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A study of isobaric-analog states (IAS) excited in the (p, d) and (d, t) reactions on 9 ' ' 6Mo,

the ( He, o. ) reaction on @' Mo, and the 9 Mo(p, d)9 Mo reaction is reported. Coulomb ener-
gies and angular distributions were measured for analogs of all parent states observed in a
(d, He) study on Mo targets, and some additional nuclear structure information was obtained.
Distorted-wave Born-approximation calculations were performed, and the resulting spectros-
copic factors reveal a pronounced decrease in l =1 hole strength with increasing mass num-

ber as well as fluctuations in the ratios C S„(p,d)/C S„(d,t). The first effect is discussed in
terms of mixing with the dense spectrum of Tq levels in the IAS region.

I. INTRODUCTION

Isobaric-analog states (IAS) in the g =90 region
have been studied extensively via proton reso-
nances' and, more recently, in proton stripping
reactions. ' 4 However, no extensive studies of

T& hole states have been reported for this region,
which probably reflects the fact that relatively
high bombarding energies are required to obtain
meaningful direct-reaction data for the IAS. In
the present work, IAS excited in the (p, d) and (d, t)
reactions on ""'~Mo and the "Mo(P, d)'"Mo reac-
tion were investigated. Differential cross-section
measurements were also obtained at a few angles
for the ('He, a) reaction on ""Mo. A comparison

of spectroscopic strengths deduced from these
reactions is presented, with further comparisons
to the parent state results of Qhnuma and Yntema
(OY)' who studied the (d, 'He) reaction on the mo-
lybdenum isotopes. A brief account of this work
has been reported elsewhere. '

II. EXPERIMENTAL PROCEDURE

The experimental configuration and data analysis
procedure was similar to that reported previously. 4

Data were taken with 38.6-MeV protons, 40.6-MeV
deuterons, and 35.0-MeV helions incident on iso-'

topically enriched Mo targets whose weighed thick-
nesses ranged from 0.554 to 1.10 mg/cm'. Two
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counter telescopes spaced 5 apart mere used si-
multaneously to reduce data acquisition time, and
selected data points mere checked by measure-
ment with both systems. For the (P„d) and (d, t)

reactions, each telescope consisted of a surface-
barrier detector in the thickness range 0.5-1.0
mm for ~, a 3-mm Si(Li) detector for E, and a
third detector in anticoincidence with AE and E
to eliminate pulses due to elastically scattered
particles. The over-all resolution obtained mas
about 50 keV full width at half maximum. A peak-
fitting computer code was used to extract yields
for partially resolved levels. Spectra in the IAS
region for the (d, t) reaction on "'~"Mo and the
'SMo(p, d}~~No reaction are shown in Figs. 1-4.

Energy calibrations mere obtained from neutron-
piekup reactions on ~'Ni, "~ "Mo, and the "C
and "0 contaminants present in the targets. Abso-
lute cross-section normalizations were obtained
by integrating-the beam current and checked by
measuring proton elastic scattering cross sectloQs
at forward angles. Excellent agreement with opti-
cal-model predictions (s5%%u~) was obtained in all
cases, and the maximum disagreement among ex-
perimental values from the targets of different A.

was =5% at 8, ='I.8'.

IH. DISTORTED-%EAVE BORN-

APPROXIMATION CALCULATIONS

Distorted-wave Born-approximation (DWBA) cal-
culations, including finite range and nonlocal
(FRNL) corrections were performed using the

computer code DWUCK' and optical-model param-
eters from the literature. ~' " These parameters
and the FRNL parameters are listed in Table I.
The same deuteron, triton, helion, and ~ param-
eters mere used for a].l calculations, while the
proton parameters were adjusted slightly as a
function of target mass and isospin according to
the prescription of Ref. 8. Neutron form factors
mere calculated for potentials of radius 1.23&~'
fm, diffuseness 0.65 fm, and A. =25, with binding
energies equal to the experimental separation en-
ergies. These wave functions reproduce the pro-
ton form factors used by OY' for the correspond-
ing parent states to within P%%uq in the nuclear inte-
rior for all levels considered here. (The poten-
tials used by OY had 8 = 1.20&~~ fm, g = 0.65 fm,
and A. =25.)

