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Differential cross sections for elastic and inelastic proton scattering on Zr were measured
between 6.0- and 8.5-MeV bombarding energy. The decay of analogs of states in Zr to the
ground state and the 0.92 MeV (2+), 1.30 MeV (0 ), 1.66 MeV (2+), and 2.06 MeV (3 ) states
in Zr was investigated. In the analysis of the inelastic proton groups, the enhancement of
the Hauser-Feshbach background, as well as the interference of the resonance amplitude with
direct nuclear excitation were taken into account. Spins, spectroscopic factors, and possible
weak-coupling configurations in the parent system are derived and compared with results pre-
viously obtained for Zl and Zr.

1. INTRODUCTION

Since the pioneering work of Jones, Lane, and
Morrison, ' inelastic proton scattering through iso-
baric analog resonances (1AR) has become an effi-
cient tool in nuclear spectroscopy for determining,
in a qualitative way, correlations between low-ly-
ing core states ~c) of the target and the states (nc)
of the parent system. Conclusive analyses, howev-
er, resulting in numerical values for partial widths
and spectroscopic factors, have been performed
only for two categories of resonances; namely,
single-partic1e analog resonances (1) built upon the
ground state of a target with magic neutron number
and decaying to excited neutron-particle-neutron-
hole states, and (2) built upon excited core sta'tes
(weak-coup1ing modei). ~'~

The partial widths and angular momenta of the
outgoing proton partial waves manifest themselves
in the shapes of the on-resonance angular distribu-
tions. So far, only resonances above a very small
background2 or superimposed on a Hauser-Fesh-
bach background' ~ have been studied in detail, as
those angular distributions feature near symmetry
about 90 . However, IAR occur in general at pro-
ton energies where Coulomb and direct excitation
compete with the resonance process, particularly

in exciting collective states. The interferenee be-
tween different modes of excitation can affect an
angular distribution to such an extent that details
of the resonant part (like the coefficients of the I'~
and higher terms in a Legendre polynomial expan-
sion) are masked. 1t thus seemed worthwhile to in-
vestigate a reaction where the effects of direct
scattering have to be taken into account. We chose
~Zr as target and measured the decay of analogs
of parent states in "Zr to target states below 3.0-
MeV excitation. From inelastic proton scattering
at 12.7 MeV, these states are known to be weakly
"deformed, "except for the lowest quadrupole and
octupole vibrations at 0.92 and 2.06 MeV, respec-
tively, which indeed will show a pronounced non-
resonant excitation above 7-MeV proton energy.
Because of the very low (P,n) threshold at 1.69
MeV and the high level density in ~Nb, Hauser-
Feshbach contributions in the (P,P') cross section
from T, compound states are expected to be small.

Tile seeol1d okgect of this experiment was to mea-
sure spins of IAR and partial widths for the decay
to low-lying target states. As was pointed out pre-
viously, ' the differential cross section of the pro-
tons leaving ~Zr in its excited 0' state at 1.30 MeV
is most appropriate for thi.s task, since the on-
resonance angular distributions depend very sensi-
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tively on the spins of the analog states. For reso-
nances observed in both the elastic and inelastic 0
channels, this method yields the same information
as a polarization measurement' of the elastically
scattered protons; it surpasses the latter method
for those higher parent states whose analogs show

up in the excited 0' channel as strong and well-
separated resonances, where the resonances in
the elastic channel are generally very weak and
overlap.

The level scheme of 'Zr has been studied by
Cohen and Chubinsky" via the reactions '4Zr(d, P)
and 96Zr(d, f) and by Stautberg et al. ,~~ who used the
reaction 96Zr(P, d). The spin assignments to some
states which were populated by l =2 and / =4 trans-
fers are in disagreement, as Cohen and Chubinsky
consider neutron excitation into the d„, and g„,
orbits, whereas Stautberg et al. interpret the same

states as neutron hole states in the d», and g„, or-
bits. Inelastic proton scattering through the ana-
logs of these states and leading to the excited 0'
state should allow a very sensitive distinction be-
tween the two assumptions.

2. EXPERIMENTAL PROCEDURE

2.1. Elastic and Inelastic Proton Scattering

A 510-pg/cm'-thick zirconium target enriched
to 95/o in the isotope ~Zr was bombarded with the
proton beam of the model EN tandem Van de Graaff
of the University of Texas. Elastic and inelastic
proton groups were measured in cooled Si(Li) de-
tectors mounted in a conventional 45-cm-diam
scattering chamber. The spectra were sampled in
a PDP-7 computer, stored on magnetic tape and
analyzed on the CDC 6600 computer of the Univer-
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sity of Texas by means of a line-shape fitting pro-
gram. An integrated beam current of 1000 pC was
collected for each data point.

For taking excitation functions at laboratory an-
gles of 90, 115, 150, and 170'with respect to the
beam, the proton energy was varied from 6.0 to
8.5 MeV in approximately 17-keV steps. This
range covers the analogs of states in 'Zr between
0.95- and 3.30-MeV excitation energy. Figure 1
shows the measured excitation function of the elas-
tic proton group. All resonances except for those
at 6.15 MeV (4"=-,' ') and 6.87 MeV (J' = —,")are
weak in agreement with the small (d,p) spectro-
scopic factors measured by Cohen and Chubinsky.
Excitation functions of inelastic proton groups
leaving ~Zr in its excited states at 0.92 (2'), 1.30
(0'}, 1.66 (2'}, and 2.06 MeV (3 ) are plotted in
Fig. 2. The qualitative behavior of inelastic scat-
tering cross sections to different core states ap-
pears to be similar to that found for "Zr as tar-
get": The lowest 2' state is rather strongly popu-
lated at the analogs of nearly all InC) states up to
2.5-MeV excitation, whereas the 0,' and 2,' chan-
nels display a more selective pattern. The excita-
tion function to the 3 state features three strong
resonances between 8.0 and 8.5 MeV. One may
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note also that the background in the 2,+ channel is
several times higher than in the other channels.
Because of the increasing level density of the par-
ent system above 3.0-MeV excitation energy, the E

assignments and spectroscopic factors for those
parent states deduced from the (d,P) work are quite
uncertain and the respective analog resonances
overlap in both the elastic and the 2,' inelastic chan-
nel. Therefore, no data were taken above 8.6 MeV,
where one does not expect, from analogy to Zr,
to observe other strong resonances. Figure 3
shows, in more detail, excitation functions to the
0.92-MeV state taken over the 7.58-MeV IAR at
several angles. Similarly, Fig. 4 displays excita-
tion functions over the three pronounced resonances
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FIG. 2. Excitation functions of inelastic proton groups
leaving Zr in excited states at 0.92 (2g), 1.30 (Og),
1.66 (2&), and 2.06 MeV (3 ), respectively. The curves
were taken at angles at which the respective proton
curves were best resolved from contaminants.

