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B decay studies of the neutron-rich®*-°%V isotopes
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B decay of*¢5"5%/ has been used to populate low-energy level$®f5Cr, respectively. The low-energy
levels of the even-even Cr isotopes gBdlecay half-lives and branching ratios of the parent V isotopes are
compared to results of shell-model calculations. The Cr energy level calculations were completed in the full
pf-model space, using several different interactions. The systematic variati&(2{j, which is indicative of
a subshell closure & =32, was best reproduced in calculations usingf-ahell-model interaction based on
effective two-body matrix elements with some replacement byGhmatrix.
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[. INTRODUCTION state, which carries nearly all thpg,, single-particle strength,
between*°Ca and'Ni. The migration of thevfs, single-
The first excited 2 state,E(ZI) in %Casz has energy particle orbital to higher energies with the removal of pro-
2.56 MeV [1], well above that observed in its even-eventons from the I, orbital, in concert with a significant spin-
neighbor5°Cay,. The increase ifE(2) for 52Ca was attrib- orbit splitting between thep, andvp,, orbitals, gives rise
uted to a filled neutron (s, single-particle orbital, suggest- t© & subshell closure & =32.
ing a significant subshell closure Bt=32. An increase in In_this paper, we report the low-energy structures of

56,57,5t i 56,57,5&/ _

2 52 ) r populated following the3 decay of , re

lrar;ndlngfatthi Cr? Wl?sél]s?tlﬂferrg d f:)n: a melejstuhretmerr:t 0Irthnespectively. The neutron-rich Cr isotopes have the higHest
ass of this nuc -t has been proposed that a REUron, ;e of nyclides showing evidence for a substantial subshell

spherical subshell closure Bt=32 could occur when rein-

= gap atN=32. A first study of theB-decay properties of
forced by theZ=20 proton shell closurg3]. However, an 56,5758/ \yas completed by Sorliet al. [10]; in addition to

E(2[) of 1007 keV in3,Crs; is also above that observed for gecay lifetimes 3-delayedy-ray spectra were obtained for

its even-even neighbot*Cry,. The systematics of the first these nuclides using a high-efficiency BGO arrgydecay
excited 2" states in the Cr isotopes are shown in Fig. 1,half-lives for *575%/ were also measured by Ameit al.

where data are taken from Refdi—6]. A peak in the sys- [11] and compare favorably with those in Rgf0]. Results
tematic variation ofE(2;) at >°Cr, which has four protons from our initial study of theB decay of *®v produced via
in the 1f,, orbital, has been confirmed by the recent meafragmentation of a 70 MeV/nucleoiZn beam were re-

surement of the first excited 2state in>&Cry, [4,7]. ported in Refs[4,7].
The appearance of thé&d=32 subshell closure for
neutron-rich nuclides has been attributed to a diminished Il. EXPERIMENTAL TECHNIQUE

7f-vfs5, monopole interaction as protons are removed
from the If,, single-particle orbital[7]. The shift in the
energy of thefs;, single-particle strength between ti

The B-decay parents of interest were produced by
intermediate-energy projectile fragmentation using the ex-
- 28 2N R perimental facilities at the National Superconducting Cyclo-
=29 isotones,(Ca and zgNi is illustrated in Fig. 2. The 5| anoratorNSCL) at Michigan State University. A pri-
levels in Fig. 2 are labeled with their normalized spectro—mary beam of%eKr was accelerated to 140 MeV/nucleon
scopic factors C?S) based on the single-neutron transferusing the Coupled Cyclotron Facility as follows: a low-
data compiled in Refd.8,9]. In 4?Ca, which has an empty  energy beam of®Krl* from the Superconducting Electron
m1f7; orbital, the 5/2 state carries most of thie; single-  cyclotron Resonance Source was first accelerated to 12.2
particle strength and is nearly 4 MeV above the 3ffound  Mev/nucleon using the K500 Superconducting Cyclotron
state. The 5/2 state at 768 keV excitation energy carries theand, following foil stripping to produc&®r34*, accelerated
f5/, single-particle strength i’Ni. With eight protons oc-  to full energy in the K1200 Superconducting Cyclotron. The
cupying the X, orbital in *'Ni, the f5, single-particle state average primary beam current was 3 pnA, as measured with
is lowered by more than 3 MeV compared f8Ca. This a shielded Faraday cup at the target position of the A1900
large shift in the position of thés, single-particle state can fragment analyzer. The primary beam was fragmented in a
be contrasted with the small change in position of thg 1/2 376-mg/cm-thick Be target located at the object position of
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the A1900. A 330-mg/ch Al degrader was placed at the detector arrangement for the counting system is shown in
intermediate image of the A1900 to separate fully strippedFig. 3. At the center of this system is a 9gFn-thick Micron
fragment isotopes with given mass-to-charge ratios based dpemiconductor Ltd. type BB1 double-sided Si microstrip de-
A andZ. The momentum acceptance was set to 1% using tector (DSSD. The DSSD was segmented into 40 1-mm
fixed slit also placed at the A1900 intermediate image. Astrips in both thex andy dimensions. Two 50@m-thick Si

radioactive beam containing*Sc (1%), °°Ti (14%), °%v
(24%), 5V (26%) and %8Cr (34%) was obtained with the
A1900 magnetic rigidities set tBp;=4.0417 Tm andBp,
=3.7554 Tm. A second set of magnetic rigiditieBp,
=4.1261 Tm andBp,=3.8417 Tm, provided the isotopes
53¢ (0.5%), °°Ti (129%), 'V (38%), %8V (39%), and >°Cr

(29%).

