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The *®Mo(p,d)®*Mo reaction has been studied with a 50 MeV polarized beam. Differential cross sections
and analyzing powers have been measured for investigating the level strucfiMoirup to the excitation
energy of 5.8 MeV. The standard distorted-wave Born approximation theory provides transfer angular momen-
tum values and spectroscopic factors for the excited states. Furthermore, the theoretical analysis is extended
also for the continuum region with a direct reaction model. Experimental double differential cross sections for
continuum spectra are predicted well by adopting an asymmetric Lorentzian form for the response function in
the distorted wave Born approximation based cross section calculations.

DOI: 10.1103/PhysRevC.70.034612 PACS nuner21.10.Hw, 21.10.Jx, 21.10.Pc, 24.10.Eq

I. INTRODUCTION [6] was employed here, which is based on the DWBA and an

There has been a large number of investigations on th8Symmetry Lorentzian form strength function.
single-neutron pickup reactions on nuclei covering the entire 1€ Present work was undertaken in view of the fact that
periodic table and these have been proved useful in provid!'€ Spin-parities of almost all the levels TiMo aboveEx
ing information on the neutron hole structure in nuclei. Al- ~1-1 Mevaor so are uncertaifY]. Also, neutron pickup re-
though many investigations have been done for analyzing th@ctions or"®Mo were carried out previously usir(g,d) [8],
level structure in a nucleus, almost all the works have beefd.t) [8—11, and (*He,a) [12] reactions with unpolarized
performed with unpolarized incident beams. These studiebeams. The use of a polarized beam, as in the present work,
were mostly concerned only with the discrete levels and nallows one to assign the,j) transfer with much less ambi-
information is available on the continuum spectra which ap-guities to levels from the simultaneous analyses of the dif-
pear just above the discrete excitation levels. Theoreticaflerential cross section and analyzing power. Further to the
models have been proposed to study the continuum specteiscrete levels studied in the neutron pickup reactions as ear-
for one nucleon transfer reactigd—3], which cannot repro- lier [8—12 continuum spectra were also investigated in this
duce well the experimental dafd,5] and also there are no present study. However, in this study spectrum regions from

discussions on the ensemble of discrete levels. discrete levels to continuum were treated with a global
The present work is concerned with tfe d) reaction on  analysis using the direct reaction model and continuous
%Mo using a polarized beam at 50 MeV. strength functions based on DWBA cross sections. The opti-

Differential cross sections and analyzing powers for thecal model potentials in both the entrance and exit channels
®Mo(p,d)®*Mo reaction are measured with 50 MeV polar- are also better defined in(p,d) reaction than the tritoriHe
ized protons for discrete levels, and the results are analyzeghd alpha particles in thel,t) and (*He, @) reactions, spe-
to assign spin-parities and determine spectroscopic factors efally if an adiabatic potential is employed for deuterons
excited neutron-hole states in the excitation region off13]. This is done in our study. The spectroscopic factors are
0-4.95 MeV. The experimental data are analyzed by theéherefore expected to be more reliable for levels with a good
standard distorted wave Born approximati@wWBA) calcu-  fit simultaneously to both angular distribution and analyzing
lations. power in a(p,d) reaction than in the other neutron pickup
For the theoretical investigation of double differential eN-reactions. Similar studies have been carried out by some of
ergy spectra of cross section, an approach proposed by Lewige present authors on two other Mo isotopes using polarized
proton beams, nameRMo at 65 MeV and*®Mo at 21 and
50 MeV [14-1§ and also on several nuclei covering the
*Electronic address: sadia_afroze@yahoo.com wide mass range frofi°’Ca to 2°%Pb [14—23. The present
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FIG. 1. Typical energy spectrum of deuterons
from the *®Mo(, d)**Mo reaction at 50 MeV.
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work is a follow up of these studies as performed on anothedata due to impurities were removed from the experimental
Mo isotope, namely®Mo and the results obtained are com- spectra by fitting a Gaussian function to each peak of the
pared with previous neutron pickup studies %o, all of  impurity observed.
‘;‘é*}i&h are with unpolarized beams, as well as with
Mo, (. d) reactions. B. Experimental results
Figure 1 shows a typical deuteron energy spectrum from
Il. EXPERIMENT the ®®Mo(p, d) reaction at 8YLaboratory anglg The overall
energy resolution was about 40 k¢l width at half maxi-
mum (FWHM)] as shown in the Fig. 1 insertion. The energy
The experiment was carried out with a beam of polarizectalibration of the spectrum was performed by remapping
protons of energy 50 MeV obtained from the AVF cyclotron some positions—which was done by adjusting the strength
of the Research center for Nuclear PhysiBCNP), Osaka  of the magnetic field—of well-known low-lying levels in
University. We took here polarized proton beam as a inciden®®\Mo, over a wide region in the spectrum, namely the ground
particle from the consideration th&b,d) reaction provides state, 0.766, 0.821, 0.948, and 1.048erage of 1.039 and
more exact procedure in deducing the spectroscopic factar.057 MeV [7]. From the relationship between the positions
value and our cyclotron facility is optimized to accelerateand the radii of curvature of the deuteron at some values of
polarized protons and also the experimental system has behe magnetic field, a general formulation of energy calibra-
ter conditions in target energy losses and particle identification was obtained.
tion compared with use dfd,t) reactions. Incident energy at Discrete levels are distributed throughout the energy re-
50 MeV was taken from the interest first for experimentalgion up to an excitation energy of about 5 MeV, and the
facilities availability because the AVF cyclotron of the strongly excited states lie in the region below3.5 MeV.
RCNP, Osaka University, can accelerate a polarized protoifhe continuum spectrum region is found to exist in the rela-
beam well in several tens of mega-electron-volt energy retively lower area starting from about 2 MeV. This comes
gion and second as a part of our detailed research on Mfsom the spreading mechanism as we know that the spread-
isotopes, discussed in Sec. I. ing width and level density becomes large as a function of
The target was self-supporting, isotopically enrichedthe energy measured from the Fermi surfg2zH. The peaks
(~98% of %Mo) and of thickness 0.79 mg/&The emitted  were extracted from the spectrum using a peak fitting and
deuterons were momentum analyzed usingRAB®EN [23] peeling-off code, which provided good data reduction for a
viewed with the focal plane detector system KYUSHR4]. maximum of five peaks at a time. However, it is not desirable
The angular distributions of cross sections and analyzingo fit all the peaks at a time, since the peak widiRg/HMs)
powers were measured over the laboratory angles 8°—48bdbserved in the spectrum change as a function of the excita-
The measured energy range corresponds to the excitation etien energy. So we used single search parameters for all the
ergy region up to about 5.8 MeV. The higher excitation re-peak widths in a comparatively narrow region. But we had to
gion had a considerable “contamination” arising from theextract for peaks at excitation energy 2.152, 2.188, and
protons elastically scattered. The data were therefore n@.223 MeV together because these peaks are too weak to
considered to be reliable to study. No such contaminant waswn the resolution without referring to the neighbor peaks.
found in the region of ground state #,=5.8 MeV or so.  Similarly for the peaks in the region abo#=3.2 MeV or
The normalization of the absolute cross section was perso, groups of weakly excited states with 2 to 5 peak elements
formed by scaling the measuregmt°®Mo elastic scattering and a continuum plateau are found, so that each group can be
cross section to the optical model prediction at small anglesapproached with a single parameter of peak resolution. Peaks
using the global potential of Menet al. [25]. The spurious locatedE,>5 MeV were not analyzed because these are al-

