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Yrast y-ray spectroscopy of the neutron rich isotopes?!®*Co
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The neutron rich nuclei®~%Co have been studied using the reactioffO(“®Cap2n)®iCo and
o(*8Cap2n) %3Co at a bombarding energy of 110 MeV. Discreteays from the channels of interest were
investigated using prescaleg singles, charged-particles neutron—charged-particles- and charged-
particle—y—y coincidence techniques. Decay schemes, with level spins deduced from two-point angular dis-
tribution data, are presented together with some approximate information on apparent state lifetimes. The
experimental results are compared with previous light ion data for these systems and with theoretical shell
model predictions. These data represent the first study of medium to high spin states in these nuclei.
[S0556-28186)03909-X

PACS numbsg(s): 21.10.Hw, 23.20.En, 23.20.Lv, 27.56

I. INTRODUCTION side of theN = 28 closed shell and may be understood
within the framework of the spherical shell model. In par-
The development of heavy ion accelerators has permitteticular, the location and density of yrast and near-yrast levels
extensive spectroscopic studies of high spin nuclear statdyovide an excellent test of shell model calculations with
through the use of fusion-evaporation reactions. Howeverdifferent model spaces and residual interactions.
because of the restriction to stable targets and projectiles,
most of this work has focused on nuclei on the neutron de-
ficient side of the valley of stability. While the data gained in  In order to identifyy-ray transitions in®-°Co, two sepa-
such pursuits has provided a rich testing ground for preserigte experiments were performed at the University of Penn-
day nuclear models, the neutron rich side of the nuclear masylvania tagdem Van 96 Graaff accelerator using gold
table remains much less exploredor relatively light nu-  Packed WO, and W O; targets of thickness 400
clei, however, it is possible to reach somewhat neutron richf‘g/Crn and 1 mg/cnt, respectively. The targets were bom-

48 .
systems by choosing high, beam/target combinations and barded by 110 MeV™Ca beams to populate states in the

. X . .~ cobalt nuclei of interest via the2n evaporation channel.
studying the relatively low cross-section charged-partmlem_beamy rays were identified using an array of six germa-

evaporation channelgb,6]. Here we report results from a nium detectors(three of which were Compton suppressed
series of experiments usirfjCa beams on a variety of light operated in coincidence with the Pennm-éegmented
targets. This work can be thought of as an extension of theharged-particle detector arrfl7]. Three Ge detectors were
series of experiments carried out by Warburton and collaboplaced at 90° with respect to the beam direction, two at
rators at Brookhaven National Laboratory in the 19[/0s9]  135° and one at 140°. The charged-particle phoswich array
in which fusion-evaporation reactions were studied by bomutilized the different time responses of the thin plastic
barding a*’Ca target with beams of varioysshell nuclei. (AE) and Cak (stopping scintillation detectors to distin-

In that work, attention was for the most part focused on theduish between protons and particles. A large unshielded

prolific xn evaporation channels. Here, we report on an infank of liquid scintillator was placed at 0° with respect to the

vestigation of5-6%Co via thep2n evaporation channel on incident beam to measure coincident neutrons. These were
.distinguished from the large-ray flux using time-of-flight

16,1 . . .
O targets. These n UCI?' ha\(e been StUd'?d |_oreV|0ust_ Vifhformation with respect to the charged-particle array. Data
B decay[10,11 and light ion pickup and stripping experi- were written event by event to a write-once-read-many

ments[12—-16. However, none of these experiments Were \woRM) optical disk on charged-particles neutron—
able to identify the medium to high spin yrast states that ar'eharged-particley, and charged-particley—y éoincidence
strongly fa\_/ored by he_avy ion fusion evaporgtion reactions.qyents for off-line analysis. A prescaled sample of the
The Co isotopes of interest have four or six neutrons out,_singles spectra was also measured simultaneously with the
coincidence data.
Figures 1 and 2 show typical partickeeoincidence spec-
"Present address: Department of Physics, Villanova Universitytra for the two reactions and illustrate the use of these spectra

Il. EXPERIMENTAL PROCEDURE

ViTIIanova, Pennsylvania 19085. for identification of y-ray transitions in the residual nucleus.
Present address: Seeliger and Partner, Otto-Beck-Strasse 32-Mote how cleanly the charged-particle array resolves the dif-
D-68165 Mannheim, Germany. ferent charged-particle channels. A proportion of tH®

IThere have been a number of recent studies of yrast states @ata has been subtracted from i@ data to account for the
neutron rich fission fragments; the recent works by Aryaeinejaddegree of contaminatiofapproximately 20%of €0 in the
etal. [1], Durell [2], and Hotchkiset al. [3,4], and references isotopically enriched W04 target.(The degree of®0 was
therein, provide good examples of such work. deduced by comparing the yield to known strommgchannels
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FIG. 1. Efficiency corrected spectra used to identify state¥@v. (a) The prescaled-singles data(b) proton—y (c) proton—neutron-
v, and(d) a-y coincidence spectra from th€O+ “8Ca reaction. Note the relative reduction in counts for the 1194 keV line fronpthe
channel t0%Co compared to the more promings2n lines from ®'Co.