Secondary fragments were sent to the NS€kounting
system[12] located in theS1 experimental vault. The Si
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FIG. 2. Low-energy level structures of tin=29 isotonesjsCa
and 3Ni. The levels are labeled with their normalized spectro-
scopic factors C2S) as compiled for “®Ca(d,p)*°Ca [8] and

S8Ni(p,d)>"Ni [9].
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PIN detectors, with active areas 5 gB cm, were placed
on either side of the DSSD and served as second energy loss
detectors fo3 particles. An additional 30@-m-thick Si PIN
detector was placed downstream of the Si PIN-DSSD-Si
PIN sandwich and served as a fragment veto detector. The Si
detector stack was mounted on an ISO-160 flange and placed
in the beamline under high vacuum. An aluminum degrader
foil was placed immediately upstream of the DSSD detector
stack. The foil thickness was selected to optimize the implan-
tation of fragments within the first 20@m of the DSSD.
The aluminum degrader thickness was 907 md/éan the
first A1900 tune and 963 mg/cnfor the second tune.
Secondary beam characterization was performed using
detectors plaak1 m upstream of the DSSD. A parallel plate
avalanche countefPPACQ was used to image the andy
positions of the incoming fast beam. The fragment energy
loss, for beam particle identification purposes, was measured
using a 500em Si PIN detecto(PIN1). Fragment time of
flight was determined by the time difference between a par-
ticle impinging this Si PIN detector and a radiofrequency
pulse from the K1200 cyclotron. Particle identification spec-
tra for the two A1900 tunes are shown in Fig. 4. The second-
ary beam was defocused to ensure that most of the active

Aluminum
Degrader DSSD  PIN4
fast
fragment
beam
PIN1 PIN2 PIN3

PPAC

FIG. 3. Schematic of the Si detector layout for the NSBL
counting system. Dimensions are not to scale. The PPAC and PIN1
were located 1 m upstream of the DSSD stack.
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FIG. 4. Particle identification spectrufa) and fragmeni{s cor-
related particle identification spectru¢h) for A1900 settingsBp;
=4.0417 Tm andBp,=3.7554 T m. Spectréc) and (d) are the
same as above, but f@p;=4.1261 Tm andBp,=3.8417 Tm.

A\

FIG. 5. Schematic of the Ge array as it was positioned around
area of the DSSD was illuminated. The average implantatioithe 8 counting station.
rate for all fragments entering the DSSD was 200 Hz for the
first A1900 tune and 100 Hz for the second. vy-ray detection was accomplished using six Ge detectors

One of the challenges of correlating fragment implantsfrom the MSU Segemented Germanium Arrgh3]. Each

with subsequenB decays is the large energy difference be-detector is composed of an 8 cm long by 7 cm diameter Ge
tween the two types of events. A fragment implant may decrystal divided into eight 1-cm-wide segments along the
posit more than 1 GeV energy into the DSSD, whilgBa crystal length and four quadrants on the crystal face. Only
particle deposits less than 1 MeV. Readout of the DSSDhe signals from the central contact were processed for this
strips was accomplished using dual output preamplifiers proexperiment. The Ge detectors were oriented in a circular ge-
vided by MultiChannel Systems. The preamplifier circuitometry around the DSSD, with the long side of the crystals
provided both high gairi2 V/pC) and low gain(0.1 V/pC parallel to the secondary beam axis. This arrangement is
analog output pulses. The output stages could driv€)50- shown in Fig. 5. The minimum distance from the center of a
inputs to+2 V. The low gain signals, which provide the fast Ge cryostat to the center of the DSSD was 12.4 cm. The
fragment implantation energy, were sent directly to Phillipsthickness of the Al vacuum wall positioned between the Ge
7164H analog to-digital convertef&DC'’s). The high gain  detectors and the DSSD was 3 mm. A large volume Ge de-
preamplifier signals were further amplified by Pico Systemgector was also placed immediately downstream of ghe
Shaper/Discriminators in CAMAC. The shaper outputs werecounting system. Two identical outputs were obtained from
digitized by Phillips 7164H ADC’s and provided the energy each Ge preamplifier to get both timing and energy informa-
information for B-decay events. The typical energy resolu-tion for each detected event. The energy signals were pro-
tion for a single strip of the DSSD was 90 keV full width at cessed by Ortec 572 shaping amplifiers and digitized using
half maximum measured for the 6.2-Ma¥ transition from  Ortec AD413 8K ADC's. The timing signals passed through
the decay of??®Th. The discriminator outputs from the Pico Ortec 472 Timing Filter Amplifiers and Tennelec TC455 con-
Systems Shaper/Discriminator were combined in a logicastant fraction discriminator€CFD’s). The CFD outputs were
OR gate to provide the master trigger. Individual discrimina-used as stop signals to generate digitif=2g timing curves
tor signals were also sent to coincidence registers for zerasing a Phillips 7186 TDC, where the common start signal
suppressed readout of the DSSD energy ADC's, and to scawas the master trigger from the DSSD.
ers for rate monitoring. Data were written, event by event, A 2°Bi source was used to set the DSSD master gate
directly to disk. Each recorded event was tagged with aririgger delay for the Ge ADC's. This source has a highly
absolute time stamp generated by a free-running clockgonverted 1063-keV transition in coincidence with a 569-
which produced a pulse every 30u%. keV v ray. Thee-y prompt coincidence was used to estab-
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Counts

