0R06-24 09

Spins and Parities of Low-Lying

States in 77Kr from the 78Kr(3,t)77Kr Reactionf

R. R. Cadmus, Jr.++, T. B. Clegg and E. J. Ludwig
University of North Carolina, Chapel Hill, N. C. 27514, USA
and .
Triangle Universities Nuclear Laboratory, Durham, N. C. 27706 USA

and

NOTICE

f work
This eport was prepared as sn sccount O
) d by the United Stutcs Govenment. Neither the
s ) A. Wender ‘J:u‘:“ Sl:ylel not the United States Dcpulmern:h al:
of their employees, nor any ol the
i ) ot ube or theis employ mmakes
Duke University and TUNL, Durham, N. C. 27706, USA by waray, agrcse o impld, o xunts 0y kel
Liability of sesponubilit » ¥, P
o me{nlneu of any infon witon, apparatus, product ot
process disclosed. or represnia that 1ts use would not
nfrange privately owned nghts.

Abstract: The differential cross sections and vector analyzing powers
for the 78Kr(3,t)77kr reaction leading to low-lying states of 77Kt
have been measured at an incident deuteron energy of 15.95 MeV.

These data have been compared with distorted—wave-ﬁorn approximation
calculations, as well as with measurements of cross seciions and
analyzing powers on neighboring nuclei, in order to determine the
spins and parities of these states and the spectroscopic factorg for
the transitions populating them. The ground state of 77Kr; whicp had
been the object of several conflicting spin assignments, has be&n.found
to have J"=5Ii+. |
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1. Introduction

The spins and parities of the low-lying states in 77Kr have been
investigated in a number of expetimentsl—s), but there has unfortunately
been almost no agreement of the spin assignments for these states. It is

particularly disturbing that there exist three conflicting assignments

2,4,6)

for the ground-state spin and parity In fact, no two independent‘ /7'

experiments have ever led to the same assignment Zor the ground state.
In the present paper we clarify this situation.

-
In 1955, Thulinl) observed the 8@ decay of 7i¥r to states in Ty,
6)

Thulin's proposed decay scheme led to a J“=5l2— assignment ° for the ground

state of 77Kr when compared with the spins and parities which were accepted

for states im 77Br at that time. Holm gﬁhgg,7) later investigated the decay

77

of " 'Kr using improved techniques and found Thulin'’s decay scheme to be in

error. This later work restricted the ground-state spin of 77Kr to 3/2+,

L

5/2°, or 7/2+. In 1971, Borchertz) made an assignment of 7/2+ based on the

strengths of observed decays to 9/2+ and 5/1+ states in 77Br. This assigoment

3)

for the ground state was then used by Liptak and Habernicht to assign the

spins of excited states in 77Kr populated in the §+ decay of ?7Rb. Shortly

thereafter, Nolte and ngt4)

propesed a level scheme for 7?Kr based on
obsexrvations of thé y-decay of this nucleus following its forﬁation in -the .
'63Cu(160,pn)77Kr reaction. They assigned the ground state J"=5/2+, ia conflict
with the results of refs.1-3). Furthermore, they tentatively assigned the

67 keV f£irst excited state J“=312—, in conflict with the tentative 5/2 assign-
ment of Liptak and Habernicht. The assignments for the ground state and first
excited state are particularly interesting because these two state have been

proposed as band heads of two rotational bands in 77Kr 4).



In an attempt to resolve the discrepancies in the assignments for-the

5)

ground state and 67 keV state, Wender™’ measured the K-shell internal

conversion coéfficient for the decay of the 67 .keV state to che.grouéd state.

His measured value is consistent only with M1l decay, implying that these two

states have the same parity, in conflict with both earlier determinationsa’4).
In the present investigation we have measured the cross saction and

vector analyzing power for the 78KI(E,t)77Kr reaction leading to a number qfﬁ

low-lying states in 77Kr. The angular distribution of the cross section is

a reliable indicator of the neutron orbital angula; momentun 2n transferred

8)

in the reaction ‘, and thus permits a determination the parity of the final
state. The j-dependence of the vector analyzing power A.y in (d,t) reactions
is now well established as a reliable indicator of the total angular momentum

9). Our observations have therefore allowed us to make

J of the final state
spin and parity assignments which are entirely independent of previous work
on this nucleus.