FIG. 3. Excitation functions of the reaction ~4Zr(P, P')-
0.92 MeV over the 7.58-MeV resonance. Note the de-
crease of the full width of the peak at backward angles,
which indicates interference between direct and resonant
excitation of this state.
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pronounced resonances in the 2.06 MeV (3 ) channel.

in the 3" channel.
Angular distributions were measured between 60

and 170' at aU prominent resonances and, in par-
ticular for the 2,' proton group, at some off-reso-
nance energies. They are plotted in Figs. 5-8 for
the inelastic proton groups mentioned above. It is
gratifying to see that most of them are symmetric
about 90'. Also, for analogs of InC) states with

known spin value J; the highest I. values of an ex-
pansion in terms of even Legendre polynomials are
in agreement with the angular momentum selection
rule I „~2J —1. Pronounced deviations from sym-
metry were found in the angular distributions of
protons leading to the 0.92 MeV 2' state (Fig. 5)
and to the 2.06 MeV 2 state (Fig. 8). For the reso-
nances in the 3 channel, a steady increase of the
cross section to backward angles was found, a be-
havior already noted in the ~Zr(P, P'), reaction. "

Finally, excitation functions and angular distri-
butions of protons to highex excited states at 2.61,
3.05, 3.20, 3.48, and 3.58 MeV were taken over
the 8.11-MeV resonance, which appears strongly
in the 0,' channel. Figure 9 displays part of the
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proton spectrum and a 170' excitation function of
these higher proton groups, while Fig. 10 shows
their on-resonance angular distributions.

2.2. Determination of Excitation Energies
in the Parent Nucleus 'Zr

As mentioned above, the parent nucleus "Zr has
been investigated"" via the reactions "Zr(d,p),
96Zr(p, d), and 'Zr(d, t). Targets of 5-mg/cm'
thickness were used in these experiments, and en-
ergy resolutions of 75—100 keV for the protons and
120 keV for the deuterons are quoted by the auth-
ors. Excitation energies of levels in "Zr are re-
ported with an uncertainty of 15-25 keV for each
reaction but the (p, d) data differ by as much as
200 keV from the (d,p) data. Since the analogs of
most parent states do not show up strongly in the
"Zr(P,P, ) excitation function and since the reso-
nances in different inelastic channels are shifted
against each other, a more precise determination
of excitation energies in the parent system seemed
useful in order to be able to unambiguously line up

the observed resonances with known Inc) states.
To this end, we briefly studied the reaction ' Zr-

(d,P). The 510-p, g/cm' "Zr target used in the pro-
ton work was bombarded with a 7.0-MeV deuteron
beam. Protons were detected at 90 to the beam in
a Green-type magnetic spectrometer" which was
equipped with a cooled Si(Li) particle detector
placed on the focal surface of the magnet. The
magnetic field strength was varied slowly and at a
constant rate in order to sweep the different pro-
ton groups over the counter. This system works
as a particle-identification system, and thus al-
lows one to remove the elastic and inelastic deu-
teron peaks from the proton spectrum. The ener-
gy resolution of 40 keV was limited mostly by the
low deuteron energy.

Also, at F~ = 7.0 MeV, y rays from Zr(d, py)
were measured in a 56-cm' Ge(Li) detector. Due
to the high background originating from neutrons
and from y rays following the 'Zr P decay, only
the ground-state transitions from the first two ex-
cited states in "Zr at 950 and 1324 keV were ana-
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lyzed. In Table I, the results of the (d,P) and (d,P&)
runs are compared with previous (d,P) and (d, t)
measurements and with the excitation energies de-
duced from the positions of the IAR. In general,
the agreement with the work of Cohen and Chubin-
sky is very satisfactory. New states in addition to
those reported by these authors were localized at
2317+10, 2983+7, and 3061+12 keV.

resonant processes have been taken into account.
These experimental partial widths are then com-
pared with model values of single-particle widths
I"'&. It has been pointed out" that either Inc) or
Ic) must have a simple structure in order that the
resulting spectroscopic factors can be interpreted
and that I'P can be calculated. More specifically,
if ~nc) is known to be a single-neutron state, one
can determine the neutron-particle, neutron-hole
parts of the wave functions of excited core states;
on the other hand, if Ic) denotes a pure proton con-
figuration or a highly "collective" state, one se-
lects those parent states which feature a weak-
coupling structure.

In the N= 50 region, the decay of analogs of low-
lying parent states (E„,&3 MeV) to the lowest ex-
cited ta.rget states (E, ~3 MeV) has been described
exclusively by the weak-coupling approach. This
interpretation was based in most cases on the posi-
tions, spins, and strengths of the various reso-
nances, but not always proved rigorously by de-
termining the partial waves of the outgoing protons.
For the targets "Sr,'""Zr, ' and 9'Mo" with a
magic neutron number this procedure may be justi-
fied, since neutron excitation across the N= 50 gap
requires at least 4.5 MeV. However, in the case
of '4Zr with four valence neutrons in the 3s2d sub-
shell, neutron excitations within this subshell are
equally important as proton excitations in the 2plg
subshell, making the analysis of angular distribu-
tions inevitable. Indeed, spectroscopic factors of
two- and single-neutron transfer reactions leading
to states in '9~-9'Zr indicate considerable configu-
ration mixing. ""'

3. ANALYSIS

3.1. Outline

In general, the purpose of studying inelastic pro-
ton scattering at analog resonances is to obtain
spectroscopic factors S of the parent system, "
i.e. the overlap between the configurations of a
particular parent state Inc) and that of a single
neutron ~n) coupled to an excited core state ~c):
(S;„)'"~(nc~c8lj). This goal is achieved in two
steps. From proton excitation functions and angu-
lar distributions, the partial widths F„,. in all mea-
sured channels are derived after the effects of non-

Q, 30

P,20
~~ R»O.I0

W = I
—(.9I7+-.056) P2

+ (.I89 *.080) P4

Ep=8.349 MeV

P

Q.50
O

P.25
CP
4D

M 0
W = I

—(,62I+.032) P2

Ep =7.888 MeV

1.50—
I.QO—

~ 8.340 MeV

O
~ ~
0)

V)

~~ =s g'EI a-f+~-~

I,O

0.5
0

V

0.50—rrr
Q. 75

Ep= 7.64I MeVW = I ~(.782-.04I) P2

8.ll5 MeV~ ~

~ ~

0.50—
0.50

O
~~
C

V
~+e

C)

0.25

Ep = 7577 MeY
Q. I 0—W = I + (.579+.043) P2

—(.108+.067) P4
7.577 MeV

off res.0 ~p.05—
I

60 90 I 20 I50 I80 I I I

90 I20 I50

Angle (deg)

I

180
I

60
Angle (deg)

FIG. 7. Angular distributions of the 1.66 MeV (22)
proton group at several resonances. Full lines refer to
the Legendre-polynomial expansions R'(8) = 1+Z& B&

xP~ (cos6) given in the figure.

FIG. 8. Angular distributions of the 2.06 MeV (3 )
proton group at the 8.340- and 8.113-MeV resonances,
and off-resonance (7.577 MeV).

PROTON DECAY OF ISOBARIC ANALOG RESONANCES. . .



1828 I IEB, KENT, HAUSMANN, AND WATSON

TABLE I. Excitation energies (in MeV) of parent states in 95Zr. Quoted errors are those of the last digits.

94Zr{d,p)
(Ref. a)

0.95
1,33
1.64
1.73
191d
2.03
2.29

2.40
2.48
2.65
2,75
2.87
~ ~ ~

3 03

Previous work
"Zr(d, t)
(Bef. a)

0.96
1.33
1.65
1.75
1.92
2.03
2.30

2.40

2.67
2.77
2.88

3.05

"zr(p, d)
(Ref. b)

1.O2{2)
1.14(5)

~ ~ ~

1.79 (4)

2.O3(4)
2.12(5)

2.3V(5)
2.51(4)

2.97 '?