lish the time delays for properly gating delaygday coin- 100
cidences. The efficiency of the Ge array between 80 keV anc sov| Vv (a)
2.6 MeV was experimentally measured for a point source
C69 source containing®Sb and*****Eu, and a calibrated ’ .
228Th source. To account for the extended nature of the frag- . \ ‘ ‘ v
ment implantation pattern in the DSSD, a simulation of the ‘ ,‘
extended source geometry was performed using the Montt 1
Carlo N-particle (McNP) code[14]. The calculated peak effi- ] MW“'HM ‘ HHHM M “HH ’ l “‘
ciency of the Ge array for a 1-MeV photon in this geometry ' ' S
0.08 and 2.6 MeV using the well-known transitions in
15415, €0Co, and??8Th.

Fragmentg correlations were established in software by
first requiring a high-energy implant event in pixgly,
where x is a horizontal strip and/ a vertical strip of the v H‘ ‘ ‘
DSSD. A valid implant was one that produced a signal above ‘ H’“ HH H ‘

! 0 500

Counts

geometry using a NIST Standard Reference Material 4275-
was 3.3%. The Ge detectors were energy calibrated betwee (b)
threshold in PIN1 and PIN2, as well as a high-energy signal

I

(greater than 10 Me)in a single strip on both the back and 190 10
front of the DSSD(see Fig. 3 The particle identification Energy (keV)

data(energy loss in PIN1 and time of flightas well as the

absolute time stamp, were stored in arrays indexex, py A FIG. 6. Part of theB-delayedy-ray spectrum forr®, showing

subsequenp-decay event in the same pixel was one that(a) only events within the first second of*8V implant, (b) events
produced a low-energy signdless than 5 MeY above in the range 4-5 seconds afte®/ implant.
threshold in a single strip on both the back and front of the

DSSD and no signal in PIN1. A fragmepgtcorrelated par- - yansition at 34650 keV, assigned to the decay 8V in
ticle identification spectruntsee Fig. 4 was generated using Ref. [10], was not observed in this work. The low-energy
the previously stored particle identification data for the im-ansition at 268 keV is a ray assigned t¢’V decay(see
plant event. The differences between the time stampg of following section. Its appearance in Fig(# is attributed to

events and correlated implant events were also histome gverlap o5’V and %V in the particle identification spec-
grammed to generate a decay curve. The decay properties fg{,m shown in Fig. ).

a spe_cific isotope were ob.tain(.ad by gele_cting the appropriate The decay curve derived frofffV-correlateds decays is
gate in the correlated particle identification spectrum. To reshown in Fig. Ta). The curve was fitted with a single expo-
duce the chances_for random correlations, a maximum timgeantig| decay with an exponential background component.
of 10 s was es_tabllshed_for any fragm@t—c_)rrelatlon.Also, The activity of the daughteP®Cr decay, which hasTy
back-to-back implantations in a given pixel that occurred_5 g min, was not considered. The decay constant for the
within 10 s of each other were rejected. . exponential background was deduced to be 0.144by fit-
Afragments correlation efficiency of 30% was measured (ing the half-life curves for all nuclides implanted along with
for the 2.15¢< 10° implant events registered in the DSSD dur- 56/ for the first A1900 tune(see Fig. 4 The identical pro-
ing the first A1900 tune. The correlation efficiency was 40%cequre was used to deduce an exponential decay constant of
for the second A1900 tune, where a total of AP im- g 9815 s? for the decay curves of nuclides implanted dur-
plants were registered in the DSSD. The increased correlq,r—1g the second A1900 tune. The fitted half-life curves ob-
tion efficiency is attributed to the lower average implant rate,;ined for5/. which was produced at both rigidity settings
associated with the second tune. were used to verify the above treatment of the exponential
background.
Decay curves were also obtained frggay coincidence
Ill. RESULTS data. The decay curve fg8 particles in coincidence with
A. 56y 1006-keV y rays is shown in Fig. (b). The extracted half-

_ lives Tf,=216+4 2 19%%=221=1 ith
A part of the 3-delayedy-ray spectrum forr®V is shown Ives Tyj,=216:4 ms andry, 8 ms agree wit

in Fig. 6. The spectrum in Fig.(6) represents3-y events
that occurred withi 1 s of a°% implant. A comparison of
this spectrum with one representirgy events occurring