2. Experimental Method

78

States in 77Kr were populated using the Krfz,t)77Kr reaction inltiated

by 15.95 MeV polarized deuterons from the Triangle Universities Nuclear

- 10)

Laboratory polarized-ion source and tandem accelerator. The beam'yas purely
vector—polarizedll) and typically had an intensity of 40 nA at the térget.

- The beam polarizagion was determined at the beginning and end of each run

using tﬂe quench-ratio methodlz). The 99% enriched 78Kr farget gas was coantained
in a 2.5-cm diameéer cylindrical cell with 2.5-um Havar* walls. The Kr pressure
.was about 1/3 atm, giving a total energy loss for deuterons reaching the center
of the cell of about 110 keV. The Kr was easily recovered from the target cell

by immersing in liquid nitrogen the tip of the small stainless steel storage

cylinder attached to the cell.

*Obtained from Hamilton Precision Metals, Lancastex, PA.



The reaction products were detected in four E-AE detector telescopes
arranged to form two symmetric left-right pairs at two different reaction
angles. Data were taken with the deuteron spin alternately "up” and "down"
relative to the reaction plane in order to minimize the effects of instrumental
asymmetries. The tritons were separated from the other reaction products
using a mass identification scheme. The slit systems used with the detectors
limited the angular acceptance to *1.2°. The overall energy resolution for
tritons was typically 60 keV and was dominated by straggling in the Kr gas
and in the gas cell walls. Further details of the scattering chamber,
electronics, beam integration, and dead-time correction technique have been
published elsewhere.ll)

The absolute cross section scale was determined in a separate experiment
in which the same detector system was used to observe 7 MeV deuterons elastically
scattered at 25° from the 78Kr target. At this angle the cross section differs
from the Rutherford value by only about 2%, so the results of an optical model
calculation are insensitive to the details of the calculation and a reliable
prediction of the cross section can be made. Comparison of this prediction
with our observed yields for 78Kr(d,d)78!(r was used to determine the overall
normalization of the (d,t) cross section angular distributions. There was a
differénce in beam energy between the (d,t) and (d,d) experiments, but multiple
scattering from the foils was calculated to produce a negligible change
(<0.5%) in beam integration between these energies. Likewise, although
foil-foil and foil-gas scattered deuterons could not be separated in energy
from those single-scattered from 78Kr, their contribution to the normalization
was found to be negligible. Thus the (d,t) cross section angular distribution

data are estimated to be better than 5%, with dominant uncertainties arising



from the normalization procedure and background subtraction.
A representative pulse-height spectrum for 78Kr(d,t)77 Kr is shown in

3,4)

fig. 1. The expected positions of all known states in this energy region
are indicated by vertical marks. Those states which are discussed in the
present work are further identified by their excitation energies. No

significant evidence for contamination of the target gas was found.



3. Data Analysis
77

In order to guarantee the correct identification of the peaks in the Kx

spectrum, tho energy scale was determined by f£filling the cell with AOAr and

3
AoAr(d,t) gAr reaction. This spectrum was

4

observing the tritons from the

then calibrated by comparison with the published 0Ar(d,t)agAr spectrum of

Sen et a1.13).

For most of the states of interest in this experiment, at least one pther
77Kr state lies close enough to prevent clear resolution of the peaks in the
pulse~height spectrum (see fig. 1). The peak corresponding to fhe ground state
transition appears as a clearly distinguishable shoulder on the much larger
peak corresponding to the 67 keV transition. Reliable peak sums fof these two

14)

transitions could be obtained using a peak-fitting computer program which
reproduced tﬁe shape of the doublet by summing two Gaussian diséfibutions
with equal widths and a separation which was fixed at the known separation
of the peaks for these two transitions. The intensities and width of the
Gaussians were adjusted, as was the position of the doublet.