The calculated and experimental cross sections
are related by

dQ exp 2J + 1 GG

where J is the transferred angular momentum, N
is the normalization constant determined from the
internal structure of the projectiles, and O'S is
the speetroseopic factor. Values of N were taken
from Smith for the (p, d) reaction (2.54) and
from Thompson and Hering" for the (d, f} reaction
(also 2.54). In order to provide a more meaning-
ful comparison of absolute spectroscopic factors,
the FRNL (d, 'He) results of Ref. 5 were adjusted
to correspond to N =2.30, which mas also ealeu-

particle ~so rsorp

TABLE I. Optical-model and FHNL parameters used in DWBA calculations (Me& fm u1}it~),

V a 4 g~ rl ar p2 8

47.4
100.8
151.1

' 157.8
228.0

1.170
1.099
1.240
1.174
1.366
1g23

0.750
0.835
0.685
0.706
0.577
0.65

24.06
11.71
23.30

5.84 12.56 1.320 0.570
53.64 1.344 0.747

1.432 0.870
1.596 1.032
1,242 0.577

6.20
6.53

iso=25

1.010 0.85
1.099 0.54

0.25
0,25
0.20
0.85

0,695
0.845

2.00

' Nonlocal parameter used in DWUCK.
b Finite-range paraxneter for (p, d), (d, f), and (3He, e) reactions, respectively, used in DWUCK.
o proton parameters vrere obtained from the equations of ref. 8:

V = 54 —0.32E+0.4'-us + 24(Ã —S}/&

Q'=0.228 —2.7 s

g ~ =11.8 —0.25& +12(Ã- Z) /A,

ar ——0.51+0.7pf- Z}/A. , arith

r, a r p r, and a = a fjxed, parameters sho%ll in table are for Mo.
d See Ref. 9.
~see Bef. 10.

888 Ref. 4.
Race Ref. 11.
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obtain a natural width, F= V0+ 20 keV. A summary
of experimental results is given in Table II.

100- I I t I I I

'Mo(dt) M

1 1 I I I I

"Mof d)"M '

B. Coulomb Energies

The Coulomb energies listed in Table II were
calculated from the relation'4

~c-I M~~+ 5S+j. Z nP &

where L„~=0.7824 MeV is the neutron-hydrogen
atomic-mass difference and Z =41 in calculations
for the Nb-Mo isobRrs. MRss VRlues for A ~~ 93
are those of Mattauch, Thiele, and %apstra, "
while values obtained from more recent measure-
ments'6 "were used for A, =91. Niobium excitR-
tion energies were obtained from Ohnuma and
Yntema' and Hesse and Finckh " Our values for
L~ are ln good agreement with measurements for
other nuclei in this mass region'~ and decrease
slowly with increasing neutron excess. The abso-
lute errors in g~ are +30-50 keV, whereas the
relative errors for a given A (i.e., the errors in
level spacings) are about F10 keV in most cases.

Thhe measured Coulomb energies for 1g,~, levels
are always 20-60 keV lower than for 2P levels.
A shift in this direction is to be expected from
the Coulomb energy differences between 1g and
2P protons and from binding energy effects. '~

C. Spectroscopic Factors

According to the sum rules for single-nucleon-
transfer reactions, "the IAS spectroscopic factors
are related to those for proton pickup to the parent
states by

2TC S„=C Sp,

where T -=T,. These quantities are listed in
Table II and graphically summarized F' s 10
RIll 11.

