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Hole States of Ca" aIId Ca47$
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Patterer Physicat Laboratory, Princeton University, Princeton, Xee Jersey
(Received 30 July 1965; revised manuscript received 15 December 1965)

Levels in Ca" and Ca" which can be interpreted as neutron hole states in the 1d3~2 and 2s1~2 shells have
been observed through the (p,d) reaction. For Ca", the 1d3/2 hole state (7'= s') lies at 0.993 MeV, while for
Ca 7, the indications are that the 2s1~2 and the 1d'3~2 levels lie very close to 2.60 MeV. Small amounts of p-
wave admixtures are found in Ca" and to a much smaller degree in Ca".

INTRODUCTION

HERE has been considerable theoretical interest
in low-lying positive-parity levels in the region

of the 1'/s shell, whidh can be interpreted as corre-
sponding to holes in lower shells. Following the investi-
gation by Vntema and Satchler' who observed proton
hole states in the scandium isotopes through the

(d,He') reaction on the Ti isotopes and the investigation

by Kashy and Conlon' of neutron hole states in the Ti
isotopes by the (p,d) reaction, Bansal and French'
have discussed a simple method whereby the approx-
imate energies of these hole states can be calculated. In
the present paper, the results of the neutron pickup
reactions on Ca~ and Ca4' by 12.S-MeV protons, in
which some of these states are excited, are reported.
An additional reason for investigating the Ca4'(P, d) Ca4s

reaction was in order to see whether a similar result
would be obtained as was observed in the comparison of
the Ti4'(d, P)Ti47 results4 with the Ti4s(P, d)Ti'r results. '
There it was found that the 1d3~2 and 2s2, 2 hole states of
Ti47 were excited in both reactions, indicating the
existence of two-hole excitations in the ground-state
wave function of Ti4'.'

Low-lying levels of Ca4' have been observed in a
number of experiments, including the work of Senczer-
Koller et al.5 on the decay of K4' which shows that the
0.993-MeV level has positive parity and a probable
spin of ss+, and the Ca~(d, P)Ca" results of Bockelman
e1 al.~ where the 0.993-MeV level is shown to be excited
in that reaction, with an angular distribution typical of
l„=2 stripping. However, in a recent energy-level
compilation, ~ the spin of the 0.993-MeV level of Ca4'

is listed as ss+. For Ca'r, in a recent investigation of the
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Ca"(p,d) Ca" reaction with 40-MeV protons ' an /„= 1
pickup to a level at 2.2 MeV, with a relatively strong
yield, is reported. These latter results, which would
indicate strong p-wave admixture in the Ca4s ground-
state wave function, seemed surprising in view of the
good double-shell closure inferred for Ca" from a
recent study of the Ca4' level structure. ' Finally, the
P-decay work of Kuroyanagi ef at.M on the decay of
K4~ indicated positive parity levels at 2.0 and 2.6 MeV;
the 2-MeV level is listed as corresponding to the ada~~

neutron hole state of Ca". In the present work, ""
only a few levels are excited, but their interpretation
appears quite unambiguous.

TABLE I. Ca target data.

lAtomic
percent
~of target

Target+ 40

Target thickness
(mg/cm~)

Poly-
42 43 44 46 48 Ca styrene

Ca44
Ca48

2.26
4.1

0.08 0.06 98.6 &0.02 0.02 0.72
0.09 &0.05 0.2 0.05 95.6 0.45

1.1
0.5
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EXPERIMENTAL PROCEDURE AND RESULTS

The identification and measurement of the energy
spectra of deuterons resulting from the bombardment
of Ca44 and Ca4' targets with 12.5-MeV protons were
carried out by means of a dE/dX Esolid-state de-tector
telescope. The telescope has been described elsewhere. "
The targets consisted of CaCO3 enriched with either
Ca44 or Ca" suspended as a slurry in polystyrene. "The
enrichment of the targets and their calcium content are
given in Table I. Since these targets were rather
nonuniform, the protons elastically scattered from the
target were monitored using a 2-mm-thick solid-state
detector with which the protons scattered from calcium
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were resolved from those scattered from oxygen and
carbon. The 0"(p,p)O" cross section measured by
Daehnick'5 was then used to obtain an effective target
thickness. In this way, values of 9.7 and 12.1 mb/sr
were obtained for the elastic-scattering cross sections of
17.5-MeV protons on Ca'4 and Ca", respectively, at a
laboratory angle of 90'. Considering the various errors,
we estimate an uncertainty of +25% in the absolute
values of cross-sections reported here.

