'INSTITUTO |
DE FISICA

preprint

IFUSP/P-160

NUCLEAR STRUCTURE OF °“Tc

BY

M.N.Rao*, C.P.Massolo**,S.Fortier and J.M. Maison

Institut de Physique Nucledire,Orsay, France

*Visitor fram the University of Sao Paulo,Brasil, supported
by the Fumdagao de Amparoc a Pesqu1sa do Estado de S. Paulo

**Unlver51dad de La Plata - Argentina

UNIVERSIDADE DE SAD PAULO
CINSTITUTO DE FiSiCA

Caixa Postal - 20.516
Gidade Universitaria

Sao Paulo- BRASIL-

O
5
b
l-l
o
o




o]

by means of the °*2?Mo(®He,p) °* Tc reaction at E. =25 MeV

NUCLEAR STRUCTURE OF %*Tc
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Levels in °*'Tc up to an excitation of 4.5 MeV were populated
.+ DWBA
analysis of the proton angular distributions 1eadHto spin and
‘parity assigments for several levels. It was not possible to reproduce
the angular distributions to the 1¥ and o* final states on the

_basis»df a direct one~step transfer. Coupled-channel calculations

“ seem to improve the flts ‘when both one-and two-step mechanlamsare B

included. A possible 0 state at 2.72 MeV ex01tat10n is suggested
9y

torbe the-Tlower antlanalog in Tc

NUCLEAR REACTIONS 92MO(aHe,p) E=25 MeV ;measured
o {Ep,8),0=5-50°,A8=5", enriched target, split-pole
spectrograph, 9"Tc -deduced levels, Liyg # J7 ;one-

— and two-step mechanism for (p-n) transfer.
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I - INTRODUCTION

. Very little is known about ' ‘the - mnuclear ‘structure of ‘the '
:odd—oddcnucleifinfthe“90éllﬂlmass'regidhiﬁTheﬂfiﬂé;p)“'réactioﬁ“"h*
'waprovides~a=convenientfmeans‘ofTinVestigatihg=the9éﬂfinél“étété§;'“*
The:low-lyingwépectra:of.théSe“nucleiﬂconsﬁitufé pfbton#neﬁtion“*“?
multipletsvand;mayryield:usefulvinformatioh“on“thé“effectiﬁé**””
.proton—neutron interaction. @

:~In-this article the results:of a study of: the ?®“T¢ nucleus’
. by means ofqthe:?zMo(3He,p)'reaction:axe*préSénted;?Twe;ve‘levéig‘“
are known in ?*Tc.up to:an exéitationﬂenergYiOff9603kév :frbm :
previous measurements of B+-decay of ®*Rul , and the charge -
~éxchange reactions (p,ny)? and (°He,t)? Anf{a,d) experiment with
50 keV resolution has also been reported” .In tHe' present work ~
about 50-levels have been observed up to an excitation energy of
4.5 MeV; of:which:the proton angular distributions and subsequent
- DWBA analysis permit spin and parity ‘assignments’ for more -than-
~thirty levels.:

Bhatt -and Ball® and Vervier® have reported shell-modél

calculations:using effective nucleon~-nucleon -interactions. The =

* known positive:parity levels below -1l °MeV excitation are in ‘good® "'’

agreement with the predicted spectra.
. -Although the strongest transitions observed are characteristic
of~LﬁP=Q'or~(0+2):tran5fer; displaying a sharp drop in cross section

- with increasing scattering angle in the' forward angle reégion, it -



was not possible to reproduce the observed angular distributions

on the basis of a direct onetstep {p~n) transfer. While the
célculated distributions have a well-defined minimum around e=30?

the measured angular distributions to the levels assigned J“=l+

show a less pronounced diffraction_pattern,'with the cross sections
remaining more or less constant. A similar behavicur has been observed
previously for the ots1t (®He,p) transitions in f_;_/2 nuclei’’?, but

no systematic investigations of this reaction exist beyond the

(£-p) shell region.. A possible explanation could be that the (p-n)
transfer process, at least in part, proceeds through a seguential

mechanism. The results of the calculations with a two-step mechanism,

viz., the (SHe,d)-(dgp);process are also preserted.