The (P, d) spectroscopic factors for I =4 and I = 1
IAS average about 10)0 larger than those obtained
from the (d, t) reaction. However, the ratios It„„
—= O'S„(P, d)/O'S„(d, t), .which might be compared
for levels of the same J", are somewhat incon-

0sxstent (see Fig. 10). Anomalies are observed in
the 2P~, and 1g,&, ratios for "Mo, which appear
to arise from an unusual Ig,&,-2p~, strength dis-
tribution in ihe (d, t) reaction (Table II). The
cross sections for both reactions were extracted
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for the partially resolved doublet at 10.9 MeV ex-
citation with a peak-fitting code. The entire
strength of the doublet was assigned to the —,

' com-
ponent at the smallest angle measured for the (d, t)

reaction (see Fig. 6), so no significant increase
in 2P~, strength is attainable. The 2P~, and 1g,~,
(P, d) distributions appear to be somewhat dis-
torted, probably because of uncertainties in the
peak-fitting procedure. However, if the 2P&, ra-
tio for "Mo is reduced to agree with those for
"Mo and "Mo by renormalizing the DWBA curve
for the (p, d) reaction, the data points at the two
smallest angles would miss the curve by more

than two standard deviations. Also, as shown in
Fig. 10, 8„„for the —,

' level of lowest energy is
consistently lower than for the second —,

' level.
Most of these ratios have assigned uncertainties
of about alga, which reflects a conservative esti-
mate of possible inconsistencies in normalizing
the DNA curves to the data, and no evidence for
large discrepancies among T, states in these nu-
clei" has been observed. The ratio of summed
IAS strengths for the (P, d) and (d, t) reactions is
constant to within &1(P/p from nucleus to nucleus
[curve (d) in Fig. 11].

The (d, 'He) spectroscopic factors summed over

TABLE II. Summary of results for neutron-pickup reactions to IAS in Mo isotopes.

Mo*'
(Mev)

Nb*b

(MeV)

&c'
(MeV+keV)

d
0'max

(pb/sr)
2T C~S„

(p, d) (d, t) (3He, 0.')
C2g f

(d, 3He)

91,

93, P

95, 'P

97, f

6.99

7.12

8.34

8.66

8.87

10.89

10.94

11.59

12.22

12.30

12,10

12,36

12.94

13.15

13.37

13.43

13,03

13.79

14.26

14.30

14,34

14.38

14.50

0.10

1.31

1,61 g

1.85

0.03

0.68

1.32

0.23

0.77

0.98

1.22

0.74

1.24

1,43

12.21 + 35

12.24+35

12.25+ 35

12.27+35

12.24+ 50

12.09 + 30

12.11+ 30

12.11+ 50

(12.14+ 50)

11.96+30

11.99+30

12.03 + 50

12.03 + 50

(12.04+ 50)

11.88+ 30

- 11.90 +30

(11.93 + 50)

11.92+30

(f)
(f)
($)

i-

($)
($)
($)

(f)
2

($ )

(P ) h

1
2

(f)
($ )

92+5

380 + 30

295 + 30

610+ 40

93+10

57+6

190+ 10

170+ 15

250+ 20

43+4

128 + 10

128 + 10

35+5

31+3

81+10

86+15

75+15

20 +4

3.01 2,29

3.70 5.74

2.25 2.77

1.17 0.87

1.07 0.98

1.73 1.21

2.73 3.71

2.25 1.86

1.13 1.06

1.15 1.14

1.79

0.78

3.59

0.67

2.40 2.67

2.10

1.00

1.09

0.94

1.74

2.48 2.23

1.59 1.77

1.37 1.30

2,29

1.58

1.43

2.20

7.41

2,81

1.29

0.89

2.78

2.6

1.4

2.4

4.3

(2 9)

(1,6)

(1 8)

(3 2)

2.9

1.8
2.0

(2.5)

2.1

2.6

2.3

'+30 keV.
See Ref. 5 and references therein.
Values in parentheses are averages for unresolved-parent-state groups.
Value at forward maximum of DWBA curve after normalization to data from the (p, d) reaction.
Normalized to give a summed strength for 1g and 2P levels equal to that from the (d, He) reaction (7.5) for A =91.