in the prescaled/-singles spectra in both targdts3].) which are clustered around an apparent efficiency of 0.30
Some limited information is available on low lying levels +0.03. The latter group is associated with transitions in
of ®1Co and®*Co from light ion studie§12,16. It was nev-  ®'Co from p2n evaporation. Most of these transitions were
ertheless felt to be desirable to demonstrate experimentallyreviously unknown. The strong 1284.5 keV transition
that the observed transitions could be associated with a sp@hich was assigned td**Co by Coop et al. using the

cific isotope. The following procedure was used. First, can{p,ay) reaction[12] has an apparent efficiency of 0.32
didate transitions in cobalt isotopes were selected by requirs-g 03 consistent with the expected value.

ing that they be present in the protgreoincidence spectra  Aq Fig. 3b) shows, states if°Co were identified in es-
a!”d absent in the:-y comu_d_ence spec'gra(iln these heutron sentially the same manner as those®#Co, but using the
rich systems, the probability of multiple charged-particle 180 target. Note, however, that the value of apparent detec-

evaporation is sufficiently small to be negleciethere then aﬁion efficiency for thep2n lines from %Co is 0.21-0.02,

remains the problem of establishing the mass of the fin : : 16
nucleus. This was done by measuring the neutron muItipIicgons'_derably Iess_ than fgr the2n channel |n.the O
ity relative to neighboring cobalt isotopes in which transi- reaction. We attribute this to & value effect; for the

160 48 :
tions are known from previous work. Thus, states populated O~ Ca system, the available energy for fign channel

via p2n evaporation were expected to have about two-thirdd® °'‘Co is 18.0 MeV, whereas for thé°O reaction to

of the single neutron detection efficiency of than channel 0, 23.4 MeV is available. A semiquantitative estimate of
since only two-thirds as many neutrons are produced pethe effect of this kinematic difference was made by assuming
event. that (i) the proton in thep2n evaporation is emitted at the

The procedure used is illustrated in FigaBwhich plots  Coulomb barrier(ii) the residual nucleus has approximately
the ratio of number of counts observed in the one-proton-5 MeV in excitation energy, andi ) the evaporated neutrons
neutron pny) and one-proton ffy) gated y-ray singles share the remaining energy equally. Knowing the neutron
spectra compared to several transitions in various Co iscenergy in the frame of the moving compound nucléwse
topes in thel®0+ “8Ca reaction. Known transitions iffCo  neglect the recoil due to proton emissidhis straightfor-
(p3n evaporation and %?Co (pn) show apparent average ward to calculate the effective solid angle available for de-
neutron detection efficiencies of 04D.04 and 0.15 tecting the neutron at zero degrees. This very crude estimate
+0.03, respectively. Also observed are a group of transitionyields a prediction of 0.6 for the ratio of neutron detection
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FIG. 2. Efficiency corrected spectra used to identify state&@v. (a) The prescaled-singles data(b) proton-y (c) proton-neutron-
v, and(d) a-vy coincidence spectra from tH8O+ “8Ca reaction. Note a proportion of the correspondif@ data has been subtracted from
each spectrum to account for the isotopic impurity of the target.

efficiency for thep2n channel with the'®0 and 0 beams. proton was also observed in ther4array was used to set
The observed ratio is 0.700.10, in good agreement with coincidence gates on the candidate transitions. Typical ex-
this estimate. amples of thep-y-y spectra used to build the decay schemes
The relative yields of the different final nuclei from the are shown in Figs. 6, 7, and 8.
two reactions compared to the predictions of the fusion Because the germanium detectors were restricted to es-
evaporation codeASCADE[19] are given in Tables | and Il. sentially two angleg90° and~135°) with respect to the
The experimental values were taken from the prescalethcident beam, only limited information was obtained on
y-singles data, corrected for detector efficiency and relativey-ray angular distributions. IfP,(cosd) is the Legendre
y-ray intensity. The strongest channel correspondscio polynomial of orderk and possible multipolarities are re-
evaporation in both cases; the preference for neutron emistricted to dipole and quadrupole, the angular distributions
sion is enhanced for the more neutron rich compound sysean be expressed as
tem. In the*®0+ #8Ca reactionxn evaporation accounted for
approximately 70% of the total cross section compared to
85% predicted by ASCADE. The data highlight the effective- W(0,)=Ao[1+a,P,(cost,)+a,P4(cosd,)]. Q)
ness of a high-efficiency charged-particle detector for study-
ing such systems.
In order to determine the intensify, and the coefficients
a, anda, from two data points, a simplifying assumption is
necessary. We have made the usual one of sedtirig zero,
The decay schemes 6°Co as deduced in the present which gives approximately correct values Af§ and a, for
work are shown in Figs. 4 and 5, respectively. These werdoth dipole and quadrupole transitions depopulating the
constructed by investigating the coincidence relationship$ighly aligned states populated in fusion evaporation reac-
between transitions identified using tipey and pny data. tions. The relative intensithy and the observed coincidence
Strong lines were identified in the nuclei of interest using therelationships were used to deduce the ordering of the transi-
apparent neutron detection efficiency technique described itions in the decay schemes. The approximate values, of
Sec. Il. Ay-y matrix gated on the condition that a coincident obtained by measuring the anisotropy using the 90° and

Ill. DECAY SCHEMES OF ®16%o
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TABLE I. Comparison of experimental and predicted relative

