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52Cr(p, He)*°V reaction

A. Guichard,* W. Benenson, R. G. Markham, and H. Nann
Cyclotvon Labovatory and Physics Depaviment, Michigan State Univevsity, East Lansing, Michigan 48824

The energy levels in 50V have been observed up to 3.9 MeV with the 52Cr(p, *He) reaction at
40.2 MeV incident energy. Forty-five levels have been seen, and a distorted wave analysis
permitted L assignments for most of them. These results are compared to existing informa-

tion and to f/," shell-model calculations.

NUCLEAR REACTION ®2Cr(p,%He), E,=40.2 MeV; measured o(Ey, , 0);
enriched target. Deduced energies, L values of %V levels.

I. INTRODUCTION

The present work on °°V is part of an investiga-
tion of the nuclear structure of some fp shell nu-
clei via the (p,%He) reaction. The nucleus *°V has
been quite thoroughly investigated during the last
few years. A great amount of data have been col-
lected through inelastic scattering (p, p')* and
(d,d’)? as well as by one- and two-nucleon trans-
fer and charge exchange reactions. Among recent
one-nucleon experiments, the (d,¢) work of Del-
Vecchio ef al.* which was performed with 9 keV
resolution, permitted the observation of levels
below 3.2 MeV and assigning of [ values for most
of them. In addition, these authors also reported
results on a (d, @) experiment which yielded some
spin assignments. The (*He, a) pickup reaction
has been investigated by Smith e «/.* and Majum-
der ef al.® These latter authors have explored the
50y spectrum up to 9.3 MeV and have observed five
analog states of *°Ti. The one-nucleon stripping
reaction (*He, d) has been reported by Smith et al.,*
Sourkes, Ohnuma, and Hintz,® and Bishop, Pullen,
and Rosner.” In addition, Smith ef al.* have also
performed the (*He, p) and (*He, py) experiments,
mainly for the determination of 0" and 1% levels.
A more detailed investigation of the (*He, p) reac-
tion has been made by Caldwell, Hansen, and Pul-
len.® In this experiment a resolution of 24 keV
permitted the observation of 97 states up to 7.5
MeV. Preliminary results on the °Cr(°*He, ¢) ex-
periment have been given by Manthuruthil, Poirier,
and Meyer-Schiitzmeister.® Studies of the y-ray
deexcitation of °°V by Blasi et al.'° and more re-
cently by Tomita and Tanaka'' and by Rickel ef al.'?
have permitted spin assignments for some of the
low-lying levels. These experiments reveal that
the 5°V spectrum is quite complicated and that
additional information is needed. The *°Cr(p, ®He)
reaction has never been investigated and, due to

the selection rules associated with two-nucleon
transfer reactions, should be an interesting way
of adding to the present information on 5V,

II. EXPERIMENTAL PROCEDURE

The *Cr(p, 3He)*°V reaction was investigated
with a 40.2 MeV proton beam from the Michigan
State University cyclotron. The 52Cr target (iso-
topically enriched to 99.87%) had a thickness of
115 pg/cm? and was obtained by evaporation on a
carbon backing (~30 wg/cm?). Reaction products
were analyzed by a proportional counter and plas-
tic scintillator combination placed in the focal
plane of an Enge split-pole spectrograph. The
proportional counter, designed in this laboratory,®
was of a new slanted cathode construction with de-
lay line readout and permitted good spatial reso-
lution (~0.5 mm). An energy spectrum obtained
at 30° is shown in Fig. 1. The over-all energy
resolution is 20 keV and is mainly due to energy
loss in the target. The spectra have been analyzed
with the peak fitting program AUTOFIT ,** which
was necessary for the determination of areas of
overlapping peaks. The angular distributions,
which were taken between 6° and 54° with 4° steps
in general, are displayed in Figs. 2 and 3. Error
bars indicate statistical uncertainties only. The
uncertainty in the absolute cross section is esti-
mated to be about 20%.