A. Experimental procedure

034612-2



THE **Mo(p,d)**Mo REACTION AT 50 MeV PHYSICAL REVIEW C70, 034612(2004)

10' 10 102 1.0
“Mo(pd)™Mo 2, SMopdfMo 20y, %Mo(p,d)* ™Mo 24,,, Mopd®Mo 24y,
E = 50 MeV 05} g oiamey . Ep= 20 MY 0.000MeV 05 E =50 MeV
10 " E NI A s
0.214MeV O e g 7 0.000MeV
R 1§ 0.0
051 soomev ) X T
00 * 05
N 1.049MeV ¢ */h
05 00 PEFLIT) A\
k - [ B 1
— .00 NS X
B D 3 e =
S = 7] D05
-]
= & 05 E nc;: 2.152M v+ ﬂ)\ + /\
] o0l ~ =00 ’Jj 1P.aa N
3 <h g 2T T
~ =N 3 g‘ AN \
_g <05 o D g5 | 218NV
1 < ® = h 4
00 } ¢
3 0.0 ‘1’\*' 1
0512 0oumev ¢ NS ﬁ t N
0] $ ; 05
T T 4.209MeV m
013 peamtev 00 Wmt
24
00[—%&y—#
05
05
-1'0IIIIIIIIIIIIIIIIIIIIIIII -10 IIIIIIIIIIIIIIIIIIIIIIII
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50
0 [de 0 [de 0 [de
c.m.[ g] ec.m.[deg] c.m.[ g] c.m.[ g]
FIG. 2. Angular distribution of cross sectigleft) and analyzing FIG. 3. Same as Fig. 2 for the 572ransitions.