R T cross sections for the reactidfiO+“8Ca at 110 MeV. The yields
08 TI T T ] are quoted as percentages of the total yield.
| l I t P3N+ i Nucleus Channel Texpt (%) O cas (%)
Z., [ . . . 62N 2n 92) 1
T 3 J I Tf | T 9 oo 2Co pn 1(1) 0.2
= | % | OINi 3n 30(5) 48
l I 6lCo p2n 22(3) 14
al I presico | 60N 4n 6(1) 22
80co p3n 1(1) 4
S S S S S S *8Fe a2n 27(4) 11
200 600 1000 1400 1800 2200
E, (keV)
() Po+*2ca states withE,> 2 MeV. For some levels limited information
o5 . concerning level parities can be inferred from the level
scheme and limits on lifetimes obtained from measurements
T 1 of experimental Doppler shifts. These are discussed below.
o ;
2 [ 3 Il l
;::0‘3_ T Ly 1 ¥ p3n+%2Co ] A. %lco
= L ol I 13 #co |
= T “H N T . s Thg decay spheme constructed Co in the present
] work is shown in Fig. 4 and summarized in Table Ill. A
01 ground-state spin of ~ has been deduced f&8tCo following
) the B decay of®*Fe[10]. The low lying3~ andi!~ states at
_— excitation energies of 1285 keV and 1664 keV have been
200 600 1000 1400 1800 2200

E, (keV) identified previously by Matejat al. [13] using the ®*Ni
(p,a) 8'Co reaction. The 1285 keV transition was identified

FIG. 3. Plot of ratio of relative intensities of states in proton- by Coop etal. [12] using (p,ay) coincidence measure-
neutrony and protony spectra, identified irta) the °0+“éCa and ~ments. The observation of the 298 and 1028 keV lines in the
(b) the 80+ *Ca reactions. Note how the neutron multiplicities, present data appears to confirm the work of Cebpl. who
used to identify the residual decay products, are clearly separateddentified these decays from the non-yrast 1326 and 1028

keV states, respectively. Tt values for both the 298 and

135° detector$,were used to suggest multipolarities for the 1028 keV lines suggest an isotropic angular distribution,
observed transitions as follow&a) A negative value of, is  consistent with the previous™ assignment for the 1326 keV
expected for d—J—1 dipole transition(b) a positivea, is  state. None of the other non-yrast states observed in these
expected for & —J—2 quadrupole transition or &—J di-  previous works were seen in the present study. Conversely,
pole transition. Mixed dipole/quadrupole transitions can havehe high spin yrast levels observed in the present work con-
either positive or negative values af. In addition, it was stitute previously unidentified states, consistent with the ex-
assumed that most of the electromagnetic cascades followingectation that heavy ion fusion reactions preferentially popu-
fusion evaporation reactions populate yrast or near-yraghte near-yrast states.
states whose spins decrease as the nucleus cools towards theFigure Gc) shows the gate on the 709/710 keV doublet in
ground state. 61Co. The placement of these two transitions in the decay

While the parity of the transitions could not be assignedscheme was facilitated by information from the coincidence
experimentally, since neithey-ray polarization nor internal spectra. The intensity of the 709 keV transition depopulating
conversion was measured, it is most likely that the lowerhe level atE,=4802 keV, was deduced by adding the 1807
lying yrast levels have negative parity due to the filling of and 186 keV gates and comparing the observed intensity of
f andp neutron orbitals near the Fermi surface coupled to ahe 709 keV line in this spectrum with that of the 436 keV
2~ proton hole. However, at sufficiently high excitation en-
ergy, positive parity states will approach the yrast line due to  TABLE Il. Comparison of experimental and predicted relative
the population of the positive parityg;, neutron orbital. For cross sections for the reactidiO+“%Ca at 110 MeV. The yields
example, in the neighboriny = 34 and 36 isotone$?Ni are quoted as percentages of the total cross sections.
[9,20] and ®Ni [21] the lowest non-normal-parity states oc-
cur at an excitation energy of approximately 3.5 MeV. ThisNucleus Channel Texpt (%0) O cas (%)
suggests that positive parity must be considered for states By

61.6Co with J>13/2. For spectroscopic purposes, we have inesclo 32nn 37(2(15)) 122
general refrained from making definite parity assignments tQSZNi F:m 386) 3
62Co p3n 6(1) 6
60
2Care was taken to include any Doppler shifted components oggie agn 172((12)) 2
e a3n

line shapes in the 135° detectors when determining this anistropy.
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FIG. 4. Partial decay scheme f6tCo as deduced in the present work.

transition. The intensity of the 710 keY ray depopulating assigned af\l=1 (a,=—0.24+0.21), both y rays in the

the 2374 keV state was then calculated by subtracting thé09/710 keV doublet are assigned/is=1.

normalized intensity of the 709 keV transition depopulating The measured, values for the 1054, 1133, and 1807

the 4802 keV state from the value measured for the doubldteV lines of —0.27+0.19, +0.06+0.29, and—0.13+0.14,

in the one-proton gated spectra. respectively, are all consistent wittl =1; note that the 1133
The Al =1 assignment for both members of the 752—710keV transition shows some evidence of a nonzero quadru-

keV cascade linking the 3126 and 1664 keV states igpole admixture. Taken together, this information strongly fa-

strengthened by the observation of the 1462 keV crossovarors anl=13/2 assignment for the 3471 keV state, with

transition. The measured value for the 1462 keV line ofnegative parity favored sinchl2/E1 mixtures are not ex-

a,=+0.50=0.51 is consistent with @&l=2, pure electric pected to occur. Similarly, assuming a mixde2/M1,

quadrupole transition and la= 15/2 assignment to the 3126 Al=1 transition for the 186 keV linea,=—0.10+0.13

keV state. Thea, value deduced for the 709/710 keV dou- decaying from the 3657 keV level to the state at 3471 keV

blet in the p-y singles data is—0.16+0.12, implying a implies anl =15/2 assignment for the 3657 keV state, with