TABLE I. v rays observed following the decay 8.

between 4 and 5[Fig. 6b)] after a°% implant was used to E, (keV) Iibs (%)  Initial state(keV) Final statetkeV)
distinguish between short- and long-livgdactivities. Four  668.4+0.3 26+2 1674 1006
transitions have been assigned to ghdecay of°®v, and are  824.1+0.9 1.0:0.5 1830 1006
listed in Table I. The two intense transitions at 668 and 1006.006.1+0.3 30+ 2 1006 0

keV are most likely the transitions observed at 7001317.9-05 1.0-05 2324 1006

+50 keV and 100& 50 keV by Sorlinet al. [10]. A third
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1+ 0
- (a) 6y 56—\ T, = 2164 ms
| = 9.0510.24 MeV
20000 T,.(B) = 216+4 ms Vv % e
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° 8000 r
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4000 | X
<
I (%) log ft ©
o
o
~
: (b) s6\ 1.0 5.87 2+ '§, 2324.0
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Time (ms) <4  >563 2+ v v ¥ N 1006.1
FIG. 7. Decay curves for®V, showing(a) fragments correla-
tions only, where the data were fitted with a single exponential
decay with exponential background; afig) fragmentg correla-
tions with an additional coincidence with the 1006-keV transition in
56y, where the data were fitted with a single exponential with con-
stant background. 70 4.62 0+ v 1]
each other and with the previod&V half-life measurements 56Cr
of 230+ 25 ms[10] and 240+ 40 ms[11]. We have adopted
the valueT,,,=216+=4 ms for *%V. FIG. 8. Proposed level scheme fiCr populated following the

The proposed decay scheme for levels’f&r populated B decay of*®%. The number in brackets following thg-ray decay
following the B decay of 56y is shown in Fig. 8. The energy is the absolutg intensity. TheQ, value was deduced from
B-decayQ value was derived from the measured mass exdata in Ref[15]. Identified coincidence relationships are shown by
cess for both parent and daughter as compiled in R&j.  the filled circles.

Absolute y-ray intensities were deduced from the number of
observed®® 1y rays, they-ray efficiency curve calculated
usingMcNP, and the number of®V implants correlated with

B decays. The last term was derived from the fit of the decay
curve in Fig. 7a). The placement of the 668-key ray feed-

ing the first excited state at 1006 keV was confirmedyby
coincidencegsee Fig. 9. Placement of the 824- and 1318- @
keV transitions follows the proposed level scheme of Nathan§
et al.[16], who used the"'B+*Ca fusion evaporation reac- 8§
tion to populate excited states MV. S feedings to levels in

%6Cr were deduced from the absolujeray intensities, and

are summarized in Table Il. The lbgralues were interpo-
lated using the tabulation in Refl7]. The predominant

- (a) 1006

o =2 N W s~ 00O

th||||| ML

668
TABLE II. 8 intensities and lofj values in the®® decay to @ 4t

bound levels in*®Cr. = 3F

=] F

(& ] 2 b
E, (keV) 5 (%) logft® N v
0 70+2 4.62£0.07 ol LI [ 1 [
1006.1-0.3 <4 >5.63 i | | |
1674.5-0.4 262 4.63+0.11 . A0 g 1500 200
1830+ 1 1.0+0.5 6.01-0.50 Energy (keV)
2324.0-0.6 1.0:0.5 5.87+0.50 o

FIG. 9. y-y coincidence gates for tHa) 668-keV andb) 1006-

Based onQz=9.05+0.24 MeV[15] and T,;,=216=4 ms. keV transitions following®®V B decay.
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1500

FIG. 10. Part of theB-delayed y-ray spec-
trum for 5°V. A gate was placed on the decay
curve to include only events within the first sec-
ond of a®V implant.

2000

B-decay branch is to the’0ground state of°Cr. The logt  in coincidence with the 268- and 692-kej/rays are shown
value of 4.62 suggests an allowed transition, and we hav# Figs. 11b) and 11c), respectively. We have adopted the
assigned spin and parity*1to the ground state of thédy ~ value T;,=350+10 ms for /. This value is consistent
parent. This assignment is consistent with that adopted byith the previously measured values of 3230 ms[10] and
Sorlin et al. [10]. The 2" spin-parity assignments for the 340+80 ms[11].

1006-, 1830-, and 2324-keV states are taken from Refs.

[16,18. The B branching to the 1674-keV state has aflog 8000 | (a)
value comparable to the feeding to the ground state. We hav 4, |

tentatively assigned 0 spin parity to this state.

B. 5V

A part of the 3-delayedy-ray spectrum for’V is shown 2000
in Fig. 10. This spectrum representsy events that occurred
within the first second after &V implant. Eight transitions
have been assigned to tjfedecay of°’V, and are listed in
Table Ill. The three transitions at 268, 692, and 942 keV are
most likely the (267 4)-, (700t 50)-, and (906 50)-keV L ; _

v rays identified by Sorliret al. [10]. The five newy-ray i T.2(P-268) = 356+10 ms
transitions identified following the decay 8fV have abso-

lute intensities below 5%.