The reliability of the separation of the doublet into its components
can be assessed in several ways. First, the shape of the doublet was accurately
reproduced. Second, the resulting cross section ;nd analyzing poweé distributions
for the ground state do not resemble those for the 67 keV state, (s;e fig. 2)
indicat@ng that the program properly separated the two peaks. ~A.s a furthex
check, the analyzing powers for the two transitions were computed from the
counts in the high- and low-energy portions of the combiﬁed peak. Counts in

the region where the two peaks would bé expected to overlap were excluded, so

the reéulting analyzing powers should be those for the two single transitions.



This analysis confirmed the analyzing power results shouwn in fig. 2.

The second excited state of 77Kr at 150 keV3’4)

is evidently not stroﬁgly
populated in the 78Kr(d,t)77Kr reaction at this energy, for we saw no evidence
of a peak corresponding to this transition at any angle (see fig. 1).

The peaks corresponding to the 245 and 279 keV states are separated by
about half of the experimental energy resolutiom, and thereforg forﬁ a singla
peak in the pulse—height spectrum. The centroid of this peak is near the
expected positién of the 279 keV peak, but peak-fitting indicated a significant
contribution from the transition to the 245 keV state. However, the separation
of the counts from the two cémponents was not reliable, so the data shouwn
in fig. 3 are for the combined peak. As discussed in sect. 5, these data
appear to represent contributions from two transitionms.

fhe transitions to the 460 and 500 keV states were also unéésolved in this
experiment, but the peak position indicates that the dominant coutribution was
from the 460 keV state. The data shown in fig. 3 are for the combined peak.
The peak corresponding to the 1243 keV state was relatively well resolved from.‘
other 77K: peaks, but the small strength of this transition makes the cross
section, and to a lesser extent the analyzing power, subject to uncérfainties
in the background.ﬁnder the peak. This problem is most 1ike1y'to affect the
data fdr the most forward angles because the background was larger in those cases.

The~cross section and analyzing power data for the f;ve transitions are
' éhown iﬁ~figs. 2 and 3. The error bars shown include the uncertainﬁies due to
counting statistics and, for the transitions to the ground state aﬁd 67 keV -
state, the additional uncertai;ty associated with the extraction of separate

peak 'sums for the two components of the doublet. The uncertainties in the

analyzing power measurements also reflect the uncertainty in the beam polarization.



In some cases cross section measurements are shown without corresponding
analyzing power data. In these instances the nuﬁbers of counts in the peaks
were small and the resulting uncertainties in the analyzing power data were
so large that the measurements were essentially meaningless.

)

4. Distorted-Wave Calculations
The spins of levels in 77Kr have been assigned by compéring the experimental
data with DWBA calculations performed using the code TDWUCK, which is a version

of the code DWUCKIS)

. Bieszk‘gg.g;,IG) have rece;yly shown that distorted-wave
calculations for 70Ge(3,t)696e at 16 MeV lead to the correct spin assignments,
indicafing that the deformation of the nuclei in this mass region doés not
interfere with the use of the j-dependence of the vector analyzing power for
the determination of spins. -

The DWBA calculations includeé corrections for the finite'range of the
neutron—-proton interaction, but corrections for the non—-locality of the potentials
were not included because  these corrections were not spplied when the potentials
were originally determined from elastic scatte?ing data. The potential binding
the neutron to the 77Kr core had a radius parameter of 1l.17 fm and a.diffuseness
of 0.75 fm -(from.ref.17)), a Thomas spia-ordit factor of 25, and a erth which
was adjusted to resrodﬁce the neutron binding energy. . ':

The calculations shown in figs. 2 and 3 were performed wjth the optical
model poéentials shown in table 1. The deuteron'potential is essentially thaﬁ

18,19)

of Lohr and Haeberld s but the magnitude of Vo was decreased by 1.5 MeV

because the deuteron erergy in the presené experiment is higher than those

18,19) 20-25)

considered in refs. . Several other deuteron potemtials were tried,

but calculations using these potentials did not reproduce the data as well as

T
'



did the calculations using the potential of refs.la’lg). The tritomn potential

was thar of Hardekopf gg_gl,ZG) for ngr(E,t)goZr at 15 MeV. The txiton

27,28) led to less satisfactory predictions, but the

potentials of refs.
predictions for the 460 keV state could be improved by increasing the
magnitude of the absorptive term in the potential of ref.zs) from 13.5 to
20 MeV. The results of the calculation with more absorption are shown by
the dottéd curves in the center panel of fig. 3. This change makes the pre-
diction for the cross section slightly worse, but greatly improves the pfediction
for the analyzing powerx. .