11 - EXPERTMENTAL METHODS AND RESULTS

The incident %He beam of 25 MeV was obtained from the Qrsay
MP tandem accelerator. The thickness of the enriched self-supporting
°2Mo target was about 270 g/cm’and was responsible for a large part
of the energy resolution of 45 kev (FWHM) obtained. The outgoing
protons were analysed with a split-pole magnetic spectrometer and
were detected using position-sensitive surface-barrier detectors:
placed in the focal plane of the spectrograph.

The proton angular distributions were measured in steps of
5° between 5° and 50° . A typical spectrum of. the measured proton

groups is shown in Fig. 1 . Level energies up to an excitation of




4.5.MeV, the transferred orbital angular momenta obtained from -
the DWBA analysis of the proton angular distributions and the
resulting spin and parity assignments are displayed in Table 1.
The'measured.anguler distributions are compared with the DWBA
predictions. in Figs. 2 and 3 . For the 07 and l+ distributions
(Fig. 4) . .. the results of the coupled-channel calculations -
taking into account the two-step contributions -are also presented;
In Table 1 ,the excitation energies are accurate to within 10-15 kevV.
Levels for which only the excitation energies:are quoted had, in
general, dlfferentlal cross sections of the order of 10 ub/sr ,and _
dlsplayed etructureless angular dlstrlbutlons within experlmental..

errors.

III - THE ANALYSIS OF ANGULAR DISTRIBUTIONS

A . THE'DWBA iNALYsIs'

The optlcal-model parameters for the *He and proton channels
were obtalned from the systematlc analy31s of Becchettl and
Greenlees and are shown in Table 2 . The zerorrange DWBA calculations:
were perfqrmed.withsrhe.code.DWUCK¢4lo USihg.the direqt,twofnucleon.
transfer eptien and essuming“pure_shellemodel chfigurations for.
the (p-n) multiplets. This code calculates the 2 nucleon bound—state'
wave functions according to the Bayman and Kallio prescription1
- The binding energies for the transferred proton and neutron were

taken to be |Sp|~1/2 E, and ]Sn|-1/2 E,s respectively, where Sp



and Sn are the proton and neutron separation energieS'in 3%7¢ and
Ex is the excitation energy of the final state.

Transitions from a-Jﬂ=O+ target to unnatural parity final
states (l+, 2-, 3+,..;) may proceed with mixed an-contributions
(0+2, 1+3, 2+4,...). The resulting shape of a given angqular distribution
depends on the relative amplitudes of the two L. components. These
amplitudes are governed by the j-j to L-S recoupling coefficiént12

£y sy 31 |
L 82 J»
L § J

- where the two non-identical nucleons are transferfed in the
configuration @ﬂljl,vﬁzjzl 37 s1=s8.,=1/2 ,such that S may take.
the values 0 or 1 .The present calculations were performed assuming
S=1 transfer for all the transitions with the exception of thé
possible J1T=O+ level at 2.72 MeV, considered as due to an E=S=O
transfer. When contributions from more than one L value were present,
the computations were performed using the direct twq-nucleon
transfer option permitted by the code CHUCK'®, taking into account
the relative amplitudes of the two L components. In addition, the
product of the light particle spectroscopic amplitudes 51/2 aﬁd
the zero-range strength DO was taken to be -1920 and-liOO for S=1
and S=O'transfers; respectively. Theéé values are equivalent to

utilizing a zero-range normalization factor of 244.




B . THE COUPLED-CHANNEL CALCULATIONS

Theianfpl_and,:th%0+2_angular;distrihutions-eguld_not“be.m,
well I?bedUFQdibYuﬁhegdiF$9t one-step DWBA calculations. As .a.
result, Coupled Reaction Channel Calculations were made- assuming Jh,,,
a two-step.(.He,d) (d,p). process and also allowing for the interference ..
between the one- and  tworstep mechanisms. The code CHUCK'? which ...
numerically solves the appropriate set of coupled differential .
equations, was used to calculate the coherent sum of the csn_t_ribu_#i ons
duewtgrthe two processes.