57\,
T,.(B) = 350+10 ms

4000 |

Counts

Counts

10 .

e

The decay curve derived frorfV-correlatedg decays is .
shown in Fig. 11a). The curve was fitted with a single ex- —
ponential decay with an exponential background component N ‘ .
The activity of the daughteP’Cr decay, which hasly, [ (©) 57\
=21s, was found n_o_t to contribute significantly to the.ob— . T,.(8-692) = 34035 ms
servedp singles activity. Decay curves were also obtained ,
from B-y coincidence data. The decay curves foparticles "g' X

o
. o ~
TABLE IlI. v rays observed following the decay &V. TE N~ *

E \ \\_
E, (keV) 12°% (%) Initial state(keV) ~ Final state(keV) ‘ ‘ ‘ ~

0 500 1000 1500 2000 . 2500 3000
249.3+0.7 2*+1 942 693 )
267.8:03  52:4 268 0 Time (ms)
425.3£0.5 3+1 693 268 FIG. 11. Decay curves fot'V showing(a) fragmentg correla-
692.4-0.4 20+3 693 0 tions only, where the data were fitted with a single exponential
892.5-0.6  1.0-0.5 1583 942 decay with exponential backgroundy) fragment8 correlations
941.7-0.5 7*1 942 0 with an additional requirement of a 268-key ray; and (c)
1289.6£0.5 2+1 fragment8 correlations with an additional requirement of a 692-
1314.3:0.5 2+1 1583 268 keV v ray. The curves shown ifb) and(c) were fitted with a single

exponential decay with constant background.
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Q, = 8.0+0.3 MevV 3/2" by Davidset al.[19] based orB-decay feeding patterns
to excited states irP’Mn. This conforms to the spin-parity
assignments for the ground states of other neutrondxich
=33 isotones. A 3/2 spin parity for the ground state 6fCr
would exclude 7/2 spin for the ground state B¥, given
our observed3 branch to the ground state GfCr. Sorlin

57—0\ T, = 350£10 ms spin parity of the®>'Cr ground state has been proposed to be

S & et al. [10] proposed 3/2 spin parity for the ground state of
I(%) logft n < 5/ based on the characteristics of tBedecay.
3 5.51 ik, 1583 C. 58y
& & A part of the 8-delayedy spectrum for®®V is shown in
A : .
LA & A Fig. 13. This spectrum represengsy events that occurred
9 52 2 Y Q& QL 949 yithin the first second of &V implant. Six transitions have
é"? ,é? N been assigned to the decay of°®v, and are listed in Table
20 493 y r ° Y @7 6927  y The 880-keV transition was assigned ¥ decay from
é@’ our earlier fragmentation study]. Sorlin et al. observed a
47 4.67 v v 267.8 broad peak at 906100 keV in their delayed-ray spectrum
21 5.00 (3/27) ! | 0 for 58 [10]. They suggested the presence of two unresolved
transitions with approximate energies 800 and 1000 keV. The
57Cr two vy rays observed at 1041 and 1056 keV in this work may

correspond to the higher-energy portion of the unresolved
FIG. 12. Proposed level scheme fofCr populated following  peak at 908 100 keV observed by Sorliet al, however,

the B decay of *’V. The number in brackets following the-ray  the summed intensity of these two transitions is only half
decay energy is the absolugentensity. TheQ value was deduced  hat ohserved for the 880-keV transition. Absence of the
from data in Ref[15]. 1056-keV transition in the® B-delayedy-ray spectrum in

Ref.[4] is attributed to the higher background encountered in

The proposed decay scheme for levels’iGr populated  that first experiment. The peak height of the 1056-kekay,

following the 8 decay of °'V is shown in Fig. 12. The pased on the absolute intensities measured in this work,
B-decayQ value was derived from the measured mass exyould have been 15 counts in theray spectrum presented
cess for both parent and daughter as compiled in R&. i, Ref.[4]. The appearance of the 268-keMay assigned to
No previous information on excited levels MCr was avail- 57, decay is attributed to the overlap 6V and %%V in the
able in the literature. Based on the coincidence efficiency Obarticle identification spectrum shown in Figd¥
the seven-detector germanium array, we should have ob- The decay curve derived froffV-correlateds decays is
served events in ouy-y matrix if any two of the three most  shown in Fig. 14a). The curve was fitted with a single ex-
intensey rays in >'Cr were coincident. No events were re- ponential decay with an exponential background component.
corded above background in t¥év-correlatedB-y-y ma- A contribution due to the daughtéCr decay, which has
trix. Therefore, the 268-, 692-, and 942-ke)/rays have T ,=7 s, was investigated but did not contribute signifi-
been placed directly feeding the ground state’@r. The  cantly to the overalB rate. Decay curves were also obtained
remaining y-ray transitions were placed based on energy+fom -y coincidence data. The decay curve Bparticles
sum relationshipsg feeding to levels in°’Cr was deduced in coincidence with the 880- and 1056-keMays are shown
from the absolutey-ray intensities and is summarized in jn Figs. 14b) and 14c), respectively. We have adopted the
Table IV. The logt values to all states ift’Cr suggest al- value T,,=185+10 ms for 58. This value is consistent
lowed transitions. The spin parity of the ground state of theyith our previously measured value of 2636 ms[4], and
parent®’V is proposed to be 7/2based on systematics. The those of Sorlinet al, 205+ 20 ms[10], and Ameil et al,

200+ 20 ms[11].