94Zr{d,p)

0.950(2)
1 324(2)c
1.636(5)
1.V33(1O)
1.913(1o)

~ ~ ~

2.89v(15)
~ ~ ~

2.625(20)
2.V44(2O)
2.847 (20)
2.985(20)
8.014(20)

~ ~ ~

Present work

'4Zr(p, p)

o.e5o(s)
1.324(4)
1.628(5)
1.745(5)
1.942(5)

~ ~ ~

2.2ve(1o)
2.31V(1O)
2.389(6)
2.471(10)
2.641(11)
2,744 (10)
2.841{12)
2.9s3(5)
3.012{5)
3.061(12)

Adopted
values

0.950(2)
1.324(2)
1.632(5)
1.v39(v)
1.932(1O)
2.030 (25)
2.2vg(1o)
2.317(10)
2.391(1O)
2.4V9(1O)
2.636(12)
2.744 (12)
2.843{14)
2.983(7)
3.012(V)
3.061(12)

~From Bef. 11.
From Ref. 12.

From Zr(d Py)
d Possibly several states, Ref. 11.

TABLE II. Spectroscopic factors So for states in Zr.

@nc
(keV)

94Zrg, p)
(Ref. a)

So
lj

(Ref. b)
r,

(keV)
r

(keV)

rp
(kev)

(Ref. c)

'4Zr(p, p, )

So
(Bef. c)

rasp

(keV)
(Ref. d)

So
(Ref. d)

0
950

1324
1632

1739
1g82
2030
2279
2317

2391
2471
2636
2744
2843
2983
3012
3061

5/2

s1/2

d3/2

d3/2

d3/2 ~

d3/2

P3/2

d3/2

P 3/2

d3/ 2

d3/ 2

d 3/ 2

0.30
0.89
0.017
0.45

0.05
0.078
0.106
0.124

0.080
0.024
0.044
0.26
0.099

0.093

Sg/2

d3/2 q d5/2
d 3/ 2

d5/2

d5/2

sf/2
d3/2

d3/2

d3/2

d
3/

f7/2

40
0.8

14
10
20
2.7
2.0

5.0
2.0
4.0
3.0

3.0

70
50
55
40
50
42
46

66
70
25
57

55
40
63

40

42

96
48
54

36.5
60

78
4 5

83

88

0.42
0.017
0.26
0.18
0.37
0.07
0.033

0.085

0.064
0.45
0.048

0.035

85
18.5
21.8

29.0
27.6

34.2

39.9
8.2

43.8

48.0

26.7

1.14
0.043
0.64
o.46'
o.e2'
0.092
0.073

O.1V5'

0.125
0.62
0.063

0.063

0.11

~From Ref. 11. Excitation energies from Table I.
From Table IV.
Single-particle widths calculated according to Zaidi and Darmodjo, Ref. 21 and Eq. (5).
Single-particle widths evaluated from the tables of Thompson, Ref. 22.

eFrom Bef. 43.
fFrom Bef. 10.
PLgg2 ln Ref. 53.
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The weak-coupling model has the characteristic
feature that it predicts a large number of inc)
states with very small (d,p) spectroscopic factors.
Consequently, it is often difficult to establish a
unique correlation between the observed reso-
nances and the inc) states identified in the (d,P)
reaction, particularly if the parent system has not
been explored by complementary experiments,
such as inelastic scattering, neutron capture,
(P,n) reaction, P decay, etc. The nucleus O'Mo

represents an illuminating example for the need of
this additional information in order to cover the
full weak-coupling multiplets. ' As mentioned
above, the level scheme of "Zr has been investi-
gated only by single-neutron-transfer reactions.
Fortunately, the parent states of all pronounced
IAR in inelastic channels, except for three, line
up with known states in ~'Zr (see Table I).

After these considerations the analysis proceeds

in a straightforward way. We first fit the excita-
tion functions of the elastically scattered protons
and determine elastic partial widths I p as well as
optical-potential parameters which fit the off-reso-
nance cross section. W'e then select all resonances
in inelastic channels whose angular distributions
are symmetric about 90' and attempt to deduce par-
tial waves and partial widths F, ,.... for the decay to
excited states. Resonances with asymmetric angu-
lar distributions are then included in the analysis,
and the contributions of the compound inelastic and
direct nuclear excitation processes are studied.
Finally, we compare the partial widths with single-
particle widths and indicate possible weak-coupling
configurations of the parent states.

For fitting the differential cross sections and ex-
tracting partial widths we are adopting Weiden-
muller's theory. ' Necessary conditions for the ap-
plicability of this approach are small nonresonant
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cross sections and small optical transmission fac-
tors as given in the present case. The numerical
treatment of inelastic resonance scattering for
cases where only a Hauser-Feshbach contribution
competes with scattering through IAR and where di-
rect excitation could be negelcted has been dis-
cussed thoroughly in earlier papers. '-' Hence we
shall be mainly concerned here with the influence
of direct nuclear excitation. As to the notation we
use that of Ref. 6.
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picted in Fig. 9, at the 8.1-1-MeV resonance.

3.2. Elastic Scattering Channel

The analysis of (p,p,) excitation functions over
isolated analog resonances in the framework of
Weidenmuller's theory, and the derivation of spec-
troscopic factors is described extensively in earli-
er works. ' As usual, the scattering matrix for
elastic and inelastic scattering, averaged over the
fine structure, is written as

&S &
=S+'+&S'-.

&

In the resonance part

the parameters E~, I', and the complex-valued
width functions g, are modified by the mixing of
the analog state with normal T, states; g~ is the
usual statistical factor. Scattering involving these
states is simulated by a Ipc& optical potential and
included in the term S;f', in Eq. (1). For analogs in
the N= 50 region, this "feedback" manifests itself
in large external spreading widths W, and, for ana-
logs below the (p,n) threshold, in a considerable
enhancement of the Hauser-Feshbach cross section. '
In addition, each width function is modified by a
phase factor e ', wherei@c

~Sp
Pgs Pg ' ~q Isp &

C

(3)

and $ „7,F, 6,'p, and I",p denote the optical-poten-
tial phase shift, optical transmission factor, single-
particle shift and width, respectively, in channel c.
Spectroscopic factors S„,. are obtained from the
measured partial width I'„,. by applying the relations

(4)

where I","» denotes the "natural decay width" in
channel c. In most cases the difference between
I"„,. and I',"„.is negligible.

In searching for an adequate
I p C& potential which

fits the elastic (and inelastic} off-resonance cross
sections, we started with the set D of optical pa-
rameters quoted by Dickens, Eichler, and Satch-
ler' for scattering on "Zr at 12.7 MeV. Only slight
changes in the real and imaginary well depth V~
= 59.0-0.3E~ and W~=8.7 MeV were necessary to
achieve a tolerable fit from 6.0 to 8.5-MeV proton
energy. The next step was to analyze the resonance
shapes at 90, 115, 150, and 170' by means of the
code JULIUS." The quantities E~ and I', were taken
as free parameters and the total width I' was in-
serted from the inelastic excitation functions. Spin
assignments were taken from the (d p) work, "a
polarization measurement, "and/or the angular dis-
tributions in the inelastic channels (see Sec. 3.3).
Resonance parameters corresponding to the best
fit are listed in Table II.