Al=1 transition. As the observes}, value for the doublet is negative parity also favored. This assignment requires the

comparable to the values of the 752 keV transition which is531 keV y ray, which links the 3657 and 3126 keV states, to

4167 (19/27)
4 |
556 586
7/20) ‘3510 3581 l 7/2°)
407 356
(15/2" 3203 305 @ (15/2)
7 3007 _(13/27) 3034 1I91 (13/7)
495
2539 (/)
oL FIG. 5. Partial decay scheme f6fCo as de-

/20 duced in the present work.
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FIG. 6. Examples of efficiency corrected one-protga+ coincidence spectra used to build up the decay schem@uar.

be an unstretched dipoléyl =0 transition. The measured B. ®Co
a, value of +0.45+0.29 for the 531 keV line is consistent  pe decay scheme constructed f5(Co in the present
with this interpretation. work is shown in Fig. 5 and summarized in Table IV. The

As in previous studies of nuglei in this regida.g., Ref. ~ 1= ground state of°Co has been deduced fropi decay
[9]), .the data revealed a c9n5|derable amount of fast sidg,qies of%¥Fe[11]. The low lying$~ andi~ states aE, =
feeding, even at low excitation energy. A good example of;3g3 5nd 1673 keV, respectively, have been previously ob-
this effect is given by the 1285 ke¥ — %~ transition. The  served by Seegeet al. using the(d, 3He) reaction [16].
sum of they-ray intensities of the 379 and 1054 keV transi- However, the spin proposed in the present work for the 1383
tions which feed this state sums to 53, while the mea- keV state differs from the previous assignment. Seegai.
sured intensity of the 1285 keV line is 188, implying that  assigned a spin of (5/2,7/2) to the 1383 level on the basis of
almost 50% of the intensity which feeds this state comesn |=3 assignment for the angular distribution, leading to
from continuum decays not discretely distinguished in thethis level in the 1,3He) reaction. In the present work, the
present work. As Fig. 9 shows, this side feeding gives rise t@bservation of aAl =1 decay to thel~ ground state1383
a large Doppler shifted component in theray line shape of  keV transition and the observation of rays connecting this
this transition. If the observed discrete feeding for the 1285tate to the previously observéd™ state at excitation en-
keV line is sufficiently slow for the nucleus to be stopped byergy 1673 keV strongly suggest§=3~ for the 1383 keV
the time the 1285 keV state decafgs sensible assumption |evel. Thel "=~ assignment for the 1673 keV level is
since both the 379 and 1054 keV lines show rather smallegonsistent with thd =5 assignment of Seegest al. [16].
Doppler shifts than the 1285 keV lipeit is reasonable to Possible explanations for the ambiguity in the spin assign-
assume that most of the shifted component of the 1285 keYhent of the 1383 keV state between the work of Seegat.
line shape is due to feeding from short-lived continuumand the present study include the presence of two levels with
states. An estimate of the relative intensity of the fast sidesimilar energies and, more likely, the difficulty in assigning
feeding compared to the slower discrete feeding can be ob-values to states weakly populated in pickup and stripping
tained by comparing the intensity of the stopped and shiftedeactions.
components of the line shape of the 1285 keV line at 135°. The observation of the 2539 keV transition across the
We deduce that the shifted component of the line shap&156-1383 keV Al=1 transitions strongly suggests a
makes up 0.460.15 of the total 1285 keV intensity. This |=11/2 assignment for the 2539 keV state, with negative
compares extremely well with the side feeding intensity agarity favored. The members of the 495-191-356 cascade all
deduced by comparing the discrete intensities above and bbavea, values which implyAl =1 transitions. The ordering
low the 1285 keV state. of these states is based primarily on intensity information,
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FIG. 7. Efficiency corrected one-protoy—y coincidence spectra used to build up the right-hand side of the decay scheffi€dor
shown in Fig. 5.

although it should be noted that the 356 and 191 keV tran556, 407, and 1530 keV transitions down to the yrst
sitions have equal intensities within experimental errorsstate at 1673 ke\(see Fig. 8 We note that the excitation
However, since the 356 keV line has an appreciable Dopplesnergy of the yrast 19/2 state is the same when deduced by
shifted component in its line shape, it was placed above thgdding up the energies of the individual transitions in the two
191 keV line which was almost completely stopped. Unfor-decay paths to well within the experimental errors. This, to-
tunately, as a result of a strong contaminant®Co, an  gether with the experimental observation that the 556 and
accurate measurement for the angular distribution of the 588gg KkeV lines have equal fractional Doppler shiftee next
keV transition was not possible in the present work. section, strongly suggests that both transitions originate

A tentative spin of (19/2) could, however, be assigned 10y, the same state. Note that the quadrupole assignment to
the 4167 keV state from the parallel decay path through the
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FIG. 8. Efficiency corrected one-proton gated
-y coincidence gates on the 197 and 407 keV
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TABLE lIl. Transitions identified in®'Co. Unless otherwise stated the intensities are taken from the

p-vy data.