The excitation energies of Ca" levels are well known
and could not be improved upon in the present investi-
gation; however, our results are consistent with

previously measured values. 7 For Ca47, excitation
energies and Q values are not well known; they were
determined by comparison with the (p,d) spectra from
a Ti47 target using values of —7.545 and —8.663 MeV
as the Q values of the Ti" levels at 0.885 and 2.003 MeV,
respectively, and a Q value of —9.533 MeU for the

(p,d) transition from Ti4', which was about 20%
abundant in the target, to the 0.160-MeV level of Ti4'.
The excitation energies and Q values thus determined
for the Ca"(P,d) Ca'r data are listed in Table II.

The deuteron spectrum for the Ca44(p, d) Ca" reaction
is shown in Fig. 1 for 0L~B——30'. Two strong peaks are
seen, one of which corresponds to the ground level
of Ca" and the other to the 0.993-MeV level. The peak
corresponding to the 0.593-MeV level (J =ss ) is
relatively weak, but indicates some p-wave admixture.

TAsLE II. Summary of results for the (p,d)
reaction on Ca44 and Ca".
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FH;. 2. Angular distributions of deuteron groups resulting from the
Ca44(p, d}Ca" reaction. The empirical curves are from Ref. 2.
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No evidence was found for the excitation of the 1.389-
MeV level, and with the present overall resolution full
width at half maximum (FWHM) of 80 to 100 keV,
not much can be said about higher lying excited levels.
The angular distributions of the deuterons leaving Ca4'

in its ground, 0.593-, and 0.993-MeV levels are shown in
Fig. 2, where they are compared with empirical curves
taken from the recent (p,d) investigation of the
titanium isotopes. It is quite clear from Fig. 2 that the
0.993-MeV level corresponds to the pickup of a neutron
from the 1dsls shell (1„=2) and has therefore spin and
parity J =~3+.

The results for the Ca4'(p, d)Ca4' reaction are shown
in Figs. 3 and 4, where the overall resolution (FWHM)
is again 80 to 100 keV. The spectra of Fig. 3 show that
below 4.5-MeV excitation in Ca4~ only the ground and
2.60-MeV groups have large yields. There is also an
indication of a weak transition to a level at 2.01 MeV
with possibly /„=1 pickup. The work of Gelote and
Rapaport's on Ca4s(d, P)Ca4r does indeed prove this
weakly excited state to be the expected 2psi& single-
particle level. The angular distributions are shown in
Fig. 4 where they are compared, as in the previous case,
to empirical curves. The ground-state angular distribu-
tion is seen to correspond to the pickup of a neutron
from the 1fv/s shell. The 2.60-MeV distribution is
rather interesting. It appears that one can rule out
pure l„=1, 2, or 3, and that l =0 is the closest assign-
ment. Recent results on Ca"(d,P)Ca4r indicate that
there are two weakly excited levels only a, few keV
apart at about this energy, " the higher energy peak
showing 3=0 stripping. 'r And, on the basis of the Ti(P,d)
data where it is found that the l =2 in Ti4', Ti4', and
Ti" lie at approximately the same Q value, —1.1.2 MeV,
one might expect a similar correlation here, especially
since there is no other candidate for 1„=2 in the Ca4~

spectrum. Hence various admixtures of l values were
tried for the 2.60-MeV distribution (see Fig. 5), and it
appears that a combination of /„=0 with / =2 does
indeed give the best fit to the data, indicating that the
2sii2 and 1d3i~ neutron hole states both lie at approx-
imately 2.60 MeV. However, since the empiirical /„=3
curve does not fit the ground-state transition too well,

it is questionable how much one can trust the empricial
l„=0 to Qt the 2.60-MeV state, and hence with what
certainty one can extract the 1„=2contribution in the
angular distribution of this state.

It has been predicted by Bansal and French' that
the d3/2 state lies very low in excitation and hence

may not be resolved from the ground-state transition.
But if the strength of the transition is similar to that
of the d3i2 state in Ca4', it would clearly modify the
angular distribution of the ground-state transition; this
is not observed.