In order to deduce spectroscopic factors S, in the
elastic channel, the single-particle widths were cal-
culated according to the prescriptions of Zaidi"
and of Thompson. '

Applying the former method
one obtains F,'I',. from the Lane equations" by the
expression

r,'[,= (u, /E, )T, I&~ I U, (r) IPc&l' (5)

suggested by Stephen. " A real volume-type Woods-
Saxon potential U„(r)+ U, (r) f T, was used to evalu-
ate the wave functions Ina& and

I pc&. The well
depth V„=49.1 MeV was adjusted" in order to re-
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produce the experimental binding energies of the
d„„s„„andd„, centers of gravity in "Zr at 6.23,
5.00, and 4.23 MeV, respectively. " The depth of
the charge-exchange potential U, was fixed to Vy
=1.1 MeV. The radius Rp R] 1 22 F and diffuse-
ness a, =a, =0.65 F as well as the spin-orbit poten-
tial (V„=6.5 MeV) are the same as for the ~pc)
potential. This choice of parameters fulfills the two
empirical relations

V, = 104/A MeV, '
V, To+ V„= V~ ." (6)

A second set of single-particle widths was taken
from the tables compiled by Thompson. " The re-
sulting spectroscopic factors S, are compared in
Table II with the (d,p) measurement. "

The discrepancies between the sets of spectro-
scopic factors deduced from the (d,p) data and the

(p,p, ) IAR data, on the one hand, and between the
ufo sets derived from the IAR data using different
definitions of I'I', on the other hand, are surpris-
ingly large and even exceed those noted by other
authors. ' '9 On the average, it is found that the
R-matrix treatment yields spectroscopic factors
which are too large by about 35%, whereas the ap-
proach of Zaidi and Darmodjo underestimates them
by 43%. This trend, but with smaller deviations,
was observed already in analog resonance scatter-
ing from ' 'Zr and 'Mo targets. ""~ It also
seems that s- and d-wave resonances feature dis-
crepancies of similar magnitude, as may be seen
from the analogs of the 950-keV &' and 1632-keV —', '
parent states. In view of these shortcomings the
extraction of reliable spectroscopic factors in in-
elastic channels appears most difficult.

3.3. Inelastic Scattering Channels

3.3 1 1.30 Me V.(0.~) and 1.66 Me V (3z) States

A quick examination of inelastic scattering exci-
tation functions displayed in Fig. 2 shows that the
off-resonance cross sections in the 1.30- and 1.66-
1VIeV channels are very small. Moreover, the on-
resonance angular distributions feature symmetry
about 90, and enable us to analyze resonances in
these channels by means of the pure Breit-Wigner
amplitude (S,';l) defined in Eq. (2).

In the 1.30-MeV channel, five strong resonances
were observed which are identified as analogs of
states in 'Zr at 1739-, 2279-, 2636-, 2843-, and
3061-keV excitation energy. For each resonance,
angular momentum and parity conservation require
the partial wave in the exit channel to be the same
as that in the entrance channel. This condition pro-
duces a characteristic angular distribution from
which the spin J of the resonance can be unambigu-
ously determined, as pointed out in Ref. 9. This
selectivity is illustrated in Fig. 6, where theoreti-

cal angular distributions for different spin values
are compared with the measurements. Unique as-
signments of J=-'„-,', -„and z, respectively,
could be made to the states mentioned above. The

(d,p) work" suggests positive parity for the states
at 1739, 2636, and 2843 keV; however, (p,p, ) ex-
citation functions over the IAR of the 3061-keV —,

'
state are consistent with an f wave r-esonance, fix-
ing its parity to be negative. As to the 2279-keV 2

state, it was tentatively assigned" negative parity
and spin J=—„ in disagreement with the isotropic
angular distributions of its IAR which infers J= —,'.
As will be discussed later on, we interpret this
state to share a large part of the [0;Css», ] weak-
coupling strength.

The excitation function of protons exciting the
1.66-MeV (2') state feature three pronounced reso-
nances at 7.577-, 7.641-, and 7.888-MeV proton
energy (besides several small ones) at which angu-
lar distributions were taken (Fig. 7). They corre-
spond to states in "Zr at 2317-, 2391-, and 2636-
keV excitation energy. In general, the decay of an
IAR to a target state with nonzero spin can proceed
by a mixture of several partial waves. It is well
known, "~ that one is not able to resolve this mix-
ture from (p,p') angular distributions alone, but
needs additional information [from polarization or
(p,p'y) correlation measurements"] to determine
the partial widths. At least this holds as long as
no adequate procedures for calculating ab initio
single-particle widths F P and resonance mixing
phases (in inelastic channels as well as elastic)
have been developed, thereby reducing drastically
the number of unknown parameters. Another diffi-
culty arises from the fact that the two IAR at 7.58
and 7.64 MeV form a doublet as may be seen also
in the (p,po) excitation functions near 7.6 MeV.
Both resonances have been assigned J' = -', ', the
lower one by Wienhard et a/. ' from the measured
analyzing power of polarized protons, the other
from (d,p) angular distributions. " However, the
result of the polarization experiment seems doubt-
ful, as only one member of the doublet was con-
sidered. Apparently, the polarization fit over
these resonances, as well as over a similar dou-
blet found in "Zr(p,p,) at 7.60 MeV, is not as good
as over other isolated resonances (Figs. 7 and 8 of
Ref. 10). On-resonance angular distributions of the
reaction "Zr(p,p') to the 1.66-MeV state feature .

large positive P, coefficients at these two IAR. It
appears that a two-level R-matrix formalism
should be applied, but that differential cross sec-
tions taken with a thinner target, in smaller energy
steps, and at more angles are required. The IAR
at 7.91 MeV, finally, which coincides with the J
=-,"resonance in the 1.30-MeV channel, decays to
the 1.66-MeV state by the emission of an almost
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pure d3/2 partial wave, as suggested by the large
negative P, coefficient B,= -0.62+0.04."

3.3Z. 0.93 MeV (3 ) and 3.06 MeV (3 ) States

As mentioned before, the measured differential
cross sections of proton groups leading to the 0.92-
MeV (2') and 2.06-MeV (3 ) states indicate that, in
these channels, direct excitation competes with
resonance scattering. Evidence comes from the
lack of symmetry about 90' of several on- and off-
resonance angular distributions above 7.3-MeV
proton energy. Even some apparently symmetric
distributions have higher terms in their Legendre-
polynomial expansions (mostly P, terms) than are
compatible with the spins of the respective reso-
nances. " Furthermore, IAR in the 0.92-MeV chan-
nel do not show symmetric Breit-Wigner shapes
superimposed on a smoothly varying background as
in the 1.30-MeV channel, but rather exhibit long
tails and sharp dips (Fig. 2). The off-resonance
cross section in the 0.92-MeV channel is consider-
ably higher, having a broad maximum of o =4.8 mb
near 7.3 MeV. In terms of the scattering matrix
given in Eg. (1) the total cross section in the inelas-
tic channel c' 4 c can be written as

oH«» = vg2g~Z' T,(g7'HF+ 7' + T,) (8)

where T~ and 7.'~, denote modified proton transmis-
sion factors

(9)