The same optical parameters as in the DWBA calculations were ..
used for the 3He and p channels . For the (°He,d) (d,p) path, the
optical-potentials for the deuteron are needed and these were
obtained from the campilation of optical?model parameters!? and
are included in Table 2, together with the parameters for the
binding well. The binding energy of the transferred proton'in the _'
(3He, d) channel was taken to be (5. 49)+Q(3He d), where the Q-value
refers to the ( He, d) tran51t10n to the 1ntermedlate level assumed. o
Thus for the (wlg /2' proton transfer the gnmnﬁ.suﬁe‘ﬁfghﬂ:w1ﬂ1the
Heaﬂﬂxﬂlsspectroscoplc factor of C Sp 0.5, and for the (nz d9 )
transfer, the 3 35 MeV level strongly exc1ted151n the 92MLO( He, d)

9 3pe reactlon (C Sﬁ”O 8) were taken to be ‘the 1ntermed1ate levels.hiﬂi
For the (d,p) reactlon the blndlng energy of the neutron was set te
be Q(d p) +”2 226 MeV taklng 1nto account, in the case of the k
N(Zdﬂ’ v (2 ds/ ) conflguratlon, the fact that the 1ntermed1ate :

93Tc level is at an ex01tatlon energy of 3.35 Mev. The CZS value



for the transferred neutron was always set to be unlty. In the two-
-step calculations with CHUCK, the product of the llght particle

{

spectroscopic ampli.tudesl/2 ’ and'the’zero-;ange.strength Dq

again enters both in the (*He,d) and the (d,p)'transitiens.:These
values were -225 and 122.5, which correspond to‘the'usual'DWBA
normalizations of 3.33 and 1.5 for the protoa and the neutron
transfers, respectively. The paths taken.into accoﬁnt in the

CHUCK calculations are indicated together with the comparison between
the experimental and calculated angular distributions for the 1+

and 0+ levels in Fig. 4, while the values of Gexp,/ctheory' for'&mse':

levels are listed in Table 3

IV - DISCUSSION

A . THE 17 LEVELS

Of the six levels assigned gm=1" in the present work twe
(respectlvely at 440 and 960 keV) had been tentatlvely a551gned
l by preV10us radicactivity measurements !.Later (p,nY)IMEsunamﬂﬁsz
also indicated l+ for the 440 keV level although in a more recent.
(®He,t) work?® the angular distribution to thls level could not be
fitted well to any of the typlcal shapes.

In the present work in addltlon to these“two states, a.level
at 1412 keV and a group of 3 levels around an‘excitation energ?I
of 2.2 MeV, all show'angﬁlat:distributions of an an= 0+2 transfet:

The measured cross sections drop sharply in the very'forward angles'




indicating an an=0 contribution and fof.scattering angles 'of

BTilS? the calculated cress sections are much -lower than the
meesnred_ones for a pure an=0 transfer. On the other hand;the—

DW engular distributions computed for an an=0+2 ttansfer, on'the
basis of a direct (p-n) transfer mechanism diSplay:a-deep minimum
around 30° not obsered_experimentally (dashed curves in fig.4) .

Also shoWn in_fig.4 are the results of coupled- channelcahnﬂatums -
for a pure two-step transfer (dash-dot curves) as neli,as wnen both
the one- and two-step mechanisms are considered‘(continuous curve) .
For'tneica;culations all six levels were assumed to be of the |
(ng4Vq)‘V19372) configuration. The calculated angular'distributions;k
reproduCe the-experimental data somewhat better, ﬁhen the interference
between the one- and two-step processes is taken 1nto account but |
the resultlng fits are still far from excellent The ratios of the
experlmental to theoretical cross sections for a dlrect one-— step “
mech_énism varies. from 5 to 10, except for the 2124-keV level for

which this ratio is 2.4. This fact might be taken to indicate.the‘
presence of other configurations in the wave fnnctions of these ieveis;'

)
5/2) 1+

In fact the calculated direct one-step cross section for a (2d

“configuration is an order of magnitude higher and a small admixture

of this configuration may drastically alter the results of the

calculations.