powers(right) for the 3/2 transitions in the€’®Mo(p,d)**Mo reac-
tion at 50 MeV. d
V(r)=-Vf(x) - i(W— 4WDa)f(x’)
. dr
most covered by the background of continuum.
For a couple of weakly excited levels, namely Bt +<ﬁ>2\/ }Ef(x”)l S 0
=3.698 and 3.741 MeV, the cross section data are not con- m.c/ rdr '
sidered reliable, as these values were not satisfactorily repro- _ )
duced in repeated extraction. Apart from these, the cross sektereV, W, Wp, andV;, are the depths of various potentials
tion data are extracted for all the remaining levels observe@nd the corresponding form factors are
up to aboute,=5 MeV and DWBA analyses are carried out f(x) = [1 + exgr - R)/ag] ™
as discussed in the next section. '
Angular distribution data for the analyzed statesth dif-
ferential cross section and analyzing poyare shown in
Figs. 2—7 together with the predictions of the DWBA theory ) .
using the optical parameter set listed in Table I. 51 levels and f(x") =[1+expr - Ryp/ase] ", (2
were analyz_ed in the excitation region below 5 MeV and theyith R,=rzA3 Ry=ryAY3 andRy,=r Al
transferred’j values were assigned for 49 levels. Results are A coulomb termV(r) due to uniformly charged spherical
summarized in Table Il together with the results of RE€T.  ucleus of radiu®, = (r AY3) was added to the earlier poten-
and(8]. tial (1).
The different potential parameters are shown in Table I.
For protons we used the global potential of Becchetti and
Il. DATA ANALYSES Greenleeg27], while for deuterons an adiabatic potential
[13] based on the proton and neutron potent{@g] were
constructed, since it is known that such a combination of
The differential cross section and the corresponding angpotentials is physically more meaningful than the best fit
lyzing power data are analyzed using the zero range DWB/Aoptical model potentials in the proton and deuteron channels
codebwuck-4 due to Kunz[26] under the local energy ap- [21]. The neutron bound-state wave functions were generated
proximation model. The optical model potential was of thein a standard Woods-Saxon potential well with the geometri-
standard form as given by cal parameters as given loy=1.25 fm anda,=0.65 fm in-

f(x') =[1+exgr - Ry)lay] ™,

A. Level to level analysis
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FIG. 4. Same as Fig. 2 for the 97 &ansitions.

cluding a Thomas-Fermi spin-orbit term with the usual value In the local energy approximation model of DWBA, the
A=25. The(real) well depth was adjusted to yield the neu- finite range parameter of 0.621 was used and the nonlocality
tron separation energy with the effective binding energyparameters were given the usual valueg3g# 8,=0.85 fm

method.
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FIG. 5. Same as Fig. 2 for the 77 ®ansition.

and 84=0.54 fm. The spectroscopic fact6rfS for a transfer
was obtained using the relati¢a6]:
do(6) C’S da(6)

2.30 , 3

whereda(6)/dQ and do(6)/dQ|pwea are, respectively, the
measured and the DWBA cross sections at the afgle

The DWBA fits to the measured cross sections and the
corresponding analyzing powefs(6) are illustrated in Figs.
2—7 and the results of the analyses are summarized in Table
Il. Also included in the Table Il are the level properties of
%Mo as summarizedi.e., the adopted values of the excita-
tion energies of the levels and the correspondifigalues,
as well as the results given in the previous neutron pickup
reactions orr®™Mo [8-12,.

B. Continuum data analyses

In the present method, the theoretical calculations of the
double differential cross sections have been done by consid-
ering a direct reaction model as an incoherent sum of the
direct reaction components, which are based on DWBA pre-
dictions and expressed as follows:

Dw
(E)} G
G

d? C%s,(E d

T _ o303 S [ =
dQdE L 2i+1 dQ

wheredo/ dQ[7'(E) is the cross section calculated by the

DWBA code bwuck [26] and CZS(;,J»(E), the spectroscopic

factor expressed as
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C?Sy(E) = (3C?Sy) X f(E), (5

whereECZS&j is the sum of the spectroscopic factors of all
the predicted states and the distribution of strength function
over the spectra is obtained by using an asymmetric Lorent-
zian function[20,21,28:

N I()
Ch 2 (|[E—Eg| —E )2+ TAE)/4 ©
and
Ja fo(E)E=1, ()
0

whereng is the renormalization constant akgd is the Fermi
energy. The Fermi energy can be calculated by using an em-
pirical formula given in Ref[14]. The sums of spectroscopic
factors and the centroid energits ;) for jzei% shell or-

bits have been estimated by using Bardeen-Cooper-
Schrieffer (BCS) calculations. In these calculations, single
particle energies required to calculate the centroid energy are
calculated by the prescription of Bohr and Motteld@9].

The spreading widtKI") is expressed by a function proposed
by Brown and Rhd30] and by Mahaux and Sart¢28] as

eo(E — Ep)?
(E-Ep)?+Ej

e(E - Ep)?
(E-Ep)?+EZ

I'(E) = (8)

where €, €, Ep, and E; are constants which express the
effects of nuclear damping in the nuclg@$)]. The estimated
parameter$20] are
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TABLE |. Optical model parameters used in the DWBA calculations.

Particle \Y r a re W, W r' a’ Vso lso aso

(MeV) (fm) (fm) (fm)  (MeV) (MeV) (fm) (fm) (MeV) (fm) (fm)

Menet potentidl

Proton 4587 116 075 125 570 364 137 047 6.04 1.06 0.78
Deuteron b 116 075 1.25 ¢ ¢ 137 ¢ 6.04 1.06 0.78
Neutron € 1.25 0.65

Becchetti and Greenlees potenfial

Proton 4466 117 075 125  8.30 080 131 060 6.20 1.01 0.75
Deuteron g 117 078 1.25 h h 129 062 6.20 1.06 0.75
Neutron : 1.25 0.65

Koning and Delaroche potentibl

Proton 37.73 1.22 0.66 1.24 5.16 4.98 1.27 0.53 4.94 1.04 0.59
Deuteron k 122 066 124 K k 1.27 055 k 1.04 059
Neutron ! 1.25  0.65 1.26

Nonlocality paramete(fm) Finite-range parametdfm) Spin-orbit terma =25
Proton 0.85 0.621
Neutron 0.85 0.621
Deuteron 0.54
“See Ref[25].