For the test calculation, the parameters E„=6869
ke V, I' = 45 ke V, ~ = -60 keV, and co = 10 keV were
chosen' in the elastic and 0.92-MeV channel. The
transmission coefficients were computed from the
~Pc) optical potential mentioned in Sec. 3.2. As for
the denominator of Eq. (8), we used Beyster's neu-
tron transmission factors for. (soZr+n) ~ and con-
sidered the 83 final states in "Nb below 2.7-MeV

1.0
0,8

I I
[

I I
1

I I

I

0.92 MeV 2

Unfortunately, the large number of states in "Nb
with unknown spins and parities do not allow an ex-
act evaluation of o,",F in the case of '4Zr(p, p'). Nev-
ertheless, we attempted to estimate this quantity
in the vicinity of the 6.87 MeV 2

' resonance in or-
der to set an upper limit on the enhanced contribu-
tion. In the presence of many open neutron chan-
nels, this enhanced part is given by

0.6
Ep = 7.39 MeV OFF

where 8„", accounts for fast nonresonating proces-
ses such as Coulomb and direct-nuclear excitation,
and o,",, denotes the contribution from statistical
compound-nuclear formation. " It seems practical
to discuss first the background terms o,",, and
od,'l ~ 1Sd,'l1' off resonance and implement their
modification over the resonances afterwards.

The importance of the Hauser-Feshbach term
a HF, at resonances occurring below the (p, n) thresh-
old was emphasized in several recent analyses. ' '"
At resonances in 'Nb and 'Tc, for instance, it
was noted that the enhancement of o,",, due to mix-
ing of the IAR with T, states can amount to as much
as 75% of the observed peak and that this enhanced
contribution has to be subtracted before reliable
spectroscopic factors can be derived. In the pres-
ent case, however, the '«Zr(p, n) threshold lies at
E~ =1.69 MeV, so that in the range of proton ener-
gies studied here the T& compound states feed main-
ly neutron channels leading to the many levels of
the odd-odd nucleus e~Nb (Ref. 35). It is consistent
with this remark that the measured off-resonance
(p,p') cross section in the 0.92-MeV channel (o
= 2-5 mb) is smaller by an order of magnitude than
in the reaction 'Mo(p, p') to the 1.52-MeV 2' state
where IAR lie several MeV below the (p, n) thresh-
old. s In the other inelastic channels of s4Zr(p, p'),
Haus er -Feshbach contributions are negligible
(Fig. 2).
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FIG. 11. Off-resonance angular-distributions in the
0.92-MeV (2+) channel (at 7.39 MeV) and the 2.06-MeV
(3 ) channel (at 7.58 MeV). The fits to the data, labeled
DIB+HF, are obtained by adding a Hauser-Feshbach
estimate HF to the DWBA cross section, DIR, calcu-
lated with the program JUPITER. The coupling param-
eters reported, P2 = 0.13 and P3 = 0.18, and the optical
parameters reported in Ref. 8 (except Vo = 56.8 MeV,
~&=8.7 MeV) were used.
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excitation energy quoted in Ref. 35. Lacking other
information, spins and parities of levels in "Nb
with unknown J"were assumed to be randomly dis-
tributed with J" ~7'. This estimate yields 0,",F,

= 2.6 mb at the resonance and cr,",, = 2.0 mb off reso-
nance, i.e. , an enhancement of 0.6 mb or 3% of the
observed peak cross section of 18 mb. These num-
bers represent upper limits, since the open neu-
tron channels above 2.7-MeV excitation were not
considered. The calculation was repeated with

only the 15 lowest states in '4Nb included, and the
same ratio between on- and off-resonance Hauser-
Feshbach cross sections was obtained. In conclu-
sion, we note (what intuitively is obvious) that for
strong analog resonances occurring several MeV
above the (p, n) threshold, the enhancement of the
Hauser-Feshbach background is negligible, even if
the nonenhanced part has to be accounted for, and

that the observed deviations from Breit-Wigner
shapes are due to effects of direct excitation.

Off-resonance effects of direct excitation were
observed in the angular distributions taken at 7.39
MeV in the 2' channel, and at 7.58 MeV in the 3
channel (Fig. 11). No off-resonance data were mea-
sured for higher energies, since the tails of the
resonances overlap (Fig. 2). We calculated
(do/dQ) " at 7.39 and 7.58 MeV using Tamura's
coupled-channel code JUPITER in its simplest two-
channel distorted-wave Born approximation (DWBA)
version, i.e., with one excited state (either 2' or
3 phonon state) coupled to the ground state. As

coupling constants we chose the collective parame-
ters p, = 0.13 and p, =0.18 derived from "Zr(p,p')
experiments at 12.7' and 19.4 MeV. These theo-
retical angular distributions (labeled DIR) are dis-
played in Fig. 11. They reproduce the general
shape of the measured distributions, but underesti-
mate them by a factor of about 2. The missing
cross section may be interpreted as the Hauser-
Feshbach contribution' and can be extrapolated,
in the 2' channel, from the off-resonance angular
distributions at 6.29 and 6.71 MeV (Fig. 5) which
are symmetric about 90'. At 7.39 MeV, we thus
added the isotropic cross section (do/dQ) "F =0.17
mb/sr measured at 6.29 MeV." At 7.58 MeV, an
ad hoc estimate of (do/dQ) HF = 0.03 mb/sr for all
angles had to be added in order to fit the data. The
resulting curves labeled DIR+ HF in Fig. 11 still
underestimate the experimental points by about 15%
at the peaks. It is worthwhile to note that no opti-
cal parameters were readjusted, but that the same
set was used as for fitting the background in the
elastic channel. Coulomb excitation was not taken
into account.

The last step of the analysis was the evaluation of
the interference between resonance and direct scat-
tering. To this end, the program JUPITER was

modified, according to Eq. (7), in order to allow
for resonances in all inelastic channels to be cou-
pled together. (This feature, though not applied in
the present two-channel version, might be advanta-
geous to use in cases where a more complicated
coupling scheme is desirable, for instance, if the
core states are part of a rotational band or a pho-
non spectrum. ) As pointed out by Tamura, the
DWBA cross section, (do/dQ)d, ",, is calculated in
JUPITER from the "C matrix" [see Eq. (47) of Ref.
37, and Ref. 41]. Because of the decomposition of
the C matrix into partial waves, each matrix ele-
ment C„&'.,',.... refers to the total angular momen-
tum J=j in the case of a 0' target, and an outgoing
partial wave l'j' in channel c'. If the resonance
scattering proceeds through a combination of angu-
lar momenta (lj;I'j'), for instance, we added a reso-
nance term [see Eq. (2)] to the respective matrix
elements Cofg f g

The program then calculates
the proper angular distribution without further
changes. As a test, we set the coupling parame-
ters p, or p3 equal to zero and compared the result-
ing angular distributions with those calculated from
standard references. 4' "

In Fig. 12, the effect of the interference is illus-
trated for the particular choice of d3/2 waves in the
elastic and 0.92-MeV 2' channels, for the parame-
ters E~=8113 keV, 2=63 keV, and I",=I',„=10

3/2
keV. The relative phase between resonant and
DWBA excitation was set to zero; resonance mix-
ing phases, p„ the Hauser-Feshbach background,
and Coulomb excitation were neglected. It is grati-
fying to see that between 60 and 140 the curve
labeled RES+DIR deviates very little from the pure-
resonance angular distribution RES. Effects of di-
rect excitation are visible at forward and backward
angles; the 170' excitation function, for instance,
shows a pronounced interference pattern, in con-
trast to the Breit-Wigner shape predicted at 130 .
It is interesting to note that the theoretical "total
width" [=full width at half-maximum (FWHM)] of
the resonance peak decreases toward backward
angles. This behavior was observed for the 7.58-
MeV resonance (Fig. 3). Also inserted in Fig. 12
are the measured cross sections at the 8.11-MeV —,"
resonance which verify the assumed d», partial
wave in the 2, channel.