~ FRNL results of Ref. 5, renormalized to correspond to N =2.30 (see text).
&See Ref. 18.
"Assigned in present work.
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1g and 2P orbitals are essentially constant for
%=91, 93, and 95 [curve (a), Fig. 11], as expect-
ed. The value reported by OY for "Nb is some-
what lower. The IAS strength is not constant, how-
ever, but decreases with increasing neutron num-
ber Fo. r both the (p, d} and (d, t) reactions, the
total (1g+ 2p) strength is nearly 45% lower for
A =95 than g =91. Most of this is due to a de-
crease in l = 1 strength which, for the (p, d) reac-
tion, is a factor of 2 between A. =91 and A. =97
[curve (b), Fig. 11], and the relative l = 1 decrease
is largest for the —,

' levels. The change in (p, d)
spectroscopic factors for the 1g,&, ground-state
analogs is less than 2I@ [curve (c)J. The DWBA
calculations are insensitive to slight ch ages in
target mass and, since the binding energies of the
transferred neutrons all lie in an interval of 3.5
MeV, it seems unlikely this effect is due to in-
correct Q dependence in the calculations. Data
were taken at a few angles for the ('He, o.) reac-
tion on "Mo and "Mo as a check of the latter pos-
sibility (Fig. 12), since the Q dependence of this
reaction is substantially different from that of
either the (p, d) or (d, f) reactions. For example,
the ratios of the peak DVf cross section for the
8.34-MeV level in "Mo to that for the 12.94-MeV
level in "Mo are 1.52, 1.33, and 1.04 for the (p, d),
(d, t), and ('He, n} reactions, respectively. The
relative decrease in measured l = 1 strength from
g =91 to 95 is the same for all three reactions to
within 10%, which indicates the general trend is
independent of the specific features of a given re-
action mechanism. There appears to exist no
common trend for the l = 4 strength, or for the
1f,~, strength.

CO

Ll

E

a
b

100

10

100

100

100

10

Mo(pd} Mo

13.79

14.50

/2

D. Isospin Mixing

The decrease in IAS hole strength might be ex-
plained by considering the mechanism that leads
to spreading widths for isobaric-analog resonances
(IAR). This subject has been treated in some de-
tail by Mekjian, "who attributes the spreading
width to Coulomb mixing of the IAR with the dense
spectrum of T, states in the region of the IAR.
These 7', states are in turn coupled by nuclear forces
to low-lying configuration states and to isovector-
monopole states which lie above the IAR in energy.
The monopole states are responsible for the dom-
inant contribution to the mixing strength in the
g = 90-100 region. ~ Single-particle IAR therefore
contain 7', and T, Components, both of which are
likely to decay by proton emission and have com-
parable widths.

It seems reasonable that isospin mixing of a
similar nature occurs for hole-state analogs, such
as those observed in the present work. However,

100

o
~l t ~) (

14.50

l I I I I j

0 10 20 50 40 50 60 70

ec.m. (deg)

FIG. g. Angular distributions for IAS excited in the
Mo(P, d) 9~Mo reaction. Excitation energies are in

MeV, and the curves are DWBA predictions.
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one must then consider the decay modes of 7, and

T, hole states whose excitation energies are above
the threshold for particle emission. It would seem
that the decay of T, components would be domi-
nated by neutron emission if that channel is open,
and that such states would be quite broad and prob-
ably not observable in our spectra due to the high
background. The 7', components in the IAS region are
neutron bound in the present work for A. = 91, and
become increasingly unbound for A. ~ 93. The T,
components are restricted to proton or y decay
in all cases by isospin conservation and therefore
should be relatively narrow. It seems reasonable,
then, that the strength which appears to be missing
from the IAS groups in our spectra is contained in
broad, unobserved T, levels which undergo neu-
tron decay. Also, a decrease in measured IAS
hole strength with increasing A is consistent with
the IAS moving closer to the monopole with in-
creasing neutron number. " A sjmilar decrease
in strength was observed by Sherr et al. ,"who
studied lf,~, IAS via the (P, d) reaction in the Ni