B\/=99.8-0.44E4/2) +0.42/ AY3(MeV).

‘W, =2.4+0.18E4/2)(MeV), W,;=8.40-0.10E4/2)(MeV), Ey is the deuteron kinetic energy.
93 =0.74-0.008E,4/2) + 1.0N-2)/ 2A(fm).

“Well depth adjusted to fit the separation energy.

See Ref[27].

9%/=110.3-0.64E,4/2)+0.42/ AY3(MeV).

_hWU:O.44Ed/2)—4.26(MeV), W;=24.8-0.50E4/2)(MeV), Eq is the deuteron kinetic energy.
'Well depth adjusted to fit the separation energy.

ISee Ref[34].

kAdiabatic potentials with those of Rei34].

'Well depth adjusted to fit the separation energy.

€=19.4(MeV), Ey=18.4(MeV), to both differential cross section and analyzing power. The
angular distribution shapes as given by the DWBA for the
€,=1.40(MeV), E;=1.60(MeV). (9) J=€+1/2 andj={-1/2states are quite similar, but the ana-

_ lyzing powers show a clear distinction. Thus the uncertain-
The sum rule of the spectroscopic factors of nucleon orties in the spin-parity assignmefff] should be considered as
bits for Ti% isospin states are estimated with a simple shelremoved for many of the levels. THe=2 transitions present

model prescriptiorj31]: difficulties, as the shapes of the analyzing powgr) given
n.(6,]) by the DWBA are quite similar to each other for ttig, and
na(€,}) - L2 for To=T- % dg, transitions(Figs. 2 and R The only difference is that the
S s, = 2T+1 (10) minimum in A(6) around 15° displayed in the latter only
T np(€,j) L shifts to a somewhat larger angle in the former; this makes a
oT+1 for T.=T+; few J™ assignment rather uncertain, namely those with a

scatter in the experimental results. Unfortunately however
heren,(¢,j) and ny(¢,]j) are the numbers of neutrons and the high level density oMo, in some of the cases, makes a
protons respectively for eadh | orbit andT is the isospin of ~0One-to-one correspondence with the adopted levels some-

the target nucleus. what difficult in particular for levels given from various
nuclear reactions ang decays, for example, levels &,
IV. RESULTS AND DISCUSSION =2.024, 2.096, 2.223 MeV. Such a problem does not arise

for levels aboveE,=3.2 MeV or so, since the levels adopted

[7] arise only from neutron pickup reactions, where the
The J™ values given from the present work are expectedoresent work has a clear edge over similar previous studies

to be unambiguous for levels with a good fit simultaneouslybut with unpolarized beams, while the high spin states ob-

A. General observation for discrete levels
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TABLE Il. Spectroscopic results from neutron pickup reactions’o. (a) Present Work. Doubtful assignments are shown in paren-
thesis.(b) Adopted values, from Ref.7] (c) Bindal et al. (See Ref[8]). (d) Range of spectroscopic factors from pick(gme neutroh
reactions orf®Mo (See Refs[8—12) other than those already presented in this table.