B . THE POSSIBLE 0+ LEVEL AT 2719 KeV

The level at 2719 kev has an angular dlstrlbut&on dlfferent

from those of the states assigned l Whlle the sharp drop in cross




section in the forward angles is stili present, a well difined
minimum appears around 8+ 25°, where the cross sections for the
a1t levels tend to remain flat. The fits shown in fig.4 are the

results of calculations assuming a ﬂn(zds/z)u(st/z)jJﬂ=0+

configuration. It should be remarked that the interference

calculations do reproduce the position of the minimum at 25°, in
+ . .

contrast with the 1 angular distributions. Based on these

observations the 2.719 keV level is suggested to have J“=0+ )

If this assigment is correct this level is a likely candidate for
the antianalog configuration in®*Tc . The excitation energy at
which the analog of the g.s. of®*Mo should occur may be calculated

from the relation
- _ + 9 — 9%
EX(IAS) .AEC 6np AM( Tc Mo) ,

- where AM(®*Tc - °*Mo) is the difference between the mass excess of
%*7c and ?*Mo nuclei, and an is the neutron-proton mass difference.
The coulomb energy difference AE; is calculated from the semi-empirical

relation!®
12
A E,=b 1( /A 1/3) + b,
where F=2 + % 'is the average charge of the analog pair, b1=l430£2.6
and b,=-992+22.6 .

The energy splitting AE of the IAS-AIAS doublet is given,

to a first approximation, by

AE = At 5w, 13
A

in terms of the radial matrix element of the isovector potential



V,(r) 7. Here, in thHe case of the ( He,p) transitions, A and T

A
refer to thé target viz., ®°Mo. If the 2.72 MeV level is indeed
the AIAS coﬁfiQUfatioﬁ,fﬁhié‘lééds to a value of 85 MeV for the
radial matrix element, very close to the usually accepted value
for nuclei in the 'f}/;;régidnlg..RéCéhtly'Fortuné et al.'’, have
obéérvéd:a”pdsS{bié=0+‘Staté at 3.49 MeV'inrgﬂY.bv means of the
88Sr(aHe,"b)”Y'r’eaétion."A'éimilaﬁf calculation as above again
yiélascé'valﬁevéf;SS'MéV'fofithé”radiél'matrix'element of V,.(r) .
‘I addition three more levels ‘at 3756, 3889 and 4036 keV
excitation could possibly be due to anﬁo or 0+2 transfers,but
due to large eXxperimental errors and missing data points no definite

conclusions could be drawn from their angular distributions..

C ... OfHER LEVﬁLél
. The lowest energy:levels in ®%T¢ beloﬁg to the

ﬂ(lg?/zyv(qu/é):multiplet,rgiving fise to spins ranging from 2+
to 77.. Except for the unresolved 3+_and 6* levels at 108_keV,;
the other members of the multiplet have been seen in the present
work, with;angular:distributions consistent with their known_spins{
The only negative parity leVéls, also previously known, ére the .
2” and 37 levels, respectively at 326 and 470 keV. Their angular
- distributions have been calgulated assuming a ﬂ(zpl/z)\)(st/é)
configuration, which implies the presence of 2 holes in the Pl/z"
proton- orbit in the ground state of the QZMQ;target.

No information was available in gqTc_abov_e‘_an excitation

“energy of 1 MeV. Several angular distributions have been measured,



10
all Qf which have been reproduced by an=2 or (2+4) transférs
leading‘to Jﬂ=2% or 37 states. The calculated cross sections for
all these levels are for diréct one~-step (p-n) transfer, assuming
a ﬂ(lgg/z) v (lg7/2) configuration and are, in gehneral, lower than
the observed values, expecially for the states for which
assignments of;JTr=3+ have been made. This is evidently due to the:
fact that the wave functions of these levels are much more
compliéated than the simple shell-model configurations assumed in

the calculations. Unfortunately there exist no theoretical

calculations for the levels in *“Tc above 1 MeV.

V - CONCLUSIONS

In the absence of other experimental data and the lack
of knowledge of the wave functions involvéd, especially for
excitation energiés above l'MeV, the present spin assigﬁments
should bhe regarded as tentative, even in cases where the angular’

distributions compafe reasonably well with the experiment. This

is due to the observation made earlier that even small admixtures

in the wave functions could result in appreciable changes in the
calculated angular distributions.

The present work makes it clear that the odd-odd
nuclei of the A~90-110 region thus require further studies both
from an experimental and a theoretical point of view. As could
be seen, even the reaction mechanism of the (p-n) transfer has-

not been well-explored in this mass region. In the particular

o




11

case of the 0_"‘L and 1% final states, although these are the
strongest transitions, the difect one-step mechanism fails to
reproduce the experimental data and it appears that a two-step

- mechanism does play a nonneglible role in these transitions.

