031

10
0.032

0.380

L=9 J L9

6
0.147

8
0.080

10
0.038

Ln 10
1.0

~" i/2 ~ ii/2~101

L= 10,J=LS

I
sl' 1.0

~Normalized so that
~
S

~
=1.0 for &i'.

IV. RESIDUAL INTERACTION MATRIX ELEMENTS

In a standard shell model an inactive core such
as '60, "Ca, or '08Pb is chose~ as a, binding
energy reference. If empirical shell model cal-
culations are to be extended to more complicated
nuclei, where perhaps only the protons or neutrons
are closed, it is likely that the greatest success
will be realized for the high spin states since they
belong to a basis space with small dimensions,
whereas the low spin basis state dimensions may
be very large. One region where such calculations
might be successful consists of the nuclei near
tin where the g =50 closure occurs. In this case
it is not obvious what to do about a reference bind-
ing energy. Since the neutrons are in midshell,
there is no natural boundary that makes any
given stable Sn isotope special. The approach
taken here was to determine the core according to

coherent sum indicated in Eq. (1). This could
either increase or decrease the probability of ob-
serving any one of the four ~9 states. In this in-
stance, however, the spectroscopic amplitude for
I.„=4 is so much larger than the other possible S
values that mixing can only result in diluting the
predicted ~ strength. Therefore, it is reason-
able. to expect that the largest I.=9 transfer has
no more than —,

' the cross section of the I =10
transitions. Furthermore, it is much less likely
that two I.=9 transitions would be observed.

Table IV also demonstrates that the ~' and ~'
transitions should occur with equal probability.
This is further evidence for the I.=10 assignments
since the 4.120 and 4.210 MeV states have been ob-
served with equal cross sections.

a postulated wave function of the state in question.
For example, the isomeric 8 in the odd-odd Sb
isotopes is postulated to be the stretched align-
ment of the (vh»»wds») configuration. Thus a '"Sn
core is appropriate for calculating the binding
energy of the 8 in '"Sb, but the 8 of "'Sb re-
quires '"Sn as a core.

%e have tested this model by calculating residual
interaction matrix elements for a numbers of two-
particle states and comparing the results with
systematics given by Schiffer. " The (vh»»wd, »)
multiplet was considered first because of the ex-
tensive work on "'Sb that has been published quite
recently. " An attempt is made in Ref. 19 to order
the "'Sb levels according to pg —P multiplets.
Their assignment of the isomeric 8 state to the

(wg, »v@»I,) multiplet is suspect, however, since
the 9 matrix element of this multiplet is ex-
pected to be the most attractive, thus requiring
that there be a 9 state below the 164 keV 8 state.
Since there is no known 9 state below the 8

level, it seems likely that this 8 belongs to the

(vh»„wd, l,) multiplet. Upon making this assign-
ment and accepting the rest of the assignments
given in Ref. 19 for the (vh»l, wd, ») multiplet, the
matrix elements were found to be in reasonable
agreement with the systematics shown in Fig. 8
of Ref. 18, with the exception of the 7 . Closer
examination of the level scheme given in Ref. 19
reveals a level at 703 keV with a 6, 7 assignment.
If this level is assumed to be the 7 that belongs
to the (vh»&, wd, l,) configuration, the resulting ma-
trix elements are in outstanding agreement with

the particle-particle matrix element systematics,
as shown in Table V. It should be noted that the
results would not be noticeably different if the 5

and 6 assignments were reversed, and similarly
for the 3 and 4 states.

The core dependence is tested by comparing the
isomeric 8 states of '"Sb and '"Sb. The matrix
element calculated from the "'Sb case is found to
be -665 keV which differs from the "'Sb case by
only 13 keV (see Table III). On the other hand, the
'"Sb 8 state yields a matrix element of -551 keV.

In order to perform three-particle calculations
for the high spin states of '"Sb, one must know

the matrix elements for the high spin couplin'gs of
the (vh»»)' configuration in '"Sn. Both the 10'
and 8' states of this configuration have been
tentatively assigned. The matrix elements for
these two cases are also given in Table V. Once
again they are in reasonable agreement with

particle-particle matrix element systematics in
that they are repulsive. Since the analogous states
are also known in '"Sb we can again investigate
the core dependence of the matrix elements. In

this case the (vh»»)~», matrix elements are found
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TABLE V. Residual interaction matrix elements.