E,(MeV) ¢ Jm c?s
@ () © @ (© @ (b) (© @ (© (d)
0.000 0.000 0.000 2 2 2 £* g+ 1.663 1.980 1.700—3.900
0.214 0.2045  0.20% 2 2 g* g* g+ 0.044 0.050 0.040-0.100
0.775 0.766 0.76% 4 g* g* I 0.813 (0.880 0.450-0.890
1+
0.78655 :
0.826 0.82% 0.816 2 2 3 3 3 0.115 0.160 0.140-0.212
0.948 0.948;  0.945 4 4 2* 2* 2* 0.152 0.260 0.180-0.334
1+
1.039 5
1.049, 1.057%, 1.044, (2 2 (g ") g* gt (0.150 0.180 0.100-0.186
7+
1.0745 z
1.092, 1.092, 4+2 gr s (Z%,%7) 0.06Q4),0.04Q2)
1+
1.303, :
1.322 (5757
1.356, 1370, 13675 2 1 &) ) - (0.005 0.020
1.376y +
1.412 1.426, 1428, 2 2 gt ) 3t 0.010 0.014 0.014-0.019
1.44G (2*,2,4)
1.54%, 1.542, 4 2 g* 0.034
1.552 2
1.603 1.62Q, 1.618, 2 2 g+ g+ g+ 0.078 0.079 0.084-0.125
1.645 It
1.6605 (<2)
1.656, 1.666 1.674, 4 4 g2* (; *,g*) g2* 0.217 0.350 0.190-0.310
1.683 1,90
1.698, 1
1.743¢ )
1.79%4
1.808, (Z7)
1.859 1.879, 1.879, 4 4 2" (" 2* 0.098 0.110 0.084
1.916 4 ) (0.315
1.938, 1.942, 5+2 - n- st 0.3305),0.0332)
1.963 3% 2
1.984s  1.9845 2 g*,g* g* (0.0249
1+
(2.049 z
2.024, 2.0505; 2.05Q5 2 2 g* 3 g+ 0.037 0.030 0.040
2.059, 2(+)
2.067 (g 1)
2.089 )
2.096, 21305 2.13Q5 4 4 g* I8+ g* 0.054 0.060
2.152 ) (7 (0.130
2.188 21795 21795 2 2 g* 3 * g+ 0.013 0.020
1- 3-
2.212 -3
2.223 2233 22405 1 1+2 () () 18t (0.04)  0.03q1),0.04q2)  0.027-0.030
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Ex(MeV) J" C?s
(@ (b) (© (@ (b) (© (@ (© (d)
2.252 )
2.30% 2.31% 2319, 1 17,87 17 0.315 0.330 0.180-0.370
2.357 3*
2383  2.37% ) 1rs [0.13Q0)],[0.0502)]
2.396, )
2.417% 2428,  2.441, 4 2t g* 1.359 1.810 1.300-2.100
2.490, )
250L45  2.50L5 (;*,g*) g2* (0.180
2518 253%, 253%L, 4 AN g2* 0.978 1.180 0.880-1.380
2.544 (17,27
2.58% ("
2.602 1
2.6124
2.671
2.695 (2 ")
2.71% 27185 2.7185 1 % 13- - 0.174 0.220 0.150
2.725 (g ")
2.732 (+)
2.744, 2.745 1 g (g ") 0.109
2.7695  2.769s 17,87 1" 0.130
2.830 )
2.843 &)
2.86% 2.8905 2.8905 1 - 17,87 1" 0.207 0.180 0.120
2.952 2986, 2986, 1 2- 12" 17 0.174 0.170
3.027% 3.037 1 3" ) 0.370
3.063;  3.063 13- - 0.350
3.122 3.142 4 g ) 0.087
3.162 317G, 317G, 1 2 G)r gr 5t g (0.076 0.060
3.226, 3.200, 3.200, 4 ) 8* (37,57) g+ 0.136
3.264, 3.26Q, 3.26Q, 2 2 &) g+ 8% g+ (0.05% 0.070 0.070
3.296 3.310, 3.31Qq 1 2 3° 35" 3 0.065 0.040
(3.31049 (2%,8%)
3.354 3.38Q- 4 N o 0.511 0.590 0.360
3.403; 3.3955 3.443; 1 g- I8 - 0.196 0.200 0.200-0.210
3.464 3.443,;  3.494, 4 g* £0,27 2* 0.870 1.00 0.810-0.990
3.506, 2t
3.52% 3554,  3.551 4 g* I8+ g* 0.544 0.650 0.250-0.630
3.601, 3.625; 3.625- 4 2% I+8* 2* 0.213 0.310 0.330
3.635 (+)
3.698;
3.741,
3.985 3.96Q,  3.960 2 17,87 - 0.152 0.084 0.065
4.03% 401G, 4.01G, (¢ 12" - (0.174 0.140 0.120
4.07Q,  4.07Qy 103" g- 0.150
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TABLE Il. (Continued)

PHYSICAL REVIEW C70, 034612(2004)

E(MeV) Jm c?s
@ (b) (© @ (© @ (b) (© @ (© (d)
4.154 4170, 417G, 1 1 3" 1- 3" 3- 0.180 0.130 0.110
4.229 4240, 4240, 2 1 g 1- 2" g 0.117 0.120
4.299 431G, 4316, 1 1 E)r 1- 2" g (0.1849 0.120 0.110
4394, 4350, 4.35Q, 1 1 G)r 1- 2" g (0.091) 0.140 0.060
4.44%;  4.40Gs 4.400s 1 1 2" 1- 2" 3" 0.098 0.090 0.080
4.486;  4.4505  4.45Qs 1 1 G- 1= 20 g (0.113 0.140 0.080
4533y 45005 45005 1 1 E)r 1- 20 3" (0.087) 0.130 0.090
4560, 4.56Qq 2 35 3 0.030
4630, 4.630 ) (g "2 ") 3t (0.020
4.738, 4740,  4.740Q, 1 1 %‘ %‘,g‘ g‘ 0.105 0.080 0.050
4792,  4.81Q, 4.81Q, 1 1 G)r 1- 2" g (0.061) 0.040 0.030
4.860,, 1 E)r (0.065
4.9085 4 2 (0.139
4.954, 4 2* 0.136