The spectroscopic factors for the transitions to the ground state and
67 keV state corresponding to the calc#lations shown by the solid curves in
fig. 2 are given in table 2. ' ..
5. Discussion

The cross section data for the ground state transitica shown in fig. 2 are
reproduced fairxly well by the calculation for znfz, but are inconsistent with .
.calculgtions for zn=3 and znf4. This limits the ground state spin to Jﬂ=3/f+
or SI2+, eliminating the previous assignments of Jﬂ=3/2" and 7/2+. As shown
in fig. 2, the predominantly negative sign of the analyzing power data indicates

that the ground-state spin of 77Kr is Jﬂ¥5I2+, in agreement with the assigament

4)

of Nolte and Vogt ‘. The cross secfion and analyzing power data for éhe traasition
_ to tﬁéi67 keV state are repraduced well by calculations for J“=3[2-, confirming
the tentative assignment of Nolte and Vogt. A comparison of the cross section
data for the transition to éhe‘67 keV state with the results of the lhf3'
calculation shown in the upper left panel of fig. 2 demonstrates that the

J'=5/2" assignment of';ef.3) is clearly ruled out. The present results for the



ground state and 67 keV state reveal that these states have opposite parity,

in conflict with the internal conversion measurement by Wenders). This

conclusion is essentially independent of the analyzinz power measurements.
As discussed in sect. 3, the transitions to the 245 and 279 keV states

were not resolved in the present experiment, but both transitions'appear to

contribute to the observed peak, with the transition to the 279 keV level

i
probably dominating. The cross section data for this doublet (upper left

panel of fig. 3) are, in fact, not well reproduced by calculations with a
single value of zn. Instead, they lie between the predictions for 2n=3

and Enfh transfers. Similarly, the analyzing power data are not well reproduced
by a single caleulation. The pattern of the measured values oscillates

in phase with both the J' = 9/2+ and J" = 5/2 calculations indicating that

a combination of these calculations would reproduce the general features of
the défa. This combination was obtained using a search program which

adjusted the contribution from J" = 5/2  and J" = 9/2" to minimize differences
Letween theory and experiment for bofh cross section and vector analyzing
power. This procedure provided reasonable agreement with both experimental
distributions as shown in fig. 3. Nolte and Vogt assigned the 245 and 279

keV states as J' = (5/2)" and J = 9/2+ respectively, and the present results
are consistent with their choice of spin assignments although we cannot
distinguish which state might be assigned to a given spin.

- The fransitions to the 460 and 500 keV states were also resolved, although,
as pointed out in sect. 3, the former is probably dominant in this experiment.
In spite of the possibility that two transitions may contribute to this peak, the
cross section data shown in the cenﬁer panel of fig. 3 are well reproduced by a

single calculation for 2n=1. The analyzing power date point to an assignment of



10

J"=1/2 . This is probably the correct assignment for the.460 keV state.

The 500 keV state is either very weakly populated in the present experimeat,

or also has J'=1/2". Liptak and.Habernichta) had assigned both of these states
Jﬂ=(1/2—,3/2—), which is consistent with the present results. Nolte and Vogt
did not observe the 460 keV state, but assigned the 500 keV state J"=(7/2)-.
This assignment would only be consistent with the present resulvs if the

78Kr(d,t)nKr reaction

500 keV state is not populated significantly in the
at 16 MeV.

The cross section and analyzing power date for the transition to the
1243 keV state are showﬁ in the right panel of fig. 3. No previous
assignment has been made for this state, and the present data are not sufficient
to make a reliable assignment. For this reason, no'calculations are shown.
‘The negative trend of the amalyzing power 'is clear, however, indicating

+, 7/2°, or 9/2+ as possibilities. The analyzing

assigoments of 3/2 , 5/2
power data are, in fact, very similar to those for the J"=5/2+ ground state
transition shown in fig. 2, but the cross séction data do not appear to be
consistent with a J"=5/2" assignment for this state.