III. DISTORTED WAVYE ANALYSIS

Angular distributions were analyzed, as in our
previous experiments,'® by the zero range distort-
ed wave code DWUCK?72 ,'® in which the two-parti-
cle form factor is evaluated according to the Bay-
man and Kallio'” method. Optical model param-
eters are the same as those used in Ref. 15. As
can be seen in Figs. 2 and 3 the agreement be-
tween calculated and experimental angular distri-
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FIG. 1. Energy spectrum of the *2Cr(p, *He)’"V reaction at 30°.
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FIG. 2. Angular distributions for the *He groups observed in the 5Cr(p, He)’'V reaction. The solid and dashed
curves are results of distorted wave Born approximation calculations for the indicated L-transfer values.



butions is in general good. However, the following
comments can be made: firstly, the fit to pure
L=2 and L=4 is excellent (e.g., levels at 326 and
394 keV), but this is not the case for L=6 (e.g.,
ground state transition). These facts are in agree-
ment with our results®® on **Mn and **V, Secondly,
unnatural parity levels observed through mixed

L values display angular distributions which are
quite difficult to reproduce by distorted wave cal-
culations. This for example is the case for the 17
state at 1332, for which the slope of the experi-
mental angular distribution is greater than the
computed one. One can also notice that in the

case of the 5* transitions (at 229 and 842 keV)

the experimental angular distribution is shifted

to back angles as compared to the theoretical L=4
curve. No attempt to reproduce the experimental
5% shape was made since the calculated L=6 curve
did not give a good fit to the data. For the range
of excitation energy covered in the present experi-
ment (<4 MeV), the @ value effects the computed

angular distribution curves slightly. This can be
seen for example for the L =4 transition at 326
and 3802 keV.

IV. RESULTS AND DISCUSSION

Table I shows the results of the present work
and a comparison to some of the existing data.
The first column contains the excitation energy
levels as listed by Caldwell et al.® unless other-
wise indicated. Our excitation energies are in
good agreement, generally within 10 keV. They
have been obtained by using a least squares fit to
several calibration lines including impurities such
as '*C, °0, %28, and the ground state and 916 keV
transitions in *°V. In view of the uncertainty in
the position of the levels in the different experi-
ments, it might happen that some of the proposed
correspondences are not correct. A striking fea-
ture is the weakness of the cross sections, which
are typically lower than 10 ub/sr.
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FIG. 3. See caption for Fig. 2.
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A. Low-lying levels (E, <2 MeV)

In the shell model, °°V is represented as three
protons and a neutron hole in the f;,, shell:
a2 V72 ". McCullen, Bayman, and Zamick
(MBZ)'® assumed this basis and have calculated
the level scheme of *°V. Figure 4 represents the

TABLE I (Continued)

(p, ®He) This work

(He, d)
1, I

1 d

(He, @)
1,°¢

.’

d,t)

1,2

d, a)
L a

)
(kb/sr)

< dao
4aQ

Ex
(keV)

Ex
(keV)

1.9

3802

3792

3820 ¢
3858

4.4

3853

¢ Reference 7.

2 Reference 3.

f Reference 8.

b Reference 6.

€ JT values take into account all the available information.

h Discrepancies exist.

¢ Reference 5.

4 Reference 4.

level scheme computed by McCullen et al.'® as
well as the one given by Sourkes ef al.® (also in
the f,,," configuration) and the observed experi-
mental energy levels. One can see that there is
a good correspondence between the theoretical
and experimental level schemes up to the 3" level
at 1397 keV. The MBZ calculation does not pre-
dict an extra pair of 4" and 5% states as was
claimed by Smith et al.* The 5% state should be
identified with the experimental level at 842 keV.
As for the 4" state, a recent *°Ti(p, #y) experi-
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FIG. 4. Experimental and calculated levels in 50v
below 2.5 MeV. The calculated levels (of positive
parity only) come from (a) Ref. 6 and (b) Ref. 18.



ment by Tomita and Tanaka!! has shown the pres-
ence of a 4" state at 916 keV, the same excitation
energy which transfer reactions normally assign
7*. Our (p,%He) data give an indirect confirmation
of the presence of a close-lying doublet at 916 keV.
The angular distribution of the 916 keV level is
reasonably well fitted by an L =6 transition, but
one can see a filling in of the minimum at 20°
(which is not the case for the L =6 transition to
the ground state). Only the L=4 curve presents

a maximum around 20° so it is very likely that

the angular distribution of the 916 keV level is in
fact the summation of the 4" and 7" states; the 7%
state is the strongest member of the doublet, due
to the fact that the spectroscopic amplitude is
proportional to (2J+1)*/2, For the other levels
connected with the MBZ prediction, our angular
momentum assignments are in agreement.