served in gamma decay studies following heavy ion inducegickup reaction is perhaps not unexpected, because this shell
reactions[32,33 are not expected to be populated in themodel state is known to be quite close to thm 2 state in
single step neutron pickup reactions obviously because ohany nuclei and one or more of the possible components of
their rather complicated configurations. the 1fg;, shell should have been present in the excitation
As stated earlier DWBA analyses were carried out for allenergy covered in our stud§, up to about 5 MeV.
but a couple of levels and th ] transfers and spectroscopic _ We now look into the situation on neutron pickup reac-
factors are extractedTable 1. The reliability of theC2S  tions carried out on other Mo isotopes, naméfy'**o
values was tested by using two other global potentials fof8:14,15,3% having the number of neutrons on either side of
protons[25,34 and the corresponding adiabatic potential forthat in the present work above the neutron magic number of
deuterons. These potentials are also shown in Table PO- Quite afewf=3 transitions, including tentative ones, to
Sample DWBA analyses were carried out using these poterifsz and even 1, states, are indeed observed in the
tial sets for transitions at least one each to the shell model MO(P,d) reaction[14]. g«few t,=3 transitions is observed
states given by @&,(E,=0.00 Me\), 1g,,,(E,=0.775 Me\j,  in the (d,t) reaction on “Mo [8]. A very low-lying level,
205,(E,=1.603 MeV),  2p,o(E,=2.301 MeVl, 1gen(E, Ex=1.022 MeV, is found in the*Mo(p,d) reaction[35]
=2.417 Me\),  1g9s(E,=2.518 MeV},  2p;,(E,=2.861  With angular dis.tributior_ls charactleristic of tiie3 transfer_.
MeV), 2pso(E,=2.952 MeV}, 2ps»(E,=3.027 MeVj, and  Even though thg value is uncertain, because an unpolarized
1g4/,(E,=3.464 Me\}. Fits are shown in Figs. 8 and 9 and P&am was used, th, value is certainly quite convincing. As
the corresponding spectroscopic factors are given in Tabl@9ainst this, neither this nor any othér3 transition is
lll. These values are consistent to one another for all thre€Und in the(p, d) reaction 0',""% Mo [15]. Summing up, the
combinations of potentials within the uncertainties arisingSituation for the earlier transitions exciting theshell model
from the measurement of the absolute cross section and tfite is far from clear. - .
normalization of the DWBA to experiment. Further to the . (il) A low-lying £=5 transition to the 1.94 MeV level in
transfer(i.e., assignment of thd” value), the spectroscopic MO observed in previous neutron pickup reactions'tro

factors given in Table Il should therefore be considered a8:11,13 is not excited in the present investigation with a
reliable and hence meaningful. measurable yield. Population of such a level in a single-step

neutron pickup reaction would mean a highly diffuse Fermi
surface. This is not supported in our study and if the level is
at all excited, it should be certainly through a nonsingle step
(i) Except for a doubtfulf,=3 assignment made in a process.

Mo(d,t) reaction[11], which is also adopted7], in no (ii ) The ¢ transfer, hence also thjetransfer, given in the
other neutron pickup reactions 8®o was any¢=3 transi-  previous neutron pickup reactions 8fMo, namely to the
tion observed8-10,12 and in the present work also, even levels atE,=1.356, 3.162, 3.226, 3.296, and 4.229 MeV, are
though both §,,, and 25, transitions are clearly seen over contradicted in our studgTable Il). The DWBA fits to both

a wide range of excitation energyfable Il). Similar frag-  differential cross section and analyzing power to all these
mentation of the i, shell model strength in a neutron levels, except perhaps the 1.356 and 3.162 MeV levels, are

B. Level to level observation
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FIG. 8. Comparison of differential cross sec-
tion and analyzing power for different potentials
atE,=0.00, 0.775, 1.603, 2.301, and 2.417 MeV.
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quite satisfactory to support the assignment{pftransfer  *Mo(d,p) stripping reaction[36], thereby suggesting that

made in the present work. The 1.356 MeV level is weaklythese belong to thes3, shell model state. No clear picture,

populated and therefore the cross section data are not cohewever, emerges from previous studies of the neutron

sidered to be accurate. For the 3.162 MeV level the fit to thevickup reactions ori®Mo. A couple of very low lying levels,

angular distribution is certainly characteristic of tfiel  namelyE,=0.786 and 1.039 MeV, are populated in some of

transfer(Fig. 7) thus disagreeing with the previodis2 as-  these studies with fairly large cross sectig8s11], but not

signment, even though the analyzing power data having & the otherg8,12), while the 2.357 MeV level was observed

great deal of scatter are not well reproduced. by Bindalet al.[8] only in the(p,d) reaction, but not in the
(iv) Some levels if°Mo, not hitherto observed, namely at (d,t) reaction, nor was it observed in other single neutron

E,=1.916, 2.152, 4.860, 4.908, and 4.954 MeV, are eXCiteqbickup reactions of®Mo [9-12.

in the present experiment. Of these, a reliable assignment of

J7 values could be made for the 4.954 MeV level, while for

the others thel™ assignments are not unique in view of a C. Sum rule analyses

poor fit to one or the other of the measurkd d() or A,. For

the other four levels assignments are shown in parenthesis. Summation of the spectroscopic factors of tlyg,4, 2p1/»,