TABLE IV. B intensities and lofj values in the>"V decay to The lack of sufficient statistics in thg-y matrix for 8v
bound levels in°’Cr. decay makes it difficult to propose a level structure ®@r.
Based on absolute intensities, the 880-kgYay is the most
E« (keV) g (%) logft® likely candidate for the 2—0; transition in °%Cr, as pro-
0 21+5 509+0.17 posed in Ref[7]. From nuclear structure considerations, the
267.8+0.3 47+ 7 4.67-0.12 likelihood that the 1056-keV transition is a direct transition
692 7+ 0.4 20+ 3 4.93+0.21 to the ground state is small. If the two intense transitions,
941.9-0.3 o+ 2 5.20+0.27 880 and ;056 keV, are assurr;ed to be coincident, this would
1583+ 1 3+ 5.51+0.68 suggest direcB feeding to the®®Cr ground state. An allowed
B transition to the ground state 6fCr would require spin
Based orQ;=8.0+0.3 MeV[15] and T,,= 350+ 10 ms. parity 0 or 1* for the 58 parent.
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IV. DISCUSSION mation for parent and daughter; Sorénhal. calculated &%/

- I 0 - i
Potential energy surfaces from Hartree—Fock—BogoIiubovhahc life of 192 ms and a 78% ground-stgebranch using

calculations[20] suggest prolate shapes wit~0.15 for e,= 0.1. These calculated values reproduce well the current

- . ; . findings for the %% B decay. For®V, a ground-state3
**N [6]. Soriinet al. [10] m_ade g deta|led_ comparison of branch of 21+5% has been deduced. This branch is a factor
the measure@-decay properties of®>"5%/ with the results '

o . of 2 smaller than that quoted by Sorkt al. [10]. Based on
of quasiparticle random-phase approximati@QRPA) calcu- . K ; :
lations. The experimental half-lives and branching ratiosthe QRPA calculations in Ref10], a smaller branching ratio

were compared with QRPA results where the ground-stat@g gr? d|27(3}catlve of a larger ground-state deformation for

parent and daughter deformations were systematically We have compared our new experimental data to the re-

changed. The experimental results were best reproduced us- . )
ing e,=0.167, 0.118, and 0.23 g, 5V, and *3V, re- Sults of a number of shell-model calculations. The first step

spectively. The half-life results reported here do not differ™ this process was to identify thef-shell interaction most

appreciably from those used by Sorkn al. in their QRPA appropriate for these neutron-rich nuclides. The results of

. : ; . p f-shell-model calculations for the low-energy levels’ficr
%ﬁag?ﬁ/’ however, thg branching ratios are very different and %8Cr using the interactions FPD6, potential model fit

Hamiltonian[21], KB3G, G matrix with monopole correc-
tions [22], GXPF1 and GXPF2, effective two-body matrix
elements with some replacement by tBematrix [23] are
shown in Fig. 15. The levels were calculated in full
pf-model space by the codesHELL [24]. The GXPF inter-
action, specifically GXPF1, provides the best description of
the peak in the systematic variation®§2;) at *Cr, which

is indicative of a substantial subshell closureNat 32. In

The ground-statg8 branch deduced in this work for the
decay of %% was 70t 2%, compared to 5510% as re-
ported in Ref.[10]. The largerB branching to the ground
state of°®Cr reported here is consistent with a smaller defor-

TABLE V. y rays observed following the decay &iV.

abs » .
E, (keV) 1,706 Initial state(keV)  Final statetkeV) addition to reproducing th&l =32 subshell gap, the shell-
879.7:0.4 62+7 880 0 model results using GXPF1 interaction show a significant
1041.2:0.7 8+3 gap in the effective single-particle energies determined for
1056.4+ 0.5 28+ 4 the p1» and fs, neutron orbitg§ 23]. This N=234 shell gap is
1501.4-0.6 5+2 predicted to arise only fopCa and,,Ti isotopes. The low
1570.6-0.6 5+2 energy of the Z state in®8Cr shows the nonexistence of the
2216.8-0.7 13+2 N= 34 magic gap for the Cr isotopic chain. Because of the

successes of GXPF1 stated above, we have used this inter-
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action 0 calculaste thgg-decay properties of the odd-odd T,,=216+4 ms. The half-life value predicted fofV is a

isotopes®®V and *%V. factor 1.6 smaller than the experimental value of 185
The B decay was calculated in the proton-neutron formal-+ 10 ms.

ism in a truncated basis in which tfig;, shell neutrons are A sjgnificant shift in theB feeding to excited states is

filled. The effect of this truncation was tested by comparingeypected betweer?® and 58V. Experimentally, we ob-

it with an exact calculation for thé*Ca to >’Sc B decay  ¢opved a 78:2% ground-stateg branch for the>%V decay.