region, but this decrease was partially attributed"
to experimental uncertainties, Unusually low spec-
troscopic factors were obtained" for the IAS in
"Fe, "¹i,and '9Ni, the first two of which are
above the neutron emission threshold. Our results
suggest the possibility of an 1 = 1 hole-strength
minimum around A =95-97 Icurve (h), Fig. 11],
which could correspond to a maximum in the mix-

ing strength for these states. Mekjian" has pre-
dicted a slight maximum in the IAB monopole-
mixing strength around g = 90.

The spins and parities of the dominant monopole
contributions in these nuclei are not clear, since
many configurations are possible. " The fact that
the depletion of spectroscopic strength is concen-
trated in / = j. transitions seems to imply monopole
J' values of —,

' or —,
' may be dominant over &, or

that the & T, states which mix with the IAS are
sufficiently narrow' to be included in our extracted
peak yields. The second possibility seems reason-
able if one considers the simplest mechanism for
the particle decay of a hole state, i.e., a nuclear
Auger process whereby the hole is filled by one
particle and all the energy is transferred to a sec-

I I I

~&sea &~& ~

I.O— '
9l

0.5—
I I I I I I

9I 95 95 9I 93 95 AVERAGE

FIG. 10. Spectroscopic factor ratios R«=—C2S„(p,d)/
C28„(d, t) versus mass number. First (lowest excitation)
and second 2psg2 levels are denoted by (1) and (2), re-
spectively. Weighted averages of R«are also shown
«r 2pey2 (1) and 2p3y2 (2). The errors include possible
inconsistencies in normalizing DWBA curves to the data
and uncertainties in relative normalizations for targets
of different A.

FIG. 11. Spectroscopic strengths and ratios versus
mass number. Curve (a) is the summed (1g+2p) proton-
hole strength measured by Ref. 5 (see text regarding
normalization). The values for A =95 are upper and low-
er limits, which depend on whether all or none of their
unresolved (2 +2 ) doublet is assigned 5 = 1 (see also
Table Il). Curve (b) is 2TC2S„(p,d), summed over the
three / =1 IAS observed in each nucleus. Curve (c) is

C Sn(p~d) for the A~2 IAS. Curve (d} is Bs= ZC Sn(p'~d)/
ZC S„(d, t), where the sums are over the l =1 and E =4
IAS. The errors for curves (b), (c), (d) include possible
inconsistencies in normalizing DWBA curves to the data
and uncertainties in relative normalizations for targets
of different A.
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Nb core to maintain a total J' of -', . Such states
would have considerably smaller widths than neu-
tron-decaying states due to the Coulomb barrier,
and may be included in our peak yields for the IAS.
It is still not clear, however, whether the observed
l dependence is due to the nature of the T, state
decay, or a selectivity in the mixing strength it-
self which in turn could arise from a J' prefer-
ence for isovector-monopole states.
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FIG. 12. Angular distributions for IAS excited in the

( He, o. ) reaction on 9 lVlo and 9 Mo. Excitation energies
are in MeV, and the curves are DWBA predictions.

ond particle which is subsequently emitted. This
simple process would imply neutron decay to even-
even ground states (J"=0') for the isotopes con-
sidered here. If the hole is initially in the (n, l, j)
orbit, the emitted neutron would have to decaecay
from the (n+ 1, I, j) orbit in order to preserve J'"
in the compound system. From shell-model con-
siderations, it appears the 3P orbits are much
more accessible than 2g,~, orbits at the excitation
energies involved here. Thus, the 1g,&, hole states
may instead prefer to decay by y emission, or b
proton emission from one of the Ss-2d shell orbits
many of which can couple to the nonzero, odd-odd