A strong negative P, term was also found in the
angular distribution of the 8260-keV —2'(? ) reso-
nance which suggest a d3/2 partial wave in the de-
cay to the 2, channel. Angular distributions at the
—,
'' IAR at 7909 and 7577 keV are very similar in
shape to the off-resonance distribution at 7387 keV
(Figs„ f) and 11); subtracting the latter from the
former, therefore, leaves nearly isotropic reso-
nance distributions. Further discrimination be-
tween s wave (B,=0), d„, wave (B,= -0.114), or a
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mixture of partial waves was uncertain; however,
for the 7577-keV resonance, the large partial
width was taken to indicate a predominant s„2 con-
tribution. The same objection holds for the —,

"IAR
at 6869 keV having B,= -0.36+0.05. The nearly
isotropic 6538-keV resonance is thought to decay
predominantly by s-wave emission; its parent state
at 1324 keV will be interpreted to have principally
a [2; C8Is„,] weak-coupling configuration. Unfortu-
nately, the present data give no hint on the spin of
this state which variously has been assumed to be
Z= —,

' (Refs. 12, 43) or J= —,
' (Ref. 11). The P, term

in the angular distribution at 7193 keV, finally, is
partly due to direct excitation, but reveals also a
P~ term in the resona. ace term from which we
made the tentative spin assignment J= —', .

Having estimated the off-resonance cross sec-
tions v,",.+cr„'l and having found the on-resonance
interference term between direct and resonant ex-
citation quite small (at least for the particular case

mentioned above), the evaluation of resonance
cross sections 0,",l and partial widths I', . in inelas-
tic channels

„,I'c' Z c'I'j' cc' p 2&~2(2g+ 1)

is straightforward. All resonance parameters for
the decays into inelastic channels are summarized
in Table III and are discussed in the next section.
It should be pointed out that for resonances where
I', & 3 keV the uncertainty in extracting l, is large
(perhaps 50%). Consequently, the 1', , and spectro-
scopic factors will reflect this uncertainty in these
cases.

4. RESULTS AND DISCUSSION

4.1. Resonance Parameters and Spin Assignments

Results of the present experiment are summar-
ized in Tables II-V. Table II lists the total widths
I', the partial widths in the elastic channel I'0, and
two sets of spectroscopic factors S, derived from
them. A critical discussion of these numbers was
already given in Sec. 3.2.

Resonance parameters which specify the decays
of IAR to excited target states are presented in
Table III. Large partial widths in inelastic chan-
nels were observed at 6538 (2;), 7537 (0,'), 7577
(2;), 7909 (2;), 8113 (0;,2;), and 8340 keV (3 ).
At each of these resonances the predominant par-
tial wave l'j' of the outgoing protons could be identi-
fied as s»2 or d3/2 For the other resonances in the
2,' and 2, channels, we obtained smaller widths I', ,
and were not able to extract a dominant decay par-
tial wave. Clearly, even large d„, and g»2 contri-
butions were not detectable, because of the small
single-particle widths and/or small angular-dis-
tribution coefficients B, of these partial waves.

The very small resonance in the 2, channel ob-
served at 6112 keV (analog of the 950-keV —,

' ' par-
ent state) deserves special attention. Two mech-
anisms are likely to produce this peak. It can be
due to a mixing of the [0,' 8 s», ] and [2;Nbd„, ] weak-
coupling configurations whose zeroth-order ener-
gies are degenerate at about 0.92 MeV. The inelas-
tic protons are emitted as d5/2 partial wave with de-
cay width I"yg 0 5 keV. Since the channel ener-

s/g
gy coincides with the resonance energy S~= 5.21
MeV of the "Zr ground-state analog, the single-
particle width 1"g can be evaluated from the par-

5/2
tial width 1'p = 2.0 keV (Refs. 10, 44) and spectro-
scopic factor S,=0.30 (Ref. 11) of the latter reso-
nance: 1,'f = 2.0/0. 30 = 6.7 keV. One thus obtainsS„=0.075 for the [2;Ed„,] admixture of the

5/2
950-keV state, and a normalization of So, + S]g.~/2 5/2=0.975. If, on the other hand, the wave function of
the 0.92-MeV 2,' core state contains a "particle-



PROTON DECAY OF ISOBARIC ANALOG RESONANCES. . . j.835

hole" component of the type [v(s», )v '(d, »)]~0&, this
admixture would be populated by the ~nA& part of
the IAR,

fv(s„,)[v(d„,)v '(d„,)]o]»,10& . (11)

Here, ~0& denotes the "Zr ground state to be taken
as ~0&= v'(d„,). One can estimate ~C J', the spec-
troscopic factor for the particle-hole component

[v(s», )v '(d», )] ~0& in the 2; state, from the partial
width F,~ „,= 0.5 ke V to be

3I",„
lf-p, l' ~5~,) s" =5%,

5/2 1/2

where the factor —,
' arises from recoupling' the an-

gular momenta in expression (11) and the fact that
one of four d», neutrons can be excited.

The presence of a [v(s„,)v '(d„,)] ~0& contribution
was already suggested by Beery" in the analysis of
a2Zr(t p) data. He pointed out that the 0.92-MeV
state in 'Zr is excited three times as strongly as
predicted from a pure [v~(da»)]a shell-model con-
figuration, but that the spectroscopic factor of the
aoZr(t, p) reaction to the 2,' state in aaZr favors a
pure [va(da»)]a configuration of the latter state.
Shell-model calculations' and recent lifetime mea-
surements ' ' of the 2,' and 0,' states in "Zr and
"Zr point to a higher degree of mixing among the
(Bs2d) neutron orbits in '4Zr than in "Zr. On the
other hand, there exist two arguments in favor of
the weak-coupling explanation. First, a peak of
similar strength was observed in the reaction "Zr-
(p, p')2,' at the resonance of the corresponding s»,
single-neutron state in "Zr. If interpreted in terms

TABLE III. Resonance parameters for the decay of the IAR in 95Nb to excited target states.

&wc
(keV)

&z
(keV)

)I)l
(Ref. a)

B2
(Ref. b)

B4
(Ref. b)

B6
(Ref. b)

& res

(Ref. c)
(mb)

r;
(Ref. d)

(keV) (keV)

2279 7537

2636 7909

2843 8113

3061 8340

1.30-MeV 0' state

1739 6990 Y
5(+)

1(+)
2

3+
2

3+
2

5/2

S1/2

d3/2

d3/2

+1.14+0.08

+0.80 + 0.06

+0.82 + 0.06

+1.08+ 0.10

+0,86+ 0.10

+1.08+ 0.15 +0.82 + 0.15

1.6
8.6

1.2

66

2.0

18.

