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The scattering of various-energy alpha particles by Cr® has been studied. The spins and parities of most
of the Cr? levels up to 7 MeV were either assigned or confirmed. The reduced transition probabilities
B(EI)] for several levels were determined with the aid of the Austern-Blair model. Similar measurements
with 50-MeV alpha particles on Cr® and V& were made and some evidence is considered for the description

of Cr58as a Cr® core coupled to an odd neutron.

I. INTRODUCTION

HE scattering of medium-energy alpha particles
has been used as an effective tool for the study
of nuclear spectroscopy in numerous cases. Since the
alpha particles are strongly absorbed, the observed
scattering to low-lying excited states results primarily
from the surface of the nucleus. This makes the method
particularly advantageous for the study of surface
vibrational states. The most useful experimental in-
formation is the variation of the differential cross sec-
tion as a function of the center-of-mass scattering angle.
In general, these angular distributions obey the Blair
phase rule! and give characteristic patterns indicative
of the angular momentum transferred to the nucleus.
For an even-even nucleus this is equivalent to a spin
and parity assignment of the state excited. The two-
phonon, 4+ states are an exception and do not give
characteristic angular distributions at any particular
incident energy. The relative phase of these distribu-
tions has been seen to vary with respect to that of the
elastic as a function of the incident alpha energy.?
Hence, one may not be able to make definite spin
assignments without studying the scattering at several
energies.
One of the most useful of the theoretical models for
alpha scattering is that of Austern and Blair.?
The model uses the standard form for the elastic
scattering amplitude

Fa(0)= 1(6)+(i/2k) ; ei71(2141) (1= y) Py(cosh),

where fc(8) is the Coulomb amplitude, o; the Coulomb
phase shift for the /th partial wave, n; the complex
amplitude of the /th outgoing partial wave, P;(cosf) the
Legendre polynomial of order /, and % the relative wave
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number. The form of 7, is parametrized to be

de de d%
n=e+BA—+ i(A A—+DAL—) y
dl dl di?

where
e=(14eET0is)-1,

The parameters L, A, A, B, and D were determined by a
least-squares fit to the experimental elastic cross sections
with the aid of a search program due to Springer,* who
along with Darriulat, suggested the form for #;. In the
Austern-Blair model the scattering amplitude for the
excitation of a single phonon is given by

fIMI; 00= {.21.1(21_*_1)!/2 Z il—l’(zl’+1)1/23i(al+al’)

1244
X ('100|LOYVT,_M 1M 1|1,0)
X (8n1/0) Y —M1(6,0)}Cy(I),

where [ equals (/+7’). All of the terms enclosed in
braces can either be calculated or determined from the
fit to the elastic angular distribution. This quantity
when squared (do/dQ)= | f|?) may be compared to the
experimental to obtain the matrix element, C,2(7).

do do 82(I)
d =) =cp)= .
(dﬂ)exp/ (dﬂ)calc ) (21+1)

In general we chose to determine the ratio at the second
observed maximum in the angular distributions. From
the values of 62(I) [=B«(I)R.; R. is the electromagnetic
radius] the reduced transition probability can be
determined.

2 Be(I) 3 (3/4m)?Z2R A 26%(1)

3
B(EI)|= I:———ZRJZI -
4 2I+1 2I+1

™
Specifically,
B(E2)|=1.643X10722242%/35%(2) (F)*/e?,
B(E3)]=1.690X10"22244/362(3) (F)8/¢2.
This paper presents a study of the levels of Cr®2

* A. Springer, University of California Lawrence Radiation
Laboratory Report No. UCRL-11681, 1965 (unpublished).
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using an Austern-Blair analysis of our inelastic-
scattering data.

The success of the Thankappan and True model®
for the levels of Cu®® prompted us to study the levels
of Cr?,. In terms of this model, Cr® would be considered
as an odd neutron in any one of three shell-model
states—ps/e, p1/2, Or fs2—coupled to the quadrupole
vibration of the core, Cr®2. Although this model can-
not take into account a proton hole in Cr%? the levels
of V3 were investigated experimentally in order to
consider the possibility of such a coupling.