In view of the sensitivity of two-nucleon transfer
reaction cross sections to small admixtures in the
wave functions, it is interesting to see how good
the f,,," scheme is for the levels with excitation
energy less than 1.4 MeV. In this model, the
ratio 7 of the experimental to the computed cross
section should be the same for all the states. In
order to simplify the calculations we assumed that
the spectroscopic factor is equal to (2J+1)S, where
S has the same value for all transitions. Due to
the fact that the spin-isospin strength D(S, T) of
the interacting potential is not well known, we will
compare separately the odd spin levels (reached
only through an S=1, T=0 transition) and the even
spin levels (reached only through an S=0, T=1
transition). The results are shown in Table II.
One can observe that for the even parity levels
the ratio 7 is almost constant within 60%. In the
case of the odd parity levels the value of » displays
more fluctuations but is still within a factor of 2.
In view of the uncertainties in obtaining 7, partic-
ularly for the odd parity levels, one can say that
our simplified f;,," model gives a good representa-
tion of the low-lying levels. Of course, the fact
that the transition to the odd parity levels requires
a mixing of angular momenta different than that

TABLE II. Ratio 7 of experimental and theoretical
cross sections for the low-lying levels of °V. 7 is given
in arbitrary units.

E, JT ¥ =0cxp/Ttheor E, JT ¥=0exp/Otheor

229 5 10.7 0 6 7

62 5t 13.9 326 4% 9.6

842 5 6.1 394 2F 11

916 T+ 8.3 1303 2° 9.7
1332 1F 12.8

predicted by the f,,," model (either our simplified
model or the MBZ model) shows that a more de-
tailed agreement probably requires a certain
amount of p,,, configuration mixing. For example
in the case of the 3% level at 362 keV the L=2 to

L =4 mixing ratio predicted by the f,,," model is
about a factor of 5 greater than that required to

fit the experimental data. The idea of a p,;,, ad-
mixture is also supported by the fact that some

of the levels need a small /=1 component to repre-
sent correctly the (*He, d) and (d, ¢) angular distri-
butions. But, our results show clearly that these
levels display mainly a f,,," configuration compo-
nent, and this conclusion permits a determination
of the ratio R =| D(1,0)/D(0, 1)| % of the spin-isospin
strength for the S=0 and S=1 transitions. Instead
of using only the 6" and 7" states as we have done
in a study'® of ®Mn (because the 7" state is unre-
solved from a 4" state), we will take the average
value of 7 for the S=0 (»=9.3) and S=1 (»=10.4)
transitions. In this way, 7(S=0)/7(S=1) is direct-
ly related to R. The average value gives R=0.33,
but the error may be large: Values of R between
0.1 and 0.5 are possible. However, this determin-
ation is in agreement with the usual values of R
(0.3 to 0.4)'° and particularly with the mean value
of 0.28 given by Fleming, Hardy, and Cerny,? but
it differs quite strongly from the value 0.7 obtained
in the %*Fe(p,3He) experiment,’® in which case the
large value was related to mixing of configurations
involving the f;,, shell. The determination of

| D(0, 1)|2 and | D(1, 0)| 2 requires a knowledge of
the over-all normalization constant D associated
with the zero range assumption of the interaction.
Determinations have been made for (¢, p)2! and

(p, t)?* experiments which give a DS value of 20

to 30x10% MeV2fm®. The assumption of

D2 =25%10% leads to | D(0,1)[2=0.62 and | D(1, 0)| 2
=0.20. None of the presently available calculations
gives such values. However, uncertainties in the
over-all normalization D,? together with the choice
of the optical potential makes these values only
tentative.