18i3

0.6

1.66-MeV 2+ state

2317

2391

2636

7577 (~3')

7641 ( 2+)

7888 Y 3/ 2

+0.58+ 0.06

+0.78+ 0.06

-0.62+ 0.04

-0.11+0.09 4.8
8.5

7.8

70

(5v)

7.2

0.92-MeV 2+ state

950

1324

1932

2317

2636

2843

2988

6112
2

653s (z+)

6S69
2

V 193 (-,")
7577

2

7909
2

8113
2

826o (~3 )

S|/2

SV2

Sg/2

+0.12+0.08

-0.36 + 0.05

+0.26+ 0.06

-0.16+0.07

-O.VO+ O.15 '
-0.84 + 0.15

+0.38+ 0.07

1.5
8.1

18.2

7.0

12.8

8.3

6.8

50

55

70

0.5

22.

5.2

6.8

15,2

12.8

Predominant partial wave in inelastic channel.
Resonant angular distribution W(6) = 1+B2I'2+ B6P6.

OEstimated resonance cross section (for details see text).
Sum of partial widths in inelastic channel f', , =+Z, , ,
Corrected for background. lj
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of the particle-hole concept, this peak would con-
tradict Beery's results. " Furthermore, Legg,
Crosby, and Roy~~ reported on a 9~Zr(P, p')2,' ex-
periment in which they detected a peak even at the
lowest 2' resonance at 5.21 MeV. They found the
on-resonance angular distribution to have a signif-
icant P4 term. However, their angular distribution
includes mainly forward angles. The forward peak-
ing they observe may very well result from the di-
rect contribution to the cross section for the 2,'
state. (This same argument would tend to negate
their assignment of J= 2 to the resonance they ob-
serve at 6.86 MeV, the analog of the 1632-keV lev-
el in "Zr. ) Therefore, no definite conclusion on
this point can be reached at the present time.

The spins of five states in O'Zr were determined
from angular distributions in the 1.30-MeV 0,' chan-
nel, and that of at least four more states assigned
with high probability from angular distributions in
the 2, channel. Table IV compares these va1ues
with previous assignments. "" ' Two —,

"states
and several —,"states are expected from similarity
to 'Zr" and 'Zr. " The occurrence of three or

four —,
'' states is somewhat surprising, since the

"Zr ground state is known to exhaust 90% of the
full shell-model strength S,= 0.33,"and since only
two (one) —,

' " states were identified in "Zr
("Zr)."'"Vervier" predicts —,

' ' states at 0-,
1706-, 2182-, and 2975-keV excitation energy, but
only the ground state should show up in the '4Zr-
(d,p) reaction. The —,

"assignments to the states at
2391, 2471, and 2983 keV made in a 98Zr(p, d) ex-
periment" have not been established in our analy-
sis. However, it is not unlikely that the states
seen in the "Zr(p, d) experiment are not the same
as those studied by us. Indeed, Vervier's calcula-
tions'9 and the large number of states in" "Mo
and ~'Nb with very small (d,p) spectroscopic fac-
tors reported by Moorhead and Moyer" favor this
explanation.

4.2. Weak-Coupling States in ' ' Zr

States in ' ' 'Zr whose analogs were found to
decay predominantly by one partial wave lj to one
core state c, with a large partial width I'„, , are

TABLE IV. Spins and parities of states in 95Zr. Spin-parity assignments listed in columns two and three are based on
the l values determined in single-neutron transfer reactions (Refs. 11 and 12). The first spin value in each column
gives the choice of the authors of Refs. 11 and 12, respectively; the second number is the other spin value compatible
with E.

Previous work
State
Enc
(keV) (Ref. a) (Ref. b) (Bef. c) (Ref. d)

Present
work Adopted

950

1324

1632

1739

1932

2030

2279

2317

2391

2471

2636

2744

2983

3012

3061

~See Ref. Il.
bSee Bef. 12.

5+
Y
i+
2

3+ j+
3+
2

(g')
3+ 5+
2 '2
7+ 9+

(p)

3+ $+

( 3-)

( 3+)

7+ 9+
2

3+ 5+' 2

3+ 5+
2 '2

5+
2

i+
2

5+ 3+

5+ 3+
Y ' 2

5+ 3+

3+
Y'

(-")
2

See Bef. 10.
See Ref. 43.

5+
2

(")Y

( 5+)
2

5+

i+
2

( 3+)
2

Y
5 (+)

( 5+)
2

i{+)

( 3+)

( 3+)

3+
2

( 7+)
2

3+
2

(3+)

7~
2

i+
2

5+

( 5+)

ii- e'Y

i+
2

( 3+)

( 3+)

3+
2

( 7+)

3+
2

(3+)

~See Ref. 53.
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listed in Table V. Based on their energies and/or
spine, the three [0;mhlj] states in ~'Zr were inter-
preted by Moore and collaborators4 as weak-cou-
pling states. Detailed analog studies on ""9'Zr
targets'" have revealed the existence of at least
14 more states of this nature and have confirmed
that indeed the partial wave predicted by the model
is emitted in the inelastic channel. We have also
demonstrated that, for core states with J, WQ, in-

elastic proton scattering allows only the unambigu-
ous identification of s», and d», weak-coupling
states. Those with the single neutron in a d„, or
g„,orbit may be studied by means of polarization"
or (p,p'y) correlation techniques. " In some cases,
the measurement of y-ray angular distributions
helps to determine the components with small de-
cay widths. '

Turning back to Table V, we note that the 0,' lev-

TABLE V. Possible vreak-coupling states in 9» ~3 ~5Zr.

Core
state

C

Partial
wave

jE

r„,.
(keV) Reference

1.21

0.96

0.54

0.72

0..91

4.0
4.0
2.0

10,44, 50

10,44

30,44

13,80, 44, 51

&3' 2.06 3+
2

3+
Y
3+
2

0.45

O.O2 b

5, 10,80, 44

10,18,44, 50

10,43, 44

1.80 O.O3 '

1.94 0.21

0.54

O.OS 13

present

8.29

3.81

2.88

0.10

0.08

0.10

8.0
8.0 ~0.25 13

(2.o6) 2.18 0.45

3.11

(2.82)

1.85

1.85

3+
Y'

8,')
3+
2

0.02

(o.12)

0.46 present

present

(2.79)
2.02

(8.88)
3.41
3.06

O..82)
(8.O5)

2.75
2.06
8.96
8.29
8.01
1.90
3.01

0.17

(14.2)
( 54)

5
53

5
(0.8o)
(O.ll) present

52
52

~From Ref. 11. Corrected for J
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els persist as "good" core states in "Zr and 9'Zr.
This was to be expected from the trend observed in
recent (t,p)" and (p, t) 4' rea, ctions on the even Zr
isotopes. The energies of the [0,' i8I lj] parent
states are close to the expected zeroth-order posi-
tions E„,=E, +E„. (column five), where E, de-
notes the excitation energy of the core state, and
E„.the energy of the parent state with the largest
(d,p) spectroscopic factor S„,. =0.5-1.0 (Ref. 11).4~

The average energy displacement of the actual par-
ent states with respect to E„jis 100-250 keV; it
is negative for 9'Zr and positive for 'Zr. This
change of sign may be accidental, as the spectro-
scopic factors in the 0,' channel deduced from
(p,P') data (see below) differ from those of the re-
spective [0,' iS Ij] states, but it could also be caused
by the relative positions of the 2, state in "Zr and
Q~Zr. Column seven lists the (d,p) spec'troscopic
factors, "and column eight the measured partial
widths I"„,for the decay into the weak-coupling
channel clj. Also included in column eight are the
partial widths I'„,. derived from elastic proton
scattering at the analogs of the [0,'Sjl] states and
averaged over the values quoted in the literature
(Refs. 5, 10, 13, 30, 34, 43, 44, Ellis and Haeberli, "
Robson et af. ,

~' and Jones et al. ' ), as well as
those obtained in the present study. It is very en-
couraging that, for the sy/2 and d»2 states, the par-
tial widths are equal within 10% for the three iso-
topes. This enables us to evaluate single-particle
widths from the relation

and to use these values in the analysis of the (p,p')
data. ' Adopting I'„„., = keV, I',„,,=14 keV,

I",i' =44 keV, I",J =33 keV, E 3—c
EM.V) 9hZ 1/ 9

in this manner assuming that, at each IAR, the
measured decay width I', , is entirely due to the
weak-coupling partial wave Ej. With the single ex-
ception of the [0; i81 s„,] state in "Zr (S=0.08),
they range between 0.30 and 0.50, and thus indi-
cate a higher fragmentation of the single-neutron
strength than in the elastic channel.