II. EXPERIMENTAL

The Berkeley 88-in. cyclotron was used to produce
incident alpha particles of 23.5, 33, 50, and 75 MeV
which were scattered from isotopically pure Cr’%
Cr?, and V*! targets. The targets were thin, evaporated
metal foils—between 200 and 400 ug/cm?

The beam-handling system and the scattering cham-
ber have been described elsewhere.® The scattered
alphas were detected in a unit consisting of four
lithium-drifted silicon counters fixed at two (2.0)
degree intervals. Thus the unit measured four energy
spectra simultaneously at each position to which it
was rotated. Pulses from the detectors were amplified
by field-effect transistor preamplifiers’” placed in the

SCATTERING OF « PARTICLES BY Crsb2,
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vacuum system. The pulses were further amplified®
and then routed into quadrants of an ND-160, 4096-
channel analyzer (one quadrant for each counter).
After the accumulation of the energy spectra, the con-
tents of the analyzer memory were transferred directly
into the core of a PDP-5 computer.® All of the prelimin-
ary, and some of the final processing of the data was
completed using the computer. For example, the spectra
were permanently stored on magnetic tape, plotted,
and those peaks that were completely resolved were
integrated. The center-of-mass cross sections and
scattering angles were then immediately calculated.
Peaks in the spectra which were not experimentally
resolved were separated using the IBM-7094 program,
VFIT.10.11

III. RESULTS

Figure 1 shows the energy spectra taken at a labora-
tory angle of 50° obtained from the scattering of 50-MeV
alpha particles from Cr% This angle was chosen be-
cause none of the alpha groups of interest are obscured
by the groups due to the impurities, carbon and oxygen.
Angular distributions for the principal alpha groups
shown in Figs. 2-5. The solid curves are the Austern-
Blair model® calculated angular distributions. The
2.97-MeV state, reported to be 2+ by van Patter,?
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Fi1c. 1. Level scheme for Cr5 and an energy spectrum (E,=50 MeV, 01,,=50°) for Cri?(a,a’).
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F16. 2. Angular distributions (£,=50 MeV)

for the 1.434-,

3.16-, and 3.78-MeV, 2+ states of Cr®. The curves are the

Austern-Blair calculation.

10!

[ Teo ] T T T 7]
: —— ;
B 4.59 Mev T
I —
— i
- E
107! — ]
i — o
K B ]
el - .
E
s ' F 4
E - -
b - - 10
o - —|
107 —
— —1
- .
— —
L A |
- A A — lo—l
I |- | AN
0 20 40 60
8c.m. (deg)

F16. 3. Angular distributions (£,=350 MeV) for the 4.59-,
6.16-, 6.54-, and 7.10-MeV, 3— states of Cr®2. The curves are

the Austern-Blair calculation.
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F1c. 4. Angular distributions (E.=50 MeV) for the 2.37-
and 2.776-MeV, 4+ states of Cr52. The curves are drawn through
the points.

is very weak at most angles, and no angular distribu-
tion could be obtained. The same is true for the 2.65-
MeV, 0+ state. The angular distributions for the
3.45-,4.10-, 4.73-, and 5.07-MeV states are very similar
to those for the 4+ states at 2.37 and 2.776 MeV. An
assignment of 44 is thus indicated. The states at 6.16,
6.54, and 7.10 MeV appear to be negative parity and
probably are 3— states. This is in agreement with the
electron-scattering data of Bellicard, ef al.!* Several
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Fi1c. 5. Angular distribution (E,=50 MeV) for the 3.42-
and 4.10-MeV states of Cr%2. The curves are drawn through the
points.