It has been found'®? from even-target (’He,p) reactions in

+

the Ca-Fe region that the 0 , T states are excited with much

lower
less strength than expected from isobaric-spin coupling rules.
Systematic studies of these antianalog configurations in the

- odd-odd nuclei of A~100 region would be highly desirable.
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:Figtre 1

Figures
2 and 3

_ Figure 4

FIGURE CAPTIONS

Spectrum of proton groups from the *2Mo (°*He,p)

94Pe reaction.

Proton angular distributions from the °32Mo (*He,p)
¥%Tc reaction. The curves are the results of DW

€alculations (one-step direct transfer).

Proton angular distributions for the 1+ and-o+ levels.



TABLE 1 - Results from the®2Mo (%He,p)®*Tc reaction at Eyp =25 MeV

6
. Al
Lt . N : 3 :
No Ex(kev) an J GExp/UDW _ No | E (kev) L 3" cExp/GDW
(8=5°) |o* np
1 G.S. 6 7t 0.09 0 |es | 2397
2 72 2 2t 0.77 26. | 2504
3 108 2 . 27 | o279 0 ot 0.8
4 210 14+6 st | p.44 - | |28 | 2960 244 |37 28.0
5 238 4 a* 1.05 | |29 3082 2+4 |3% 24.7
6 326 143 2” 0.12 30 3144 ° 2 27 3.3
' . 2+4 |3 14.3
7 432 0+2 1t 6.4 31 | 3187 2 27 3.7
: 244 13 17.1
| g b a70 3 3~ 0.06 32 3261
1 o [ 815° 33| 3310
10 | 908 34 | 3363
11} 955 o+2 | 1t 7.5 e | o3an
: 12| 1031 2+4 | 37 3.44 36 | 3499
o 13 |7 1250 244 3t 10.1 37 | 3574
. 14§, 1289: - 38 | 3627 2F |2t 5.1
: " 2+4 [37 20.3
15] 1340 3 39 | 3677 2 |2 4.6
- . 2+4 3 : 14.2
16 14120 [o+2 | 17 4.9 |40 | 3756 P
; B + : +
17| 1523 2 2 1.15 S a1 | 3792 2+4 |3 12.2 -
. - ‘ + .
18| 1743 e e : o 42 38490 244 |3 8.25°
] : - 4 - . b L
191 1783 244 3t U929 | L |43 | 3889
« . e y - +
20| 1871 2+4 3t | 6.28 44-| 3956 2+4 [ 37 11.52
211 2124 o+2 | 1t |, 2.4 ' 45 | 4036 P
. . ’ + o . : +
22| 2186 o+2 | 1 -10.1 46 | 4071 2 2 2.18
.- _: . et + .
23t 2252, - fo+2z | 1 8.5 47 | 4132 2+4 |3 11.46
24 | 2341 : ' ' 48 | 4227 244 3% 14.58
a9 | 4272
50 4356
51 | 4427

a possible doublets
b Angular distribution could be of an=0 or 0+2 shape, but no assignments possible

 because of missing data points and large error bars.
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TABLE 1 - Results from the-?2Mo {(’He,p)?*Tc reaction at Esy =25 MeV ) ;