The study of the IAS excited in neutron-pickup
reactions on Mo isotopes has revealed a pro-
nounced decrease in hole strength with increasing
mass number, as well as fluctuations in the ratios
C'S„(P, d) jC'S„(d, t). The decrease in strength
might be qualitatively explained by assuming that
isospin mixing occurs and that the T, states in-
volved in the mixing are very broad and decay
primarily by neutron emission. The decrease is
concentrated in the l =1 IAS, which suggests an l
dependence in the mixing strength or in the decacay
modes of the T, states involved in the mixing. A

study of the decay products of the IAS in these nu-
clei should prove interesting.

There may be a saturation or a maximum in the
mixing strength in the A =95-9V region of these
isotopes (Fig. 11), and we plan to investigate this
further with the "'Mo(d, 'He) 'Nb and "'Mo(P, d)-
99 AMo reactions. In addition to providing informa-
tion on Coulomb energies and isospin-mixing
strengths, studies of this nature might yield in-
formation regarding the spins and parities of
monopole excitations.
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The nuclei ~79Hf, «83' W were studied with the {n,y) reaction for neutrons of several reso-
nant energies. High- and low-energy y radiation following resonant capture was observed with

Ge(Li) detectors. Level schemes were constructed from these data in conjunction with previous
information from charged-particle reactions and decay studies. Some discrepancies among
previous studies were clarified and a large number of spin assignments suggested. From
these and data from the (d, p) reaction an analysis is made of the fractionation and distribu-
tion of the single-particle ¹ilsson strength in the energy region 1.3-2.3 MeV. It is found
that the Nilsson model breaks down rather suddenly above the vibrational energy: A much
larger than expected number of rotational bands are observed and the (d, p) strength is se-
verely fragmented. This mixing appears to be larger in ~8 W than in ~~ Hf and still larger
in W. The data for 2+ and 1+ states in W are compared with recent random-phase-
approximation calculations: Again, much more configuration mixing is observed than is
calculated and significant {d,p) strength occurs lower than predicted in the spectrum.

INTRODUCTION

In its description of the low-excitation-energy
region of heavy deformed nuclei the ¹lsson mod-
el' has been remarkably successful. ' ' Through
it, an immense body of data from charged-parti-
cle reactions and electromagnetic decay studies
has been interpreted and correlated.

In odd nuclei (for example the 150 ~A & 190 de-
formed region) it has been possible to interpret
most states up to -1200 keV in terms of simple
one -quasiparticle -proton or -neutron excitations.
The ¹ilsson model provides simple predictions
for one-nucleon-transfer-reaction cross sections
that are generally in very good agreement with
experimental results. It is often necessary to in-
corporate an analysis of the effects of Coriolis or
&N = 2 mixing or occasionally of hexadecapole de-
formations on these cross sections, but numerous
examples exist ' for which, once done, the abso-
lute values and systematics of stripping- and pick-
ing-reaction cross sections are excellently repro-
duced. Similarly the model establishes many elec-

tromagnetic and P-decay selection rules and esti-
mates of matrix elements that have been found to
be in satisfactory agreement with experiment. In
turn, as with the charged-particle data, these
have allowed the assignment of most low-lying
levels to the excitation of various Nilsson orbitals
and to the rotational bands built upon them.

At about 1 Me V (in the rare-earth region) vibra-
tional excitations can occur and the lowest lying of
these ( y and P vibrations) have been reasonably
successfully interpreted both microscopically and
macroscopically. ' " These excitations are ob-
tained theoretically'" typically as the lowest
roots of secular equations in the random-phase
approximation. Higher roots should also exist but
have seldom been unambiguously identified exper-
imentally.

In fact, at energies above the first vibrational
excitations the entire model appears to break down.
It rapidly becomes difficult or impossible to as-
sign ¹lsson orbitals to rotational bands (or even
to locate well-behaved bands) above -1500 keV."'"
Generally, only high-spin levels at these energies