E, (keV) % E,—E; (keV) Intensity V\XE(;;E;) a, KSRV
186.45) 0.2411) 36573471 324) 0.939) -0.1013 (2 -%)
298.47)° 0.307) 13261028 (1) 1.1443) +0.1738) 3 =3
379.15) 0.282) 1664— 1285 284) 0.9712) —0.0415) 4-,2-
435.75) 0.283) 40933657 315) 0.91(11) ~0.1315) (¥ -%)
531.45) 0.303) 36573126 133) 1.4330) +0.4529) (2L
708.51.5) 0.292)° 48024093 316) 0.898)° - 0.1612° (2-_ 1
710.05) 23741664 476)° - - E -8
752.45) 0.274) 31262374 2@4) 0.8414) -0.2421) (2%
1028.45)° 0.296) 1028-0° 7(2) 0.91(20) -0.1327) 319
1053.97) 0.328) 2338-1285 276) 0.8214) -0.2719) EH—2-
1133.37) 0.31(6) 34712338 83) 1.0527) +0.0629) (-4
1284.56) 0.323) 1285-0 1029) 1.1798) +0.208) -1
1462.48) 0.236) 31261664 52) 1.5250) +0.5050) ()-8
1663.87) 0.292) 1664—0 11Q016) 1.3517) +0.3913) u-_,1-
1806.51.0) 0.293) 34711664 324) 0.91(10) -0.1314) (F)—%-

aSee text for discussion on specific spin/parity assignments.
®Previously observed in non-yrast studjég].

“Value for the unresolved doublet; see discussion in text.
9Deduced fromp-y-y data.

the 1530 keVy ray strongly suggests negative parity for the poppler shifts. The three detectors at 90° to the beam direc-
Ex = 3203 keV state. tion (where the first order Doppler shift is zénvere used to

A number of relatively intense transitiofi239, 1248, and determine the transition energies, while the average shifted
1698 keVj were identified as coming from the decay of energies were obtained by measuring the centroids of the
%Co but could not be definitively placed in the decay packward shifted peaks in the two 135° detectors. Correc-
scheme in the present work. The 1248 ke\tay was ob-  tions for second order Doppler shift, while in principle im-
served particularly strongly in the 407 keV gdtee Fig. 8  portant for a fully shifted high energy gamma ray, were neg-
However, after an exhaustive search, no evidence of a linkigible for the transitions studied and were not included.

ing transition or transitions between the 407 keV and therypical examples of the spectra used to obtain these data are
1248 keVy rays could be found. shown in Figs. 9 and 10.

IV. LIFETIME MEASUREMENTS AND LEVEL PARITIES

r(a) 90° §'Co |
The lifetimes of nuclear states of the order of picoseconds 180
can be measured using the Doppler shift attenuation method
[22]. If a transition of energyE, from a recoiling nucleus L
traveling with velocityv (t) at timet is detected at an angle 100
6 with respect to the recoil direction, the measured energy

140+

will be Doppler shifted to a valu&g. To first order in
Ic, a
v -%' 20
v(t) Q
Es=Eq 1+ TCO§ , (2) 0140

wherec is the speed of light in vaccuo. ify is the initial
velocity of the recoil as it is created ang, is the average
recoil velocity when they ray is emitted, the fractional Dop-
pler shiftF(7) is given by

1 (= _t Uav L
F(T):U_L v(te 7dt=—=. ©) 1230 1250 1270 1280 1310 1330
0 0 E, (keV)
The cleanliness of the particle- coincidence spectra
available using the Pennmdarray allowed the recoil+ data FIG. 9. Angle gated, one-proton~spectra showing the line
to be used to measure a number of experimental fractionahape of the 1285 ke§~— 5~ line in %'Co.
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In the case of the 586 keV transition fiCo an accurate less well understood nuclear stopping is quite small. Table V
value for the shifted centroid could not be obtained from thegives a summary of the Doppler shift attenuation method
p-v singles data due to the presence of a strong contaminaf®SAM) results for shifted transitions observed in the
transition from®2Co. In this case, an estimate for the shifted present work. Because of the incomplete nature of the decay
centroid was obtained from the proton gated coincidence schemes, the nature of feeding into these transitions is not
spectra. A two-dimensiona(2D) coincidence matrix of well known. For this reason, the intrinsic lifetimes of the
E,(90°) vsE,(135°) was constructed. Gates were then sestates could not be accurately deduced and therefore only the
on the unshifted lines on the 90° axis and the associatedpparentlifetimes, which are at least as long as the actual
coincidences were projected onto the 135° axis. Inspectiolifetimes, are quoted.
of the 135° spectra allowed the fractional Doppler shift to be These lifetimes can be used to obtain lower limits for the
obtained. The projection of the sum of a number of transiB(M1), B(E1), andB(E2) strengths for the observed tran-
tions in coincidence with the 586 keV line f¥Co is shown sitions since, in Weisskopf unif24],
in Fig. 11.