18 J. Bellicard, P. Barreau, and D. Blum, Nucl. Phys. 60, 319
(1964).
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F16. 6. Angular distributions for the 1.434-MeV, 2+ state for
incident alphas of 75, 33, and 23.5 MeV. The curves are the
Austern-Blair calculation.

states between 4.9 and 7 MeV were too weakly excited
to determine the angular distributions. The 5.46-MeV
group was strong but gave a featureless angular dis-
tribution. This group probably represents more than one
state.

Similar measurements were made using 23.5-, 33-,
and 75-MeV alpha particles. Figure 6 shows the angular
distribution and the theoretical curves for the 1.434-
MeV quadrupole state at each energy.

The phase of the 2.37- and 2.776-MeV, 4+ states
changes as a function of the incident energy as shown
in Fig. 7. We previously observed this behavior for
Ni%® and Ni®.? The rate of change of the phase with
energy for the two states is different, but at present we
have no explanation to offer for this fact.

The reduced transition probabilities for a number of
states were determined in the manner given in the
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TasLE 1. B(EI)| values obtained for Cr®.

Level .
(MeV) Jr LEix (MeV) 82(I) B(EI)|/ée (F2I)
1.434 2+ 23.5 0.44 57.9
33 0.41 53.9
44 4= 0.36 47.3
50 0.41 53.9
75 0.31 404
3.16 2+ 23.5 0.055 7.23
33 0.036 473
44 4» 0.026 3.42
50 0.042 5.52
3.78 2+ 23.5 0.080 10.5
33 0.090 11.8
44 4s 0.13 17.1
50 0.12 15.8
75 0.11 144
4.59 3— 23.5 0.138 269
33 0.153 298
50 0.142 271
6.16 3— 50 0.034 64.7
6.54 3— 50 0.058 108.8
7.07 3— 50 0.057 108.5

s Data from Ref. 15—analysis, this work.

Introduction. These are listed in Table I. It should be
noted that the values are generally independent of
energy, as they should be. The values we obtain are
consistently lower, by a factor of 2 or more, than the
electron-scattering data of Bellicard,!* the Coulomb
excitation work of McGowan, or the Saclay group’s!®
smooth cutoff analysis of their alpha scattering data.
We have reanalyzed the Saclay data using the Austern-
Blair (A-B) model and find a large reduction in the
value of B(E2)| obtained. These data along with
Peterson’s,’® which is in agreement with ours, are
given in Table II. It would probably be erroneous to
attribute the above discrepancies to failures of the
Austern-Blair model as there are many examples, in

TasLE II. Comparison of various B(E2)] values
for the 1.434-MeV, 2+ state in Cré2,

B(E2)| Determination Analysis Reference
57.9 23.5 MeV (a,a’) A-B a
53.9 33.0 MeV (a,a’) A-B a
53.9 50.0 MeV (a,a’) A-B a
46.0 75.0 MeV (a,a’) A-B a
60.1 42.0 MeV (a,a’) A-B 16
102 44 MeV (a,a’) BSWp 15

47.3 4 MeV (a,) A-B 15a
103 150-180 MeV (e,e’) .- 13
124 Coulomb excitation e 14

a This work.

b Blair, Sharp, and Wilets.

4F. K. McGowan, P. H. Stelson, R. L. Robinson, W. T.
Milner, and J. L. C. Ford, Jr., Proceedings of the Gatlinburg Con-
ference on Nuclear Spin-Parity Assignments, 1965 (unpublished).

15 H. Faraggi, private communication, and Proceedings of the
Gatlinburg Conference on Nuclear Spin-Parity Assignments,
1965 (unpublished).

16 G. Peterson, University of Washington Progress Report,
1965 (unpublished).
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The energy spectra for Cr5 and V®!' are shown in
Fig. 8. These were obtained from the scattering of
50-MeV alpha particles.

The angular distributions for the first three excited
states of Cr?, shown in Fig. 9, are very similar to the
first 24 state in Cr52 This is indicative of the quadru-
pole nature of these states. In Cr%, as in the case of
Cuf17 there are three quadrupole states whose dif-

TasBLE III. Cr® and V5 B(E2)] values.