For a couple of levels excited &,=3.698 and 3.741 MeV  2ps5,, 1075, 2dss, 2ds,, and tyy,, orbits for single-hole

no J™ assignment is possible. states from neutron pickup reaction Mo are presented in
(v) Afew 1/2* levels are known to exist if'Mo at low  Table IV together with results of Bindat al. [8] and simple

excitation [7], none of which is populated in the present shell model predictions. In the summation process of the

work with at least any measurable cross sections. This ispectroscopic factors, some data for which the assignment of

understood as due to the fact that tteg,3shell model state transferredj values is ambiguougited in parenthesgsre

lies much above the Fermi surface, while thg 2 state, included, because of their weak effects on the final results.

being very deep lying, may appear only at high excitation Although the absolute values of the spectroscopic factors

energies. These 172evels are further more populated in the have systematic errors arising, for example, from the optical
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model and bound-state parameters for DWBA analysis, it is The sums of the spectroscopic factors of neutron orbits
important to compare results with the sum-rule limit becauséor Ti% isospin states above a closed shell core are esti-
the data are always useful to discuss the quenching phenomated with a simple shell model prescription described in
ena in the nuclear structure response. Eqg. (10), i.e.:

TABLE lll. Comparison of spectroscopic factors for different

potentials(a) Becchetti and Greenle¢See Ref[27]). (b) Menetet TABLE IV. Summed spectroscopic facto(s) Present work(b)

al. (See Ref[25]). (c) Koning and DelarochéSee Ref[34]). Bindal et al. (See Ref[8]).

Orbit E, C?S (MeV) Orbit Experiment Simple shell model
(MeV) (@ (b) ©) (@ (b) prediction

2ds)» 0.000 1.66 1.76 1.63 192 5.81 6.53

19752 0.775 0.81 0.81 0.81 2P0 0.84 1.63 20.92

2d3» 1.603 0.078 0.083 0.078 2p3)2 2.20 1.36

2p1s2 2.301 0.32 0.30 0.33

1gg/2 2.417 1.36 1.52 1.36 197/ 0.81 0.94

1992 2.518 0.98 1.09 0.98 2ds, 2.07 2.35 4.00

2Py 2.861 0.21 0.20 0.22 2d3)» 0.35 0.57

2p3)0 2.952 0.17 0.20 0.17 1hiy)n 0.33

2Pz 3.027 0.37 0.40 0.35 3s12 0.13

1992 3.464 0.87 0.98 0.87 Subtotal 12.08 13.84 24.92
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FIG. 10. Double differential cross sectigleft) and analyzing powergight) obtained for the%Mo(p,d)QSMo reaction at 50 MeV.

. ny(€,))
nn(ﬁ])‘{im
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2C87) e

2T+1

for T>:T+%

for T<:T—%

Results of the sum rule analyses are summarized in Table
IV. Since the isobaric analog of the ground stat€o is
, atE,=12.2 MeV, the analog states are not populated within
the excitation energy covered in the present work and these
T.. strengths are not included in the table. Because of the
well known fragmentation of the single particle strengths it is
certainly possible that levels beyort=5.8 MeV should

wheren, and n, are the numbers of neutrons and protons,carry some of the strengths quoted in the table. The summed

respectively, above the closed shell core dnig the target
isospin. We assume here 28 as the closed shell coréMr,
i.e., np=14 andn,=26 andT=6, then the sum rule limits
of 3C?8=20.921gg/>+ 2Py 2+ 2P372) +4.00(1g7/5+ 205

+ 2d3/2) =24.92.

strengths obtained in the present work and by Biretadl.

[8] are close to each other for all but thp;2 and 25/, shell
model states, the present values being smaller for the former
state and larger for the latter. Simultaneous good fits to
do/dQ andA, should make the present values reliable. The
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FIG. 11. Same as Fig. 10 but for different angles.

transitions to the H;,,, and %, shell model states found by earlier in Sec. Il B. The prescription of Bohr and Mottelson
Bindal et al. are not observed in the present study. Their[29] which is modified to fit the"°Ca single-hole states de-
excitation through a single step process is somewhat surprighyced by Nedjadeét al. [37] was used to calculate the single
ing as these are much above the Fermi surface. This point syrticle energies. The values of Fermi energies for neutron

discussed in Sec. IV B. Taking all the points discussed earlieg_, ; ;
. : X and protonEg(p), separation energies for neutr
into acount, the sum of the spectroscopic factors determlnegF( ) P F(P) P g i

96 ; _ _
in the present works are consistent with those of Biredll. and protonS, of *“Mo, respectively,—7.9738, —6.9377,

[8] and has a significant role for understanding nuclear struc2-1942, and 9.2974 were used here. From the BCS theory,
ture. we can understand that only shell orbits fromy,3, 2ps/, of