Additional suppoft for the present spin assignments of 5/2+, 3/2_,
and 1/2° to the ground state, 67 keV state, and 460 keV state, respeétively,

16)

can be obtained by comparing our data with those of Bieszk et al. for

70Ge(ﬁ,t)69Ge at 16 MeV. Our data are in good agreement with those of ref.lG)
for states which are known from previous work to have spins of 5/2+,

3/2_, and 1/2°. A summary of the present spin assignments and those from
previous investigatLOné is given in table 2.

6. Conclusions

) Our measurements of the cross section and véctor analyzing power for the
78Kr(3,t)77Kr reaction populating the ground state and 67 keV first excited



11

state of 77Kr lead to unambiguous spin assigmments of J“=5/2+ and J'=3/2,
respectively, for these states. These results confirm the assignments of

Nolte and Vogt4)

, and hovefully resolve the long-standing controversy
surrounding the ground state spin of 77Kr. Our data for the transitions
to the 245 and 279 keV states are also consistent with the J"=5/2  and
J"=9/2+ assignments of Nolte and Vogta). The present investigation
indicates tha*t the 460 keV state has J“=1/2—, and that the 500 keV state

either has the same spin, or is not populated significantly in this experiment.
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Fig.

Fig.
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Figure Captions

1. A representative pulse-height spec”:um for the 78Kr(3,t)77kr reaction

2.

3.

at eLAB = 40°. The expected positions of peaks corresponding to all
previously~reported states in 77Kr are indicated by the vertical marks.
The peaks corresponding to states which were investigated in the present
work are labelled with the excitation energy of the'state iﬁ MeV. '

Cross section and vector analyzing power data for the 78Kr(3,t)77Kr

reaction leading to the ground state and 0.067 MeV state of n .
The curves are the results of distorted-wave calculations with the
indicated values of £ and J".
n

. . 78 > 77
Cross section and vector analyzing power data for the Kr(d,t) "Kr
reaction. The data for the transition to the 0.279 MeV state probably
contains a contribution from the state at 0.245 MeV. Similarly, the
data for the transition to the 0.460 MeV state may include a contribution
from the 0.500 MeV state. The curves are the results of distorted-wave

calculations for the 0.460 MeV state are shown for two cholces of the

absorptive component of the triton potential.



Table 1
a)

Optical Potential Parameters

particle source v r:' 8 W W

° o s d u S Veo Tso %s0
a res. 1819 108, 105 0.8 o 1194 143 074 7.0 0.5 0.50
t re£, 2 1680 120 065 13.5Y o 1.60  0.87 6.0 115 0.5

a) Potential depthg are given in MeV; geometrical parameters are given in fm,

b) Corrected for incident deuteron energy.
19)

¢) The value given here, from ref, " ’, is the appropriate one, but differs from the value quoted in ref.ls)

d) A value of 20 MeV gave significantly better fits to the analyzing power for the 46C keV state.

1.30

1.30

ST



Table 2
Summary of Spectroscopic Information

" for states in 771(1'

n

Rad I . " | 3 Rad 2 J n sj

. Ex(MeV) (this work) (Nolte & Vogt,ref ‘) (Liptak & Habernicht,ref™’) (Borchert,ref”’) (Thulin,ref™’) (this work)
0.0 st 5/2% 112+ 12 5/2 0.089
0.067 3/2” (3/2)" (5/2)" 0.612
0.150 | w2t 5/2%,5i2")

0.245 (s/27,9/2™ (s/2)" (5/27) (0.95)"
0.279 /2t s2) 9/2* 2.3*
0.460 1/2” (1/27,3/2°)

0.560 (7/2)" (1/27,3/2)

1243 RS |

-

* i ‘ -
Calculated values assuming that the 0.245 MeV state is J° = 5/2° and 0.279 MeV is J" = 9727

The lack of good agreement between theory and experiment for other states investigated here makes

us believe these values uncertain. .
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