Configuration Core Nucleus
Excitation

(keV)

Matrix
element

(keV)
E/E

Ref. 18

(v&11/F d 5/2)8-

&vh «2«5/2&v-

ie/2 5/2)6

11/2 d5/2)5

(vA11/Pd S/2)4

(»«/Pd S/2)3-

( ~11/2 d5/2)8

(vga /2~d 5/2)8-

(v&11/2~&1/2) S-

(v~11 /2+~1 /2)6

(»11/2)10'

(v&11/2)8+

("h» / did'

(Vhii /2)8+

120sn

120sn

120sn

120sn

120sn

120sn

'"Sn
116Sn

116sn

'14Sn

122g)
122Q)

122@

1228b

122@)

ii, 68b

118sn

118sn

116Sn

116Sn

703

414

425

283

610

3111

3300

3231

-652
-108
-402

-391
-565
-535
-665
-551
-164
-233

-162
-231

-0.25

-0.95

-0.92

-1.20

-1.25

-0.81

-1.16

-1.6
-0.25

-1.0
-0.75

-1.25

—1.5

-0.8
—1.2

Calculated assumijg the -9' and —' states of OSb are assigned as discussed in the text.

to be -162 and -231 keV, respectively. Again
mass 116 yields a disconcerting result. The
problems with the 8 of "68b and the 10+ and 8+

levels of '"Sn can be attributed to the single-
particle energy used for the h]]/2 neutron. If this
energy, which enters into the 8 calculation once
and the 10' and 8' calculations twinge, is de-
creased by about 125 keV, the matrix elements
are found to be independent of the core. A devia-
tion of this magnitude can easily be an effect of
core.polarization.

Since two L, =10 transfers are observed in the
'"Sn(a, j)»'Sb reaction, it is likely that they are
the ~' and ~' states associated with the

[v(h»/, )',ovs, /, ] configuration. Assuming this to be
the case, we get two binding energy equations,
similar to the one given in the Introduction. These
equations both contain a term which is the binding
energy of the 10' level in ' Sn, and two terms
which contain the (vh»/, vs, /, ),—and (vh»»7/s, /, ),-
matrix elements. Since the energy of the '"Sn,
10' state is known, we can solve the simultaneous
equations to obtain the (vh»/2ws, /, ),—,—matrix
elements. The results are -219 keV (5 ) and
-168 keV (6 ) if the 4.120 MeV state is assigned
~9+ and the 4.210 MeV state is chosen at ~'. If
the J' assignments are reversed (4.120 MeV state
assigned ~') then the matrix elements are -164
keV (5 ) and -233 keV (6 ). Normalizing. each
matrix element E to the multiplet energy centroid
Z yields the values ((E//Z), -, (E/Z), -) = (-1.14,

-0.88) and (-0.81, -1.16) for the above choices.
The second set is in excellent agreement with the
values (-0.8, -1.2) taken from Fig. 8 of Ref. 18
while the first set is not.

V. CONCLUSIONS

The '"Sn(o. , P)'"Sb reaction has been success-
fully used to locate states in '"Sb with probable
orbital angular momenta of 105 and 125. Cluster
model D%BA calculations have been used to iden-
tify the I. transfer. The ambiguity of the I.=9 and

10 fits to the data has been resolved with semi-
microscopic reaction mechanism considerations.
These calculations indicate that the L, =9 transi-
tion strength is much less than that of the I.=10
strength and that the ~' and ~' states should be
populated equally. Two levels with equal cross
section are observed which can be fit by I, =-10

transition shapes.
The intrinsic nature of these states is indicated

by the following circumstantial evidence. First,
no member of the previously identified K'=T' ro-
tational band was observed with any measurable
strength. Furthermore, the systematics of this
band in the lighter Sb isotopes suggest that the ~'
and ~2' ' states of that band are about 1 MeV below
the states observed with the I.=10 transfers in
this work.

Secondly, explicitly assuming intrinsic wave
functions with the configuration [vs», v(h»/, )',o]»/, »/,
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yields a prediction of equal population of the ~+
and ~+ states, -which is borne out by the data.

Thirdly, simple one component shell model wave
functions yield residual interaction matrix ele-
ments for the (ws, ~,vh„~, ),—,—configurations that
are consistent with previously documented matrix
element systematics. The reliability of these
matrix elements has been invistigated by calcula-

ting many matrix elements for states in this mass
region assuming simple wave functions. These
matrix elements also generally agree with sys-
tematics.

This work was supported in part by the U. S.
Department of Energy.
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