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Low spin structure of the N=Z odd-odd nucleus33V,;
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Low spin states in the odd-odd nuclet® were investigated with thé&°Ti(p,ny)*%V fusion reaction at the
FN-TANDEM accelerator in Cologne. Complementary spectroscopic measurements were done, namely:
v-angular distributions, excitation functiong;y-coincidences, andy-angular correlations. 28 states were
observed, 19 for the first time. We evaluated seven new spin assignments and eight new multipole mixing
ratios. In particular, the lowe§t=0, J=1 quasideuteron state was identified as the 993 keV level. The data
compare well to shell model calculations with the KB3 and the FPD6 forces in the full pf shell.
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PACS numbgs): 21.10.Hw, 21.60.Cs, 23.20.Lv, 27.4&z

Nuclei having equal numbers of neutrons and protons An important question is thus the identification of the
(N=2) are particularly interesting objectS.=Z nuclei are =0 states and the measurement of their properties. Particu-
the most symmetric systems with respect to the isospin ddarly interesting is the complex structure of odd-oNd-Z
gree of freedom and thus allow us to test sensitively thenuclei. We have investigated the low-spin structure of the
isospin symmetry of the nuclear forces. The isospin symmeN=Z nucleus*®V up to E,=3.2 MeV. Thereby, we could
try leads to quasiselection rules forl andE2 y transitions  considerably enlarge and correct the hitherto kngti-22
[1]. Due to the recent development of large detector arrays dsw spin level scheme df®v. Among other states, we firstly
EUROBALL [2,3], GAMMASPHERE[4], or very efficient  identified the lowesT=0, J"=1" state in*®V. At present,
mass separator systems, hedNy Z nuclei can be studied work on the high spin level schemes $V and otherN
now up to the doubly closed shell nucletf$Sn[5]. Only in =z nuclei with A~50 [23,24 are in progres§25] at Leg-
N=Z nuclei can one study nuclear states with the lowesharo.
possible isospin quantum numb&r=0. The importance of Excited states of v were populated in the
nuclear states witif=0 is evident from the fact that the 46Ti(p,ny)*® fusion reaction. The proton beam with ener-
most simple proton-neutron system, the deuteron, is boungies of about 15 MeV was provided by the Cologne FN-
only in the lowestT=0 state, theJ”=1" ground state. TANDEM accelerator. Singles spectra andyy-coincidence
Other two nucleon systems are unbound. It was discusseshectra of the depopulatingcascades i were measured
earlier[6] and recently confirmefl7] in shell model Monte with high energy resolution. Compton-suppressed Ge-
Carlo (SMMC) calculations that th&d=0 pairing force is detectors were used in the COLOGNE-OSIRIS-
particularly important foN=2Z nuclei. In turn the structure COINCIDENCE-cube spectrometer. In order to assign spin
of N=Z nuclei is particularly sensitive to certain parts of the and parity quantum numbers we measusedngular distri-
nuclear forces as shown, e.g., by the Wigner end®jy butions, yy-angular correlations, and excitation functions
Therefore, the structure di=Z nuclei is at present a very with incident proton beam energies varying between 13 MeV

active topic of nuclear structure physi&-19. and 19 MeV.
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FIG. 1. Low spin level scheme dfV from the “6Ti(p,ny)*%V reaction at 15 MeV beam energy.

0556-2813/99/6(1)/0113045)/$15.00 60011304-1 ©1999 The American Physical Society



RAPID COMMUNICATIONS

C. FRIERNEREet al. PHYSICAL REVIEW C60 011304
1.05 993 keV transition 915 keV transition 8 T T T T T T
7F 1539 keV (6+) E
1.00f 1224 keV 5+ 6+)
6 1179 keV 4+ |
2 MVl "
+
_ 095 g 4 ¢ .
£ 8
] et
£ oo} J=1 =2 g 4 a7
c 2 3 3+
& 0.85 s
Kol |
0.85} s 1 l 2
T T J
| L 1 L Il 1 L |
R U OTTTONY VU 0 13 15 17 19
50 00 150 50 100 150
0 ) Beam-Energy (MeV)

Angle (deg)

FIG. 3. Relative sidefeeding of different levels normalized to

FIG. 2. Angular distribution of the 993 keV transition and the
g the first 2* level from the*®Ti(p,ny)*%V reaction.