Level
(MeV) Jr &2 B(E2)|/e® F*
0.564 31— 1.35 178
Crs 1.008 3— 0.27 35
1.29 i— 0.53 69
0.320 5— 0.56 67
va 0.930 - 0.32 38
1.609 L%-—— 0.28 33
1.813 - 0.13 16
2.409 “ 0.14 17

8 §2=[(do/dQ)exp/(d0/dD)eale X (2I +1) I X[ 2 (2Ji+1) /(2T +1)];
If=C(sgxln oflcore state) =2; Ji = (spin of sthlevel of Cr$2) =4, 4, §, §; J =spin
of Créslevel.

17 B. G. Harvey, J. R. Meriwether, A. Bussiére de Nercy, and
D. J. Horen, Nucl. Phys. 70, 305 (1965).

200

ferential cross sections sum to that of the core state.
Contrary to the copper case, the Cr® levels do not have
B(E2)| values which are individually equal to that of
the core state. These values are presented in Table III.
They are calculated by use of the equation given at
the bottom of the table. The weak-coupling model
predicts that the values of 62 and of B(£2)] should be
the same for all members of the weak-coupled multiplet;
Table IIT shows that this expectation is not realized
for Cr33 or V5!, The deuteron-scattering experiments of
Bock ef al.'® gave relative B(E2)| values in good agree-
ment with ours—i.e., the 3— level of Cr® is excited
2-3 times as strongly as expected from the simple
weak-coupling model and the §— level is excited only
one-half as strongly as expected.

Bock et al.'® also calculated relative transition proba-
bilities to several levels of Cr?® based on a modification
of the simple weak-coupling core-excitation model.
From the unified-model calculations of Ramavataram®®
and the shell-model calculations of Vervier® they ob-
tained the amplitudes for the quadrupole component
for each level of the multiplet. Since according to these
calculations the 3— and §— levels are appreciably
mixed with single-particle components, they should

18 R. Bock, H. H. Duhm, R. Jahr, R. Santo, and R. Stock, Phys.
Letters 19, 417 (1965).

19 K. Ramavataram, Phys. Rev. 132, 2255 (1963).
R’f"Jl.SVervier, private communication quoted by Bock e al.,

ef. 18.



146 SCATTERING OF
be less strongly excited than predicted by the un-
modified weak-coupling model. Agreement with the
experimental results for the §— level was improved, but
naturally the agreement was poorer for the 3— level.
Preliminary calculations by Philpot and True?! indicate
that the B(E2)| values may be explained by the model
of Thankappan and True.5

The Cr® group observed at an excitation of 1.96
MeV has an angular distribution that is indicative of a
quadrupole excitation. Bock e al.'® suggest that this
level is the $— level appearing in the calculation of
Ramavataram!® at 1.89 MeV and in the shell-model
calculation of Maxwell and Parkinson?? at 2.01 MeV.
According to the calculations of Bock et al.!® the level
should be strongly collective and indeed it was strongly
excited in their deuteron scattering experiment (about
1 as strongly as the 1.29-MeV, — level) as well as in
the present work, where the ratio of differential cross
sections (1.96 MeV/1.29 MeV) was about 1.
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F16. 9. Angular distributions for the 0.564-, 1.008-, and 1.29-
MeV states of Cr%. The curves are the Austern-Blair model cal-
culation. The 1.434, 2+ level of Cr® is shown for reference.

2 J. Philpot and W. W. True (private communication).
2 James R. Maxwell and W. C. Parkinson, Phys. Rev. 135,
B82 (1964).
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The lifetime of (4£2)X 10715 sec?? for the 2.32-MeV,
$— state of Cr5 corresponds to an enhancement of 200
Weisskopf units for an £2 transition to the ground state,
and corresponds to about 0.6 Weisskopf units for an
M1 transition. Our very small cross section to this level
confirms the M1 nature of the transition assumed by
Ramavataram!® and others, since any observable E2
mixing would imply some enhancement for this decay
mode.