"J.A. Belote and J. Rapaport (private communication).
'~ J. H. Bjerregaard, 0. Hansen, and G. Sidenius, Phys. Rev.

138, $109'? (1965).
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Finally, no pickup characteristic of l„=0 was
observed in the Ca44(p, d)Ca4' reaction. On the basis of
the expected strength of the transition, the members
of the doublet at 2 MeV which were unresolved in this
experiment could certainly be candidates.
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6090 0In order to extract the spectroscopic factors for the
(p,d) reaction, distorted-wave Born-approximation
calculations' were carried out using the Oak Ridge
code yULIE. The optical parameters used were taken
from investigations by Percy" for the protons and by
Percy and Percy" for the deuterons and are similar
to those used for Ref. 2. The calculations are in good
agreement with the l„values assigned except for the
2.60-MeV "doublet" in Ca4' where even after adding
both / =0 and 1„=2 contributions, the fit is not
expecially good.

It is interesting to note that the spectroscopic factors
for l„=1 pickup are much smaller for Ca44 and Ca"
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than they are for the Ti' and Ti' nuclei. ' In the
Ca4'(p, d) Ca" reaction, the weak excitation of the
2.01-MeV level with a value S(2Ps/2) =0.02 shows an
admixture of 2Ps/2 in Ca4' three times smaller than in
Ca44, testifying to the especially strong shell closure in
Ca ' inferred from other data. '

The lowest expected 2+, T=~ state in Ca43 would
appear to be formed by coupling a id3~2 hole to a
(1f7/2', T=1) wave function. This could not be strongly
excited by /„=2 pickup from the Ca44 ground state, in
which the four 1f7/2 nucleons are mostly in a state with
T=2 (and T,=2). A different —22+, T= ,' state in C-a4'

that we could easily reach from this Ca44 ground state is
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b/c'. The strong excitation of the 0.993 MeV level in Ca4'

by the (P,d) reaction suggests that IPl makes an apprec-
iable contribution to it. If IPl described all of this level,
then the (p,d) spectroscopic factor would be 3.2. It is
observed to be 0.8. Thus the 0.993-MeV level probably
contains other components such as fds/2 f7/2 (T=1)j
or Lds/2 'f7/24(T=2, I.=2)g. If this were the case, one
would expect that IPl would be shared by other states in
Ca". However, there is no evidence for the (p,d)
excitation of other ~+ states up to about 4 MeV. The
observed spectroscopic factor is similar to values found
for the levels which have been described as 1d@2 hole
states in the Ti isotopes. ' The state orthogonal to pl is,
of course, the analog to E43 which should lie around
8 MeV.

For Ca, the d3/2 wave function can be written as
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FIG. 6. Comparison of experimental angular distribution
with DWBA curves for Ca44(p, d) Ca4'.

6= (g/9)'"{ds/2 '~ T.=l/2'='"j{Lf7/23'~=o T.=4'

(2) {ds/2 y T~=l/2 ){Lf7/2$ ) T4 2 j

' The optical parameters used were for the neutron, ra= 1.25 F,
u=0.65 F, 6=27 MeV; for the protons, V=48 MeV, W=0,
ro=r, =1.25 F, u=0.65 F, V„=8.5 MeV, ro'=1.25 F, u'=0.47 F,
W'=44 MeV; for the deuterons, V=112.8 MeV, 5' —0, ro=r,
=1.021 F, u=0.846 F, ro'=1.471 F, u'=0.444 F, W'=79 MeV.

'9 F. G. Percy, Phys. Rev. 131, 745 (1963).
~ C. M. Percy and E G. Percy, Phys. Rev. 132, 755 (1963).
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TanLx III. Comparison of (d,p) and (p,d) spectroscopic factors.

Reaction

Ca44(p, d) Ca43

Cae(d, P) Cau

Ti4'(p, d) Ti4'
Ti"(d,p)Ti"

E (MeV) l

0 3
0 3

0.160 3
0.160 3

S E, (MeV) l„S
2.4 0.993
0 75a 0 993

2 08
2 0.08

3.80 1.81 2 0.7
0.50' 1.816 (2) 0.04

' Assumed values for S(d,p).

In this case, the spectroscopic factor $(p,d) =3.55. The
experimental value measured, is S=0.7, similar to the
value for Ca4'.