T.. have significant effects in giving the shape of the spec-
D. Continuum spectra analyses trum below 5.8 MeV, while the elements &£ do not have
(i) In the present study, we analyzed the measured energyny effect because the isobaric analog ground dfateof
spectra by overlapping the DWBA predictions as described”Mo is known as the level at 12.2 MeV.
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g 10? 8o, o E <50 Mo tions and analyzing powers are shown as obtained after sum-
2 “Mo(p,d)*Mo E,=50 MeV. nc;: Molp.d)"Mo  =g=SUNe ming up over the excitation energy regions of 0-2.5, 2.5-5.8,
a' =05 and 0-5.8 MeV, i.e., the peak, continuum-dominated and
35 5 full region (from discrete levels to continuum spegtrahe
B = (0-25Me) absolute value of theoretical cross section is to be multiplied
© < 00 a@'&'ﬁﬂ by a factor of 0.75 for the 0—2.5 MeV region to fit the ex-
perimental result; whereas, for the other two regions no such
normalization is needed. For the analyzing power, it repre-
*"5:\ sents good agreement in magnitude. The fitting of the abso-
[~ (25- 5.8 MeV) j? lute value of theoretical cross sections to the experimental
00 000 ones are in good agreement in magnitude and also in ex-
pressing the trend of angular distributions of the cross sec-
tions and analyzing powers for all the three regions except
05 for the region dominated by the discrete levels. The last fact
RS (0.0-58 MeV) X is natural as the model used in the analysis is not valid for a
00 detailed structure of the ground state region. Figure 12 is also
00 another indication for the reliability of the theoretical calcu-
lation for the shape of theoretically reproduced spectra and
— e daa (o) 95} moroca s also for the values. of cross sections which are almost s_imilar
. E‘;Tpe fmental dat(o ) o Exparmenta dm«;i) to 'ghose of experlmental' ones except'for'peak dqmmated
region where the normalization factor lies in the neighbor-
0 -  EEEEREREEEREEEEREREERRREI
L A i R R A hood of unity.
0, m[0ed] 6 _[deg] V. CONCLUSIONS

FIG. 12. Angular distributions of the summative cross sections The ®*Mo(,d)%Mo reaction was studied with a 50 MeV
(lefty and analyzing powers in th&Mo(p,d)*Mo reaction at  polarized protons. The angular distributions of the differen-
50 MeV. Solid curves refer to the predictions due to the presentig| cross section and analyzing power were measured for
analysis, dotted curve the predictions after normalized to fit thesingle hole states irt°Mo up to an excitation energy of
experimental re_-sults. The normalization coefficients is 0.75 for the; g MeV. The data analysis with a standard distorted wave
0-2.5 MeV region. Born approximation theory provided transferred angular mo-

mentafj and spectroscopic factors of 49 excited states up to

We used here three global potentials for protonsan excitation energy of~5 MeV. Two global potentials
[25,27,34 and the corresponding adiabatic potentials forother than Becchetti and Greenlees were used here for some
deuterons to analyze the double differential cross sectiostrong and unambiguous states to test the reliability of the
(DDX) spectra and the results for the cross section and an&2Svalues and also used in the case of continuum spectra for
lyzing powers are consistent with one another as shown ibeing confident about the theoretical method of DDX. Be-
Figs. 10 and 11. The different potential parameters are showgause of the use of polarized beam a unique assignment of
in Table I. The measured energy spectra of DDX and analyzspin and parity is possible for most of the levels, except a
ing powers were converted to 500 keV wide energy spectréfew where one or the other of the differential cross section
Figures 10 and 11 show double differential energy for labo-and the analyzing power is not well fitted. Some of the pre-
ratory angles of 8°—48°, with lines representing the theoretvious J™ assignments, as well @stransfers are contradicted
ical cross sections and analyzing powers, and histograms the our study and a few new assignments are made; whenever
experimental ones. The present calculated valtiesoreti-  an assignment is in doubt, that particular case is shown in
cal) for angular distributions of double differential cross sec-parenthesis in Table 1. One-step direct pickup reaction
tions are overstimated a little at lower excitation energy inmodel was used here for analyzing the wide spectra from
magnitude; however, for analyzing power, it is generally un-discrete levels to continuum region. The theoretical distribu-
derstimated a little up to angle 29°. The direction of analyztion of the strength function over the experimental con-
ing powers are in good agreement with experimental ones alnuum spectra are reproduced well by adopting an asymmet-
lower excitation energy but for higher excitation energy ex-ric Lorentzian form in the DWBA-based cross sections
cept for 14° and 17° angles, all are in good agreement. As aalculation having energy dependent spreading width.
whole, the shapes of continuum DDX spectra, generally, are
f_airly well _reproduced, and the absolute values of cross sec- ACKNOWLEDGMENTS
tions are in good agreement with and very close to the ex-
perimental data. The theoretically calculated angular distri- The authors are grateful to the staff of the Research Cen-
butions of analyzing powers also agree with experimentater for Nuclear Physic§RCNP), Osaka University, for the
ones. These facts assure the validity of the experimental aipport of the experiments at the cyclotron facility. One of
well as the theoretical data processing method for continuurthe authorgS.A.S) acknowledges the financial support from
spectra. the Ministry of Education, Science and Culture, Goverment

(ii) In Fig. 12, the angular distributions of the cross sec-of Japan, and the leave from Bangladesh Open University.
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