In V3 the first five states appear to have strong

(1;365‘:)' C. Booth and K. A. Wright, Bull. Am. Phys. Soc. 8, 85
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quadrupole angular distributions although we are not in
disagreement with the /=4 contributions, predicted
by the shell model.?* In addition, the sum of their
differential cross sections equals that of the first 2+
in Cr®. As seen in Table III their B(E2)| values are
not equal to the Cr?2 state.

It is interesting to note that the sum rule predicted
by the weak-coupling model?® holds even though the

2 H. O. Funston, N. R. Robertson, and E. Rost, Phys. Rev.
134, B117 (1964).
25 A. de-Shalit, Phys. Rev. 122, 1530 (1961).
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coupling is not weak and none of the other predictions
are realized.
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Limits for Lepton-Conserving and Lepton-Nonconserving
Double Beta Decay in Ca**t

E. DER MATEOSIAN AND M. GOLDHABER
Brookhaven National Laboratory, Upton, New York
(Received 10 February 1966)

A search has been made for double beta decay in Ca® using a new technique which involves the use of
CaF; crystals as scintillation detectors. These crystals, enriched in either Ca® or Ca®, were used to detect
ionizing particles originating within the crystals. The advantages of this technique are (1) a 4 geometry
for a source without self-absorption and (2) good resolution which is independent of the relative angular
and energy distribution of the two electrons. A lower limit of 2X 10 yr is placed on the lepton-nonconserving
double beta decay without neutrinos. The determination of a lower limit fer the Dirac-type double beta
decay (with emission of two neutrinos) is complicated by impurities in the Ca*® used. By resorting to the
usual coincidence type of search for double beta decay, which makes the effect of the impurities negligible,
we established a lower limit of 5)X 108 yr for this process. This is comparable with the lower limit of the

theoretical estimates.

INTRODUCTION

HENOMENOLOGICALLY, double beta decay! is
concerned with a search for two possible reactions:

€Y
2)

It has been emphasized, especially by Pauli? and Greul-
ing and Whitten,? that the existence or nonexistence of
reaction (1) is probably the most sensitive test for
lepton conservation. Both reactions are expected to
take place as the result of a second-order effect due to
the same nucleon-lepton (weak) interaction which gives
rise to the usual single beta decay.* It has been pointed

(4,2) = (4, Z+2)+2e,
(4,2) = (4, Z+2)+2¢+25.

T Work performed under the auspices of the U. S. Atomic
Energy Commission.

!G. F. Dell’ Antonio and E. Fiorini, Nuovo Cimento 17,
Suppl. I, 132 (1960).

2 W. Pauli, Nuovo Cimento 6, 204 (1957).
(1;6%) Greuling and R. C. Whitten, Ann. Phys. (N. Y.) 11, 510

*S. P. Rosen and H. Primakoff, Alpha-, Beta- and Gamma-ray
Spectroscopy (North-Holland Publishing Company, Amsterdam,
1965), pp. 1499-1516.

out,® however, that reaction (1) could also conceivably
take place in the first order if there existed certain
lepton-nonconserving interactions. Prior to 1957, when
only parity-conserving interactions were considered in
beta decay theory, the double beta decay process was
regarded as a possible means of determining whether
the Majorana or Dirac description of the neutrino was
the correct one. Both of the above reactions are allowed
by the Majorana theory, but only reaction (2) can take
place in the Dirac theory. In the particular case of
Ca*, which appears to be one of the most favorable
nuclei to study, these theories predicted? a half-life of
3X10'# yr for reaction (1) and 1X102£2 yr for re-
action (2). Further, the two reactions are distinguished
by the fact that the sum of the two electron energies in
reaction (1) is constant and equal to the transition
energy while it varies continuously in reaction (2) up
to the same energy as its limit. Many searches were
made in this period for double beta decay and several
early apparently positive results were later disproved
except one obtained by an indirect chemical method.

5 G. Feinberg and M. Goldhaber, Proc. Natl. Acad. Sci. 45,
1301 (1959).