(where the basis dimensions are small@his comparison Although we have not proposed a level scheme Rr

showed that the relativé branchings were similar to about feeding to the%3Cr ground state can be inferred from the

the 20% level, while the overall Gamow-Teller strength WaSabsolute -ray intensities listed in Table V. The absolute in-
smaller by about an average factor of 2 in the full-space y-ray '

. + g -
result. In addition, the overall Gamow-Teller strength in thel€nSity of the proposed;2-0; transition at 880 keV is 62

full space is reduced by a factor of 1.822] when compared * 7%, therefore, the maximum direct feeding to tH€r
to experiment(in other pf-shell nuclej; this effect can be ground state is 387%. This number would be reduced if
attributed to correlations beyond tipd shell. The lifetimes any one of the observeg-delayedy rays directly populated
quoted from the present calculations are multiplied by a facthe ground state. The ground-state branching foratiecay
tor of 4 to take into account these two effects. of 8 is roughly a factor of 2 smaller than that observed in
The calculated spectra f&fV and %8 both show a low-  °°V. A reduction in the ground-state feeding betwedW
lying multiplet with spins 1", 2*, and 3. Based upon the and 8/ was also observed in RdfL0]. This trend is repro-
observation of strong (0) ground-state feeding)™=1" duced by the shell-model results. The dirgcteeding to the
was assumed for the ground states in both¥éand 58y first excited 0 state in the even-even daughter is calculated
B-decay calculations. The results of these shell-model calcuo be significant for the8 decays of bottP® and °%V. The
lations are given in Table VI. The calculated half-life f/ ~ shell-model results listed in Table VI for ti&V B branch-
compares favorably with the half-life adopted here ¥,  ing show 8% feeding to the Ostate in®°Cr. This branching
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FIG. 15. Results for low-energy levels fiCr and %8Cr for a number of fullpf-shell-model calculations employing differepf-shell
interactions: FPDB6, potential model fit Hamiltonif2il]; KB3G, G matrix with monopole correction2]; GXPF1 and GXPF2, effective
two-body matrix elements with some replacement by Gmatrix [23].

was observed to be 262%. Feeding of the D state in>®Cr  of >V, the energy levels of the parent were calculated. The
via unobservedy rays would reduce the experimentgl shell-model results show a ground state and first excited state
branching to this state. However, with a detection sensitivitywith J7= 7/2” and 5/2', respectively, separated by only 68
for delayedy rays from %%V of better than 1% absolute in- keV. Sorlin et al. [10] have suggested”™=3/2" for the
tensity, we do not expect this reduction to be greater than thground state of°’V based on the characteristics of tige
reported error on the experimental branching ratio. Based odecay. The first 3/2 state is predicted at 520 keV based on
absolute intensities deduced fBrdelayedy rays following  the shell-model results. Thg-decay properties of’V to
the decay of®V, and the results of the shell-model calcula- |evels in 5’Cr were calculated assuming ground-stiteval-
tions for this decay, the 1056-keV transition is a candidateyes 3/2, 5/2°, and 7/2 . The shell-model results for the
for the 0; — 27 transition in>®Cr. This interpretation would branching ratios are listed in Table VII. The general features
put the first excited 0 state in°®Cr at an excitation energy of the 8 decay for a 5/2 or 7/2° ground state in°’V are
of 1936 keV, slightly above theDexcitation energy irf°Cr.  very similar. Direct feeding of thé’Cr ground state is pre-
Shell-model calculations were also carried out for phe dicted to be greater than 50%, and more than 85% ofgthe
decay of the oddh °"V using the same GXPF1 interaction. feeding directly populates states MCr below 1.5 MeV in
Since no information is available regarding the ground statexcitation energy. The results assuminga=3/2" ground

TABLE VI. Comparison of shell-model results for tizdecay of odd-od@® and %3v. The calculations
were performed using the GXPF1 interacti@8].

56\/ 58\/

J7 final Ez (MeV) Branch(%) logft Ez (MeV) Branch (%) logft
Of 9.1 81.2 4.02 12.0 44.8 4.50
27 8.0 5.3 4.94 11.0 0.4 6.37
22+ 6.9 2.2 5.04 9.8 0.8 5.80
02+ 6.7 8.5 4.40 9.7 34.3 4.16
0; 5.0 0.4 5.20 9.3 8.3 4.70
T2 250+ 25 ms 11@20 ms

&The error in the theoretical number comes from the error in the repQrtealue.
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TABLE VII. Comparison of shell-model results for th& decay of odd-ever?’V to levels in 5’Cr. The
calculated energy levels fat'vV suggest a doublet of states wiff=5/2~ andJ™=7/2" with an energy
difference of 68 keV at the ground state. Soeinal.[10] also have suggestelf=3/2" for the >’V ground
state based on the characteristics of gheecay. TheB-decay branchings to states ¥ACr have therefore
been calculated using the GXPF1 interaction considering each pot2figiround-state spin.