o N i
a’ a
- 1
n “ o :
No Ex(kev) an J . aExp/cDW . No | E. (keV) 1 Jn; UExp/UDW
=0 i X np
(925") L UE
+ o -
1 | a.s. 6 7 0.0 25 | 2397
2 | 72 2 2% 0.77 - | |26 | 2504
3 | 108 @ 127 | 2719 0 0" 0.8
4 | 210 a+6 | s5* 0.44 Clas | 2960 | 244 |37 28.0
5 | 238 4 a* 1.05 29 | 3082 ° 2+4 3% 24.7
6 | 326 143 | 27 0.12 30 | 3144 2 |2f 3.3
' 2+4 |3 14.3
7 | 432 o+2 | 1% 6.4 31 | 3187 2 |2 3.7
' ' 2+4 |3 17.1
g8 |- 470 a c 0.06 _ 32 3261
9 |:815 2 33 | 3310
10 [ : 908 34 | 3363
11 [F 955 o+2 | 1t 7.5 s | 3am
12 [ 1031 244 | 37 3.44 36 | 3499
13 |- 1250- 2+4 | 37 10.1 37 | 3574 _
14| 1289 T St se ] se2r 2t [2D 5.1
PO , 2+4 |3 20.3
15{ 1349 - _ 39 | 3677 2 |27 4.6
. - . . : 244 130 14.2
16} 1412 o+2 | 17 4.9 feo | 3738 P
L17{0 1523 2 2" 1.5 | oo Jev | 3792 244 |37 12,2
18| 1743 S b : 42 |- 3840 . | 2+4 {3° 8.25
S 19{. 1783 aea |3t |7i2e | (43 3889°
. 20|~ 1871} -2+4 3t |- 6.28 44 3956 2+4 |37 11.52
21| 2124 or2 | 1T | 2.4 | las | 4036 P
io22). 2186 o2 | 1t [hieen | |ae | aomr o |2 |2t 2.18
“bo23 |7 2252 o2 | 1t |.8.5 ; 47| 4132 244 (3% 11.46
‘24| 2341 ﬁ N ol las | s227 0 |T2ed |37 14.58.
a9 | 4272
50. | 4356 - T .
51 | 4427

a possible doublets
b Angular distribution could be of an=0 or 0+2 shape, but no assignments possible

because of missing data points and large error hars.
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TABLE 1 - Results from the ?%Mo (*He,p)’*Tc reaction at Eg, =25 MeV

No Ex(keV)‘”' an GEXP/UDW : No ! E ‘(keVE" T GEXP/GDW
(6=3%) L . P -
1| G.s. 6 0.09 25 | 2397
2 | 72 2 0.77 26 -] 2504
3 | 108 ? 277 2719 f0 0™ 0.8
a | 210 146 0.44 28 | 2960 244 |37 28.0
5§ 238 4 1.0% 29 | 3082 244 |37 24.7.
6 | 326 143 0.12 30 | 3144 2 |2} 3.3
- 2+4 |37 14.3
7 | 432 0+2 6.4 31 | 3187 2 2l 3.7
_ 2+4 13 17.1
g | 470 3 0.06 32 | 3261
9 {815 ° 33 | 3310
10 [ 908 34 { 3363
117 955 0+2 7.5 35 | 3431
S12 i 1031 2+4 3.44 36 | 3499
13| 12507 244 10.1 17 | 3574
14|, 1289: 38 | 3627 cot [l 5.1
L 2+4 {3 20.3
15] 1349 39 3677 2 2) 4.6
‘ ‘ S S 244 13- ‘14,27
- : o : b
16 10 14127 0+2 4.9 40 | 3756
17|+ 1524 2. 1.15 a1 | 3792 244 {37 12.2.
18 1743~ a2 | 3840 c2vd |3t 8.25
. [ e i N b ;
© 19} 1783 .2+ S 7.29 a3 | 3889
20| 1871 3+4 6.28 a4 | 3956 244 | 3% 11.52.
doo21] 2124 02 2.4 45 1 4036 P
22| 2186 {0+2 10.1 46 | 4071 2 |2¥ 2.18
23" 2252 042 8.5 47" | 4132 2+4 |37 11.46
24| 2341 ‘las "} 4237 a4 |3t 14.58"
“ 49 4272
50 | 4356
51 | 4427

a possible doublets

b Angular distribution could be of an=0 or 0+2 shape, but no assignments possible

‘because of missing data points and large error bars.
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TABLE 3 - The ratios of experimental t0 calculated cross sections for

| the 0+ _and 1+ leveis .
_ _ -
exp, cale (57)
E_(Kev) | L. " o_"/o -
X Direct only | Two-step only| interference
432 0+2 1t 6.4 15.4 4.15
955 0+2 1t 7.5 19.0 4.5
1412 0+2 1t 4.9 11.6 3.2
2124 0+2 1t 2.5 7.6 1.61
2186 0+2 1t 10.1 | 30.0 6.33
2252 0+2 1t 8.5 25 .4 | 5.03
2719 0 ot 0.8 0.3 0.3
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%2Mo (t,p) %Tc "
Ex =25 MeV
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{do /dQ).,, wbfsr

%Mo (x,pf* T

Er =25 MeV.
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92 Mo(t,p) % Tc

o E¢ =25MeV
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