B. Negative parity levels

The situation with respect to negative parity
levels is far from clear since the information
from different sources is often contradictory.
There are no ambiguities in the case of the 2421
and 2510 keV levels, for which all the data are in
agreement. This is not the case, for example,
for the 1957 keV level for which the (*He, d) ex-
periment of Sourkes ef al.° assign an /, =0 transi-
tion, whereas (®*He, @) and (d, ¢) data favor /,=3.
Our (p,%He) results give an L =0+ 2 angular distri-
bution and (d, o) alse favors the positive parity
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FIG. 5. Comparison of the population of 1* states in %V as observed in the ®Ti(He, p) reaction (Ref. 8) and in our
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assignment. So either there is a close-lying doub-
let or the [, =0 assignment by Sourkes et al. is not
correct.

For the 2163 keV level, our data are in agree-
ment with an L=3 or an L=0+2 distribution (al-
though the fit is better with L=0+2). An [=0
transition is observed in one-nucleon transfer
reactions.’’® Furthermore, this level is not sig-
nificantly excited in the (°*He, p) experiment.® So
a 37,47 spin assignment is more likely.

Discrepancies exist for the 2537 keV level for
which with the exception of Smith et al.,* one-nu-
cleon transfer leads to /=0 or 2 assignments; how-
ever, Smith et al. in their (*He, p) experiment re-
port an L =2 transition for this level, which sug-
gests a positive parity assignment. We also favor
a positive parity state with an L=0+2 transition.
However the (d, @) results of DelVecchio et al.®
give L=3 or 5. It seems necessary to suppose the
existence of a close doublet in order to explain all
these results.

The {=0 value for the 2791 keV by Smith et al.*
contradicts the other positive parity assignments
found by other ways. For the 2879 keV state, our
data may be fitted by L =3 +5 or even better by
L=2+4. Theone~-nucleondata selectunambiguous-
ly the negative parity value.

Other disagreements in the existing information
also occur for the 2925, 3224, 3546, 3608, and
3755 levels. More detailed work with one- and
two-nucleon transfer reactions is thus needed in
order to remove these discrepancies.

C. Other levels

The strongest level excited in this experiment
lies at 3718 keV and exhibits an L=0+2 angular

distribution, in agreement with /=3 observed in
one-nucleon transfer reactions. The f,,,> com-
ponent is certainly insufficient to explain such a
large strength. It is thus likely that a d3,22 trans-
fer is the main component in the form factor. This
view is also supported by the fact that this level

is not observed in (*He, p) reactions, which popu-
late mainly two-particle states. We have repre-
sented in Fig. 5 the 1* states as observed in this
experiment compared to those reported by Cald-
well et al.® One sees, for example, by a compari-
son of the relative intensity that the first 17 state
predicted by the MBZ -type calculations should be
identified with the 1332 keV level and that the

1495 keV level certainly contains a large 2p com-
ponent. The levels at 1957 and 2537 are weakly
excited in the (*He, p) experiment and thus must
contain hole components if their 1" assignment is
correct. On the other hand, levels at 2430, 2816,
and 3566 appear only in the (*He, p) results and
thus are constructed essentially on (2p, f;,,)? com-
ponents. The levels at 3755 keV, not observed in
the (He, p) experiment, may also contain an (sd)™?
hole component.

It is difficult to comment on the remaining levels
in view of discrepancies in the existing informa-
tion and of the lack of more complete wave func-
tions for these levels.

IV. CONCLUSION

The present work permitted the observation of
45 levels in %°V below 3.9 MeV excitation energy.
Of these, 40 levels have been assigned definite
or tentative L values by means of a distorted
wave analysis. The cross section of most of the



levels is quite low. Comparison of our results
has been made to other available data obtained
with comparable or better energy resolution. Im-
portant discrepancies still remain in the present
information on *°V, which appears to be a very
complicated nucleus. However the low-lying part
of the spectrum E,< 1.5 MeV is reasonably repre-
sented by shell-model calculations involving f,,,"
configurations only. This fact enabled the extrac-

*On leave of absence from Institut de Physique
Nucleaire de Lyon, France.
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