The maximum initial velocities of th&'Co and®Co re- B(M1)= 3.2<10°* )
coils were calculated from the reaction kinematics to be Es; (MeV) X Texpt(seo’
5.24% and 5.08% at the speed of light, respectively. These
values do not take the change of mass due to the emission of 1.0x10
light particles into account and are calculated using conser- B(E1)= A?BES (MeV)X 7oy (s€0’ ®)
vation of momentum of the target, beam, and compound 7 P
nucleus before and after fusion. Assuming that the recoiland
were created halfway through the target on average, an av- .
erage starting velocity of 5.1% and 5.0% mfvas used. B(E2)— 1.4x10 ©

In order to convert the experimentally derivedr) val-
ues to mean lifetimes, knowledge of the slowing down pro-
cess of the recoil as it traversed through the target and baclNote that the lower limits for th&(M 1) strengths quoted in
ing material was required. The experimenf(r) values Table V assume no electric quadrupole admixtures.
were converted to apparent lifetimes assuming Lindhard- The lifetime data obtained for the fol =1 transitions
Scharff-Schiott(LSS) stopping theory[23]. The relatively in 83Co shown in Table the 356, 407, 556, and 586 keV
large recoil velocity implies that the slowing down process isy ray9 can be used to infer their magnetic rather than elec-
dominated by the electronic component; the influence of théric dipole nature. If any of these were an electric dipole

AYZES (MeV) X Ty (s€0

TABLE IV. Transitions identified in®3Co. The quoted intensities are relative to 100% intensity to the
ground state and measured from frey unless otherwise stated.

N k . W(13
E, (keV) o) BB RV ensity ﬁ a, Jgra
191.34) 0.202) 32253034 455) 0.969) -0.0511) (¥ =%
196.84) 0.186) 32033007 155) 0.8923 -0.1629 (¥ -3
239.14)° 0.2411) - 6(3) - - _
290.34) 0.21(6) 1673-1383 104) 0.8430  -0.1839 23"
355.74) 0.21(4) 35813225 447) 0.8510 -0.2215 (¥ —%7)
407.05) 0.204) 3610-3203 478) 0.8911) -0.1616 (¥ —%7)
495.05) 0.182) 30342539 586) 0917  -013100 (¥ —-%)
555.98) 0.195) 41673610 227) 0.8919) -0.1626) (¥ —¥")
585.81.0 0.31(3)° 41673581 304)° - - G
995.05)° 0.2712) 9950 6(1) - - 3-_,1-
1156.17) 0.232) 25391383 565) 0.897) -0.1611) (¥ —3)
1247.67)° 0.192) - 328 1.3528)  +0.3820) -
1333.51.0 0.21(3) 30071673 114) 1.1329  +0.1640 (¥)—-3-
1382.61.0 0.222) 1383-0 726) 0.997) —0.018) N
1530.41.0 0.255) 3203-1673 124) 1.1533  +0.1845 (¥)—3-
1623.91.0 0.205) 3007—1383 94) - - (F)—2
1673.21.0 0.232) 1673-0 66(8) 1.2412  +0.2813 4-_1-
1698.41.5"° - - 104)° - - _
2538.711.5 0.1912) 25390 52) - - E -1

aSee text for discussion on specific spin/parity assignments.
®Not placed in decay scheme.

¢Contaminant from2Co.

dintensity deduced fronp-y-vy data.

€Observed previously if8 decay studies.
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(a) 90°

FIG. 10. Protony coincidence data for detec-

2 tors at(a) 90° and(b) 135° for the 0+ *8Ca
§ (b) 135° f6rom which the fractional Doppler shift data on
250l SCo was taken. Note the presence of strong
shifted ®'Co lines from the®O target contami-
nant.
3
150 b
8
Te}
|
|
\
50F
350 ' 450 ' 550
E, (keV)

transition, the lower limit for the states lifetime would imply ments in the preceding paragraph we can infer that the pari-
an extremely largeE1 strength of approximately IG  ties of theE, = 3657 and 4093 keV levels if'Co are the
Weisskopf units(W.u.). Typical values forE1 strengths in  same. In®3Co, if we accept negative parity for the 3203 keV
this region are two or three orders of magnitude smaller thafevel based on an assum&@ assignment to the 1530 keV
this [25]. The recommended upper limiRUL) for E1 tran-  +y ray, theM 1 nature of the 407 and 556 key¥rays implies
sitions forA = 45-90 is 0.01 W.u. Of the 127 transitions negative parity for theE, = 3610 and 4167 keV levels. In
studied in[25] only 2 have strengths larger than FOW.u.  turn, taking the 586 and 356 keV transitionsM4’s implies
The lower limits for theM1 strengths for these transitions negative parity for theE, = 3581 and 3223 keV levels.
are by contrast within the expected values for these nucldBecause of the relatively weak evidence concerning the pari-
[25], strongly suggesting magnetic dipoléor mixed ties of excited states, we have not quoted definitive parity
E2/M1) assignments for these decays. A similar argumenassignments for any levels observed in this work with
applies to the 436 keV transition if'Co. Given the argu- 1>%.

TABLE V. Measured fractional Doppler shifts and lifetimes for shifted state&'fiCo.