Jgs=3/2 Jgs=5/2" Jgs=T12

Ef J7 Branch (%) logft Branch (%) logft Branch(%) logft
0 5/2° 4.0 5.48 52.9 4.38 69.0 431
156 312 19.0 4.76 0.7 6.19
190 1/Z 47.0 4.36
707 512 3.0 541 9.1 4.95 1.6 5.74
778 312 6.3 5.08 22.5 4.54
792 1/2 9.5 4.89
1066 il 0.4 6.23 5.4 5.13
1135 9/2 4.4 5.19
1265 71z 4.5 5.10 1.9 551
1397 5/2 0.7 5.86 0.2 6.37 1.7 5.52
1415 3/2 0.3 6.31
1482 9/2 1.8 5.48

Sum 89.4 90.6 85.8

state for 'V show little B8 feeding to the ground state of to be 5/2° [25]. It is difficult to infer more from the experi-
57Cr, and the main feeding is to three levels below 1 Mevmental data without a firm spin-parity assignment for the
with intensities 19% (3/2), 47% (1/Z), and 9.5% (1/2). ~ ground state of thé’V parent.

This feeding pattern is similar to that observed experimen-
tally to the levels in®’Cr at 0, 268, and 942 keV, respec-
tively. However, these results do not reproduce the high feed-
ing to a second low-energy state HCr (the level at 692 B decay of the neutron-ricR®5:58/ isotopes was used to
keV has a deduce@ feeding of 206-3%). Thecalculated populate excited states in the daughf&f’5€Cr nuclides,
half-lives for the different decays also are similar, with respectively. The low-energy levels of the even-everCr
Ti2calc(*V;3/255)=6205110 ms,  Tyjpeaic(*Vi5/2,)  isotopes were compared to fullf-shell-model calculations
=650+110 ms, and Typeac(*'V;7/2,)=720+120 ms.  using a number of availablgf-shell interactions. The peak
The errors in the calculated half-lives come from the error inin the systematic variation d(2;) observed aN=32 for

the adoptedQ value [15]. Each are about a factor of 1.8 the Cr isotopes was best reproduced by the calculations em-
larger than the experimental half-life derived hereTqaf,  ploying the GXPF1 interaction. However, the other interac-
=350+ 10 ms. SignificantB strength is observed experi- tions (FPD6, K3BG, and GXPP2yielded better predictions
mentally to the first excited state F/Cr at 268 keV, which  of the excitation energies of the lowest 02, and 4

has an undetermined spin parity. It should be noted that if thetates in®6Cr.

ground state of’Cr is 3/2 as suggested by Sorliet al. The B-decay properties of®*"%%/ were also compared to
[10], then a direct@ branch from a®Vg, parent withJ™  shell-model calculations carried out in a truncated model
=7/2~ would be a second forbidden transition. The ground-space using the GXPF1 interaction. A summary of the
state spin of the nearby nucle@®ing, has been determined B-decay properties is given in Table VIII. A factor of 4 cor-

V. SUMMARY

TABLE VIII. Summary of B8-decay properties derived in this work compared to shell-model results using the GXPF1 interaction.

Ty (M Ground state3 branch(%)
Isotope Jgs. Qg (MeV)? Theony This work Ref.[11] Ref. [10] Theory This work Ref[10]
Sy 1" 9.05+0.24 25025 216+4 240+ 40 230+ 25 81 70:2 55+ 10
Sty 3/2° 8.0+0.3 620+ 110 35010 340+ 80 323+ 30 4 21+5 55+5
512~ 650+ 110 53
7127 720+120 69
58y 1+ 12.0+0.3 110+ 20 185+ 10 200=20 205+20 45 <45 20+10

&Taken from Ref[15].
bThe error in the theoretical number comes from the error in the rep@tealue.
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rection has been applied to the overall Gamow-Tellemarticle energies calculated using GXPF1 show a significant
strengths to account for the truncation of fhemodel space gap between thep,, and vfg, orbitals, suggesting that

and correlations beyond thef shell. With this correction, =34 is a new magic number for neutron-rich nuclides. Fur-

the results for the®®&/ decays reproduce the experiment ther experimental and theoretical studies are warranted to
fairly well. The more complicated decay of od°"V was  fully appreciate the implications that af=34 shell closure

not as tractable; the Combined experimental a.nd She||—mOdQ|,0u|d have on thw-decay properties Of neutron_rich nu-

results suggesi”=3/2" for the °'Cr ground state and” gjides in this region of the chart of the nuclides.
=3/2" for the °"V ground state. Unfortunately, shell-model

calculations of theB decay for these nuclides in the full
space are not computationally possible. The final word on
these results must wait until the fufif-space result with
several interactions is available. This work was supported in part by the National Science

The N=32 subshell gap evidenced by the pealEif2;) Foundation Grants Nos. PHY-01-10253, PHY-97-24299, and
in the Cr isotopes is expected to be more significant for thd®HY-00-70911. The authors would like to thank the NSCL
neutron-rich,,Ti and ,,Ca isotopes, based on results usingoperations staff for providing the primary and secondary
the GXPF1 interaction. In additon, the effective single-beams for this experiment.
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