915 keV transition from thé%Ti(p,ny)*%V reaction at 15 MeV beam

energy. The data of the 915 keV level are in agreement with the

J=2 hypothesis. However, the 993 keV level required=al spin  quantum number od"=2". For the 915 keV level thg™

assignment. =2* assignment could be confirmed. However, we can defi-

nitely assign a spin quantum numberJef 1 to the 993 keV

From theyy coincidences a low spin level scheme’8y level: For both states a=0 assignment is excluded due to

was constructed, which is displayed in Fig. 1. With respect tahe existence of a direcg decay to the 0 ground stateJ

earlier spectroscopic work offV [17—-27 we observed 28 =1 andJ=2 can be easily distinguished from the angular

levels of which 19 are new and 52transitions of which 40  distribution data shown in Fig. 2, which unambiguously re-

are new. quire the newd=1 assignment. There is no measurement of
The ground state of®% is a T=1, J7=0" state, which  the parity of theJ=1 state although from the comparison of

forms an isospin triplet with the 0 ground states of the theT=0,J"=1"%, J"=3" energy difference with the shell

isobars*®Cr and *°Ti. The two lowest excited states in the model calculation discussed below we assume the parity to

neighboring nucleué®Ti are theT=1, J"=2" state at 889 be positive.

keV and theT=1, J7=4" state at 2010 keV. From the From the angular distribution data we could give two

absolute excitation energies of thg Ztates in“®Ti (889  more new spin assignment§=4", J7=(6") for the levels

keV) and in*% (915 ke\) one can assign the isospin quan- at 1179 keV and 1539 keV. The angular distributions were

tum numberT=1 for the 2| state in*®V. Likewise the 4 fitted to an expansion in Legendre polynomials

state at 2054 keV iV is a good candidate for th&=1,

J7=4" state. Below we will give the results of a shell model do

calculation for %%/, which supports these isospin assign- m(@)=A0+A2P2(cos®)+A4P4(cos®), (D)

ments. Furthermore there should exist a low lyihg 0, J™

=1" state inN=Z nuclei, which can be loosely interpreted

as a spin 1 deuteron coupled to tH&i even-even core. Up where the parameters, are functions of the Gaussian width

to now this state was not identified. For the 915 keV and ther of the m substate distribution and of the multipole mixing

993 keV states the Nuclear Data She@®S) report a spin  ratios &

TABLE I. Excited levels andy transitions in“®v observed in the angular distribution and excitation function data. The first column
shows the level excitation energy. The second column gives the new spin and parity assignments made by these measurements. The third
column displays the old spin and parity assignments ffdi22. The fourth column shows the energy of théransition to the final level
with spin and parity assignment given in the fifth column. The other columns are explained in the text.

E Jm J” E

[keV] This work Other works [ke(/] J7 Ay Ay lA, ALlA, o )
801.3 3 3a 801.3  0f

915.0 2" 2ta 9150  0; 1.002) 0.222) —0.052) 1.6(1) 0

993.2 1 2+a 9932  0; 0.2734) -0.182) —0.01(2) 1.01) 0
1179.4 & - 3781  3; 0.1993) 0.152) 0.093) 2.1(2) 9(3)
1224.4 5 5*b 4231 3f 0.2413) 0.252) —0.062) 2.62) 0.005)
1539.4 (6) - 3150 5, 0.0251) 0.727) 0.1(2) 1.94) 0.83)

3 rom Ref.[21].
bFrom Ref.[22].
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FIG. 4. Low spin level scheme 4PV as populated in thé®Ti(p,ny)*%V reaction compared to the positive parity states of a shell model
calculation with a KB3 forcdleft) and FPD6 forcdright). The T=1 levels were shifted relative to thie=0 levels by inclusion of a fitted
T(T+1) term.

TN+1)—15) surement. With theyy-angular correlation method, de-
BEETEMENA A=[1i—14], (2)  scribed, e.g., if26], we could give five more new spin as-
! signments, and six more new multipole mixing ratios were

whereT()\) denotes the transition rate of the multipolarity ~€valuated. Especially ‘?‘2+4 state was found at 2054 keV,
The f|tted parameters are ||Sted in Tab'e l. Wh|Ch IS a gOOd Cand|date for th-ézl JW:4+ |SObar|C

We got additional information for spin values from the analogue state of the/4state of*°Ti. The (6") assignment
excitation function. The beam energy was varied from 13 tdor the 1539 keV level is ambiguous. From the angular dis-
19 MeV in steps of 2 MeV. The sidefeeding for the interest-tribution data and theyy-angular correlation data a‘*6as-
ing levels was normalized to the sidefeeding at 13 MeVsignment is the most probable hypothesis. But from both
beam energy and to the sidefeeding of the 915 keV levetlata a spin 4 and a spin 5 hypothesis cannot be excluded.
with known spin quantum numbel=2. The result is dis- However, from the sidefeeding datkig. 3 only a spin 5
played in Fig. 3. The spin assignments for the levels at 117@nd 6 is possible, wheré=6 is more favored, again. Posi-
keV and 1224 keV are confirmed and furthermore dk€3  tive parity quantum numbers are assigned for the states at
isomer at 801 keV is verified by the excitation function mea-1179 keV, 1539 keV, 1726 keV, and 2054 keV, respectively,

2
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TABLE Il. Comparison of experimental branching and multipole mixing ratios with the KB3 and FPD6 shell model calculations. The
first column shows the level excitation energy. The second and third columns give the spin, parity, and the proposed isospin assignments.
The fourth column shows the energy of théransition to the final level with spin, parity, and isospin assignments given in the fifth and sixth
columns. Columns seven through nine compare the experimental branching ratios with KB3 and FPD6 shell model calculations. Columns ten
through twelve compare the experimental multipole mixing ratios with the shell model calculations.