Nucleus E, (keV)  E. (keV) %(%) F(r)  7app(®9  B(M1)A(W.u) B(E1)® (W.u)

®1Co 379.15) 378.54) 0.21) 0.042 10°%° 0.012° 3959 -
o) 435.75)  431.53) 142 02714 1.10.3 0.397515 7.1728x107%
81Co 1053.97) 1048.71.00 0.72) 0.134) 2.473%  0.011£0.002 -
®1Co 1284.56)  1268.716) 1.72) 0.334) 0.80.2  0.019-0.006 -
o) 1663.87)  1662.6) 0.21) 0042 10*1 0.371539 -
%3Co 355.74) 353.24) 1.03) 0.206) 1.7738 0.42°314 8.32.8x10°%¢
%3Co 407.@5) 402.64 153 0306) 1093 0.48-0.11  9.47}8x10°%¢
8co 555.90.8  544.06) 3.02) 0.614 0.30.1) 0.63+0.16 1.279%x 1072
%3Co 585.81.00 573.51.0" 3.06) 0.6012 0.32) 0.630.32  1.172%10°2"

3 ower limit, assumes apparent lifetime values and pure magnetic dipole.
®_ower limit.

®Partial lifetime for 379 keV magnetic dipole braneh49* 73 ps.

d0btained using partial lifetime for state from 379 keV decay branch.
€See discussion in Sec. IV A.

fPartial lifetime for 1664 keV electric quadrupole braneh13*2° ps.

9L ower limit for B(E2) assuming partial lifetime for 1663 kek2 decay.
"Obtained from the proton gategy data.
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586

[ 191+356+495+1156 keV gates

90

0°

Counts

) W
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135°
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E, (keV)

630

FIG. 11. Sum of the angle projected, protgny gates showing

the Doppler shifted 586 keV transition f#Co.

V. COMPARISON WITH SHELL MODEL PREDICTIONS

AND PREVIOUS WORK

54

the (1,88 (2p3)%% (1f5,) %8 and (P,,)%? orbitals us-

ing a residual interaction for thgp shell due to van Heese
and Glaudeman7]. The superscripts refer to the minimum
and maximum number of particles allowed, respectively, in
these shells. The seven valence protons were confined to the
f4;, shell and eight neutrons were kept in the corresponding
neutron shell at all times. ThexsAsH calculation for®3Co
was essentially the same as fCo but with the extra re-
striction that there had to be at least two neutrons in the
(1f5) shell. Figures 12 and 13 show the negative parity
states with spins greater than calculated for bottf'Co and
83Co. The calculations predicted many more levels than were
observed experimentally below approximately 5 MeV and
only the first four predicted states of a given spaorre-
sponding to the yrast or near-yrast stata® shown.

For %ICo, the qualitative comparison between the experi-
mental and theoretical states is reasonable. The comparison
is made assuming negative parity for all of the states ob-
served experimentally, which we repeat does not follow rig-
orously from the data. It is clear that, experimentally, only
the near-yrast states are observed in the current work, con-
sistent with the usual observations for fusion-evaporation re-
actions. The second lowe§t state predicted irf’Co lies
almost 1.5 MeV above the first predicted one and such a

In order to compare the data with theoretical predictionsState would therefore be heavily unfavored in this type of
the nuclear shell model codexBAsH [26] was used. The € ! oy : .
model space was truncated to include only protons and ney, State is observed in°Co [8].) The first three predicted
trons outside an inerfCa core. The theoretical energy ei- z States lie below 2.4 MeV in excitation energy with the
genvalues were then calculated assuming mixtures of pur@urth state another 600 keV higher. Experimentally, only
(1f,,)" proton states coupled to neutron states arising fronthe first twol =4 states are observed. The yrdre £ and

reaction.(It is worthy of note that a second, highly non-yrast

19/2- 6670

/2 euo
6 -
5710 19/2°
—— /2 ss70
/2 s30
oo T T
—~ (19/27) 4802
> \ 440 /T
\2_/ (7/2) 4093 / e 15/_2— 4210
4 r - _ 13/2
3 (5/2) 557 /23790 /Z_3800
B 72 S — \ 18/2- 13/2-
L|CJ (13/27) 05/2)  3ms 3270 3280
- \ sgs0 B/7°\ osso  13/27 W2 2960
8 /- %2 2610 2z
o/ VL__261
= @w/27) (3/27) o374 el 2360 2240
o) 2338 e 23TA i \_ 2250 —2360 7,5
I'(:)" oL sy & KEa/rs
L|>j n/2- w4 s 1720
w2 s 7/2-
92 as
1080 ___9/2"
7T o T

81Co Experiment
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FIG. 12. The lowest lying negative parity levels above spinpredicted by the shell model fdtCo.
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FIG. 13. The lowest lying negative parity levels above s}ﬂnpredicted by the shell model f&Co.

| =% states both lie considerably higher in excitation thanB(E2) connecting eacty ™~ state to the ground state to the
predicted by the shell model. B(M1) connecting the same state to the figst state is

For 8Co, as in®!Co, the second predicted” states lies larger by approximately an order of magnitude for the lowest
over 1 MeV higher than the yrast state and indeed experi.lgk state than for the next lowest one. This is consistent with
mentally only one ~ state is observed. One interesting facetthe shell model prediction that the lowesf ™ state
of the calculations for®3Co is that they predict the yrast has a much largefE2 matrix element to the ground
13- state to lie below the yrasg ™ state. This is not ob- state than the second such state. Thus, the ratio
served experimentally, with twb= %2 states lying close to- B(E2)[3 —2 ]/B(M1)[¥ —27] is predicted to be
gether at 3007 and 3034 keV, and tive % states |y|ng just 19.2 times Iarger for the firéf’ state than for the second in
above these at 3203 and 3225 keV, respectively. 61Co; the corresponding ratio fd*Co is 23.2. Both are in