Since the 0.993-MeV ~+ level of Ca ' is excited by the
Ca~(d, p)Ca4' reaction, it appears that we have here a
situation very similar to that found for the 1.81-MeV
level of Ti'r which is also excited by both the (P,d)

pickup and the (d,p) stripping processes. A comparison
of these two states is shown in Table III, where the
(d,p) spectroscopic factors for the —,s+ levels have been
obtained by normalizing the l„=3 spectroscopic factors
in the reactions Ca '(d,p)Ca" and Ti"(d,p)Ti to their
predicted values of 0.75 and 0.50, respectively. It
appears that the wave functions of the Ca4' and Ti4'
ground states must have a component with two neutrons
or a neutron and proton missing from the 1d3,2 shell,
that is, promoted to the 1f shell for sizeable portion of
the time." Evidence of such excitations in Ca40 has
recently been reported. "

n T. A. Belote, E. Kashy, A. Sperduto, H. A. Enge, and W. W.
Buechner. Argonne National Laboratory Report No. 6848, 172,
1964 (unpublished).

~C. Glashausser, M. Rondo, M. E. Rickey, and E. Rost,
Phys. Letters 14, 113 (1965).
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Decay of 54-sec Br" and 55-sec Br"t'
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The decay of Br 6 and Br', produced by fission of U '5, has been studied with P- and p-ray scintillation
spectrometers in singles and coincidence operation. Rapid chemical techniques taking advantage of the
difference in half-lives of the selenium precursors were used to produce samples having different proportions
of Br 6 and Br', and the radiations following the decay of these two isotopes were resolved in this way. A
decay scheme is proposed for Br 6, with Qp=7.5+0.5 MeV.

I. IN'TRODUCTION'

'HE 1-min bromine 6ssion-product activity was
discovered by Hahn and Strassman' shortly after

they discovered nuclear fission. Various workers have
studied this activity and it has been identi6ed with the
55-sec delayed-neutron activity in fission. Our work
dealing with this aspect of the activity will be published
elsewhere. ' Until recently, the activity was thought to
be Br" and a study of the decay was made. ' The dis-
covery of 54&2-sec Br ' by Stehney and Steinberg',
however, showed that the 55-sec bromine activity found
in fission is actually a mixture of Br"and Br r (55.4&0.7
sec, Ref. 2). Our study of the activity was carried out
in the light of this recent result.

Since it was not feasible to use the Stehney-Steinberg
method' LKrse(rt, P)Brss) to produce suKciently large

$ Work supported by the U. S. Atomic Energy Commission
under Contract No. AT(30—1)—905.

~ Present address: Department of Chemistry, Brooklyn College,
Brooklyn, New York 11210.

r O. Hahn and F. Strassman, Naturwiss. 28, 817 (1940).' E.T.Williams and C. D. Coryell, Nucl. Appl. (to be published).' A. F. Stehney and N. Sugarman, Phys. Rev. 89, 194 (1953).' A. F. Stehnev and E. P. . Steinberg, Phys. Rev. 127, 563 (1962).

quantities of Br" to study the decay, and because it
was possible to obtain large quantities of 55-sec bromine
activity from fission, the problem was approached using
samples produced by the latter source. This method
has a serious disadvantage in that both isotopes have
essentially the same half-life, thereby rendering it im-
possible to distinguish between the two by observing
the decay at successive intervals. The predicted inde-
pendent fission yields of Br" and Br' indicate that
approximately 75 and 50%, respectively, of the activity
of these isotopes result from precursor decay. This
means that it would be possible to make samples having
various Brss/Brs' ratios provided that the selenium pre-
cursors have appropriately diGerent half-lives and that
at least one of the half-lives is not short compared to
the chemical separation time. As these conditions were
met, it was possible to study the decay of both isotopes
using sources activated in the thermal-neutron Gssion
of U"'. The 16-sec selenium precursor of the 1-min
bromine activity studied by Sattizahn et al. seems to be

~ A. C. Wahl, R. L. Ferguson, D. R. Nethaway, D. E. Troutner,
and K. Wolfsberg, Phys. Rev. 126, 1112 (1962).

e J. E. Sattizahn, J. D. Knight, and M. Kahn, J. Inorg. Nucl.
Chem. 12, 206 (1960).