Level K T; E, If T Branching ratio Multipole mixing ratia®
[keV] h [keV] h Expt. KB3 FPD6 Expt. KB3 FPD6
915 27 1 114 37 0 =02 5 0.07
915 0y 1 10015 100 100 E2 E2 E2
1179 af 0 378 37 0 63,9(3)7 2.8 0.51
1366 2 0 130 (0,12 0 102
373 1y 0 10015 0.004)
451 27 1 325
1366 0; 1 396
1376 350 0 383 17 0 164 01  5x10°° E2 E2 E2
461 27 1 10015 100 100 0.023) 1x107%  4x1074
1539 (61) O 315 5, 0 10016) 100 100 1.91350.8(3¢ 1.5 0.31
360 af 0 7212 66 9 E2 E2 E2
1666 3 0 751 25 1 —0.01(4)
1726 55 0 186 6 0 31 2 20
350 3, 0 10Q15) 100 100 E2 E2 E2
501 5, 0 203 150 38 0.9°93 0.87 0.06
546 af 0 82 17 13
2054 45 1 329 5, 0 93 24 13
678 3; 0 10017 100 100 0.089) 5x10°4  4x10°°
830 57 0 104 6 6 0.026),7'5° 0.02 6x 103
1139 27 1 143 10 7 E2 E2 E2

&The first§ is evaluated from they-angular correlation data, the second comes from the angular distribution data.
®No correspondent state in the shell model calculation; probably negative parity.
‘The yy-angular correlation data give two possible multipole mixing ratios for this transition; the first is more probable.

from nonzero multipole mixing ratio$ and from the ob- teraction is calculated by the OBEP-type functions, whose
servedy decays. parameters are chosen so that experimental data of light pf-

Altogether seven new unambiguous spin assignments aghell nuclei can be reproduced well. We considered the dou-
made, especially for the lowest five states two spin values arely closed-shell nucleu’Ca as an inert core. The Hamil-
new. Furthermore eight new multipole mixing ratios weretonian matrix in the full pf shell was diagonalized without
given. The spin and parity assignments are included in Figany truncation using the codexBasH [30]. The calculated
1. Tentative assignments from decay branches and from anexcitation energies for th&=0 andT=1 levels below 3
biguous correlation data are also implied with parentheses iMeV are compared to the data in Fig. 4. The relative position
Fig. 1. With these new assignments we were able to comparef the lowest states witi=0 andT=1 are adjusted to the
the experimental branchings and the multipole mixing ratioexperimental value by using an additiorig]T+1) term to
with the shell model calculations discussed below. the Hamiltonian.

The data are compared to shell mod8M) calculations Figure 4 shows that both calculations lead to similar re-
of the positive parity states ¢V in the full pf shell without  sults and the measured ordering of the lowest excited levels
truncation. Two different parametrizations of the nucleon-is well reproduced. Above 1.2 MeV the experimental data
nucleon residual interaction were considered: the KB3 interhave additional levels as compared to the calculations, which
action, adopted fronj27] and the FPD6 interaction taken however contain only positive parity states. This may indi-
from [28]. The KB3 interaction is based on the Kuo-Brown cate that there are low lying states with negative parity as it
G matrix[29] with modifications of the monopole and some is known in the neighboring odd-odd nucletfy [31]. For
other partd27], while the matrix elements of the FPD6 in- all predicted positive parity states below 2 MeV we have
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identified a corresponding level in the experiment. So preb2 vy transitions. From excitation function, angular distribu-
sumably the other observed levels below 2 MeV have negaion, and yy-angular correlation measurements seven new
tive parity. Between 2 and 3 MeV both calculations predictunambiguous spins and eight multipole mixing ratios were
an interesting gap in the positive parity level scheme of apassigned. Shell model calculations, including thgiiransi-
proximately 1 MeV. Actually only three levels of unknown tions, reproduce the low lying positive parity levels quite
parity were observed between 2.1 and 2.7 MeV. Table liye|l. In particular it was possible to identify the 993 keV
shows a comparison of the experimental branching ratios angye| as theJ=1, T=0 quasideuteron state, both in experi-
multipole mixing ratios with the calculated values from the ent and from the shell model.

shell model. The branching ratios were reproduced quite well  a¢ar this paper was submitted an experiment on high

with both forces. The. KB3 cgllculatioln reproduc.es well thespin states if®V, done at Copenhagen, came to our attention
measured=2/M 1 multipole mixing ratios. In particulaAT [32].

=1 transitions are of dominaril1 character as it is ex-
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