On a speculative level, it may be possible to associate thgood agreement with the experimental data noted above, as
unobserved but predicted ~ state with the relatively strong, well as with the expectation that quadrupole strength is con-
but unplaced, 1248 keV gamma ray. The angular distributiorcentrated in the lowest available state of a given spin.
of this transition yields am, value of +0.38+ 0.29, consis- The careful study of the yrast states®€o by Warburton
tent with a pure electric quadrupole transition. The large relaet al.[8] using similar techniques can be compared with the
tive intensity of this line would be consistent with a decayresults in the heavier odd-cobalt isotopes from the present
from an yrast state. We very tentatively suggest that the 124®ork. Figure 14 shows the experimentally observed excita-
keV transition could originate from an yrast~ state at tion energies for the near yrast state’¥€o as observed in
2921 keV. However, its placement in the decay scheme carRref.[8] and compares these with the decay schemes obtained
not be established from the present work. Further study,, 6163 in the present work. The low lying portions of all
would obviously be required to give a definitive answer ongree decay schemes are rather similar with the observation
this point. . . . - __of yrast3— and ¥~ states separated by between 270 and
e, vl i deriy of s of St sie 563k, & socond, o g st s o  common

ature, although the energy of this state appears to rise with

model for electromagnetic transitions with the data Some?pcreasing neutron number.

what problematic. Nevertheless, one interesting feature o oo

the dar'za can be so compared. Specifically, in ﬁg“ and The decay schemes 8fCo and®!Co are very similar for

63 . ' : all the observed states iHCo up to spink. With the ex-
Co we note experimentally that the decays of the two low- , .

est probables ~ states are qualitatively different. From the CePtion of the very non-yrast states at 308).(3843 (3),

measured branching ratios, it follows that the ratio of theand 4177 &) keV, respectively, comparable states
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FIG. 14. Comparison of the experimentally observed near-yrast states in the heaMyoothéhlt isotopes. The data f6fCo come from
Ref. [8].

can for the most part be observed in both decay schemegecrease in the energy of the yrast? state in®Co com-

within 250 keV in excitation energy. An exception occurs pared to both thé&=59 and 61 isotopes. IFPCo, yrast states
forthe secondy state which lies almost 850 keV lower in of tentative spind andZ have been observéd at 5255 and
61Co compared td°Co. The energy of this state continues to 7456 keV, respectively, with a secorRd state observed at
drop with increasing neutron number and lies a further 34%341 keV[8]. No states above spil were observed in the
keV lower in %3Co compared to the analagous state inpresent work.
*Co. We have noted that the relatively weak experimental evi-
The energy of both the yrast=% and ¥ states drops dence of the present work is consistent with negative parity
significantly in 83Co compared t@°Co and®Co. This may for all of the levels observed. We note, however, that in the
reflect the increasing importance of the high spigp neu- N = 34 and 36 isotone$?®Ni there are known non-normal
tron orbitalN=36 case. There is also a rather dramatic drogparity states at excitation energies between 3.5 and 4.5 MeV
in the experimental energies of the yrast state and the [20,21]. This might suggest the presence of analogous states
e . . in %18%Co with configurations involving ar,,, proton hole
yrare| =7 state compared to the energies predicted bY th%oupled to these negative parity states in the corresponding
shell model, assuming that the states observed experimey; jsotopes. The possible existence of such states is noted
tally have negative parity. This may indicate significant 0C- i, jnterest, and is not completely ruled out for a few states
cupation of the high spigy, neutron orbitals, which are not g eq in,the present study. However, any definitive con-

included in the shell model space, by pairs of particles.  ¢,gjon on this point must await improved experimental in-
It is worthy of note that the highest spin observed experit, mation on the levels involved.

mentally (3)) is also the highest obtainable for both
616Co using the given shell model spa@ssuming a closed

. . . . . VI. MMARY AND CONCLUSI
35C0,5 core). The maximal spin configuration is sU ONCLUSIONS

(1879 Ly~ ® v{(2P312) 33/ . The present Work_ serves as a demonstration that the tech-
nique of particley coincidence measurements can be a pow-
®(1f50)35-(®@(1p12)%) =% . (7)  erful tool for isolating electromagnetic transitions in rela-

tively neutron rich systems produced in weak fusion-

In order to generate states of higher spin, excitations arevaporation channels. The extremely clean spectra obtained
required either across tti#E=28 proton shell closure or into in measurements of this kind can provide not only coinci-
the neutrongg, shell. At low excitation energies<(3.5 dence data for level schemes but also detailed line shapes
MeV), both of these scenarios are energetically unfavoredwhich can give lifetime information. The principal limitation
However, at higher excitation energies states built on sucbf the present study is the relatively small number of Ge
configurations may be expected. detectors available, which limited the statistical precision

It is probable that the excitation energy of those statesvith which coincidence relationships could be established.
involving the neutrongg, orbital would be lowered with The application of these techniques with the present genera-
increasing neutron number, as the Fermi surface residd®n of large detector arrays such as Gammasphere should
closer to this subshell. As Fig. 14 shows, there is a cleaproduce qualitatively better data.
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