Information on weak-coupling states built on oth-
er cores is still incomplete. Five states with large
[2;8 lj] admixtures (S„,. = 0.40) and four states of
the type [3 s, ,] were identified. " Figure 13 il-
lustrates a comparison of the actual energies, E„„
and spectroscopic factors, S&$j of weak-coupling
states of "Zr with their respective zero-order val-
ues, E„, and S„., Besides the limitations of (p,p')
angular distributions mentioned above, the weak-
coupling model itself imposes restrictions to the
application of the analog-resonance technique.
(1) The existence of two low-lying 2' states c and

the four single-neutron orbits lj = 45/» s„» d3/»
and g7/2 creates a large number of basis configura-
tions [c i82 fj] and allows for a high degree of mixing
among them.
(2) If the single-neutron strengths were concen-
trated in only one state for each lj, we would not
be able to observe weak-coupling resonances in ex-
cited channels, because their entrance widths
would be too small. If, on the other hand, the sin-
gle-neutron strengths are strongly fragmented, the
single-particle concept breaks down. A situation
suitable for analog-resonance studies will be found
when the single-neutron strengths are distributed
over a few levels in a range AE = E, = 2 MeV for
each partial wave lj, while the single-particle con-

with an estimated uncertainty of 15%. As to the
d», states, one has to correct F«with respectOd 5/2
to the different resonance energies of the analogs
in "Zr and '-9'Zr. Taking Eop /2

5 21 MeV in 'Zr
as reference point, we find I",g„,=7.4 keV, with an
uncertainty of 15%. We thus end up with a consis-
tent set of single-particle widths r,'~» at the weak-
coupling energies E„,-. . In order to evaluate them
at a different channel energy E in the range 0 ~ E
&E,» +2 MeV, we remember that the energy de-

pendence of I'~ is given essentially by the pene-
trability P, of the Coulomb barrier

3
2 206

0+

1.30
1 — 2+

0.92

o.t0

I

5+
2

1

I II
1+ 1+3+

r2
PAR'ENT S YSTEM

3 Enc (MeV)
I I3'7

1','I', (E) = I' 'f, (E„,)P, (E)/P, (E „). .

This procedure gives spectroscopic factors S„jin
all inelastic channels relative to the elastic chan-
nel and consistent for """Zr. The spectroscopic
factors S„,. listed in column nine were calculated

FIG. 13. The measured excitation energies E«and
spectroscopic factors &, » (full lines) of weak-coupling
states in ~Zr are compared with their zero-order val-
ues clj =+c+E&j and otj {dashed lines); the abscissa
refers to the parent system, the ordinate to the core
system.
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cept still is meaningful. Due to the fragmentation
of the d», strength, a number of [2;8 fj] configu-
rations with J' = —,' were detected in the Zr region.
The even larger distribution of the f7/2 strength
made the excitation of [3 I8I s„,]», configurations
possible (but not of [3 I8I d», ]„,states expected
1 MeV lower).
(3) For a core with j, 40, the range of possible
spin values J=J, +j is quite large, in general.
However, only a small number can be reached in
the elastic channel. Considering the concentration
of the d„, strength in the Zr isotopes, and the very
small single-particle widths for g7/2 and h»/2 waves,
we expect only resonances with J"= —,", —,'', and —,',
as realized in the experiment. We also point out
that none of the —,

' assignments made in the (d,p)
work" could be established in analog-resonance
studies.

5. CONCLUSIONS

Differential cross sections for elastic and inelas-
tic proton scattering on 4Zr were measured over
the analog resonances of states in "Zr between
0.95- and 3.10-MeV excitation energy. In order to
line up the parent and analog spectra, the reac-
tions "Zr(d,p) and '4Zr(d, py) were also studied us-
ing a magnetic spectrometer and a Ge(l i) detector
(Table I).

The data were analyzed in the framework of Wei-
denmuller's theory, with the particular aim to
identify the angular momenta of protons in the in-
elastic channels and to deduce partial widths and
spectroscopic factors. To this end, contributions
in the cross section arising from nonresonant pro-
cesses, such as Hauser-Feshbach contributions
and direct excitation, had to be taken into account.
The enhancement of the Hauser-Feshbach back-
ground due to isospin mixing was found to be negli-
gible for strong resonances above the (p, n) thresh-
old. Inclusion of a DWBA cross section improved
the fits to the shapes and the magnitudes of off-
resonance angular distributions in the 0.92-MeV
(2') and 2.06-MeV (3 ) channels. Interference of
this DWBA amplitude with the resonant amplitude
was found also to explain the observed asymmetric
resonance shapes and deviations in the angular dis-
tributions from symmetry about 90'. The optical
proton potential between 6.0- and 8.5-MeV bombard-
ing energy agrees well with that determined at 12.7
MeV, and with the optical potential of the ~nc) sys-
tem adjusted to fit the binding energies of the s„,
and d3/2 single-neutron parent states in 'Zr.

Even after careful correction for Hauser-Fesh-
bach and DWBA contributions many on-resonance
angular distributions could not be analyzed because

of ambiguities caused by the mixture of several par-
tial waves in excited channels. In the present case,
this problem seems by far more serious than the
interference with direct excitation. Polarized beam
and (p,p'y) correlation experiments would appear
very promising for eliminating these ambiguities.
These measurements would test the results of the
present study for IAR where the partial wave of the
outgoing protons was identified (for instance, at
7.58, 6.54, 7.91, 8.11, and 8.26 MeV) and would
help to determine the components not resolved in
our work. At 7.6-MeV proton energy a double
resonance was found, both states probably having
J'= —,''; more data are required in order to make
a two-level analysis meaningful. An attempt to cal-
culate single-particle widths in the elastic channel
adopting the methods of Zaidi and Darmodjo" and
of Thompson" was unsuccessful: discrepancies in
the spectroscopic factors between the (d,p) and

(p,p, ) range up to 40%%uo in both directions. To de-
rive single-particle widths from the elastic chan-
nel I','I',. = I'»,. /S„and infer them to inelastic chan-
nels turned out to be more appropriate and consis-
tent in all Zr isotopes.

In spite of these obstacles, a considerable
amount of spectroscopic information was derived
on spins and parities (Table IV) and configurations
(Tables II, III, and V) of low-lying states in 9'Zr.
An upper limit of 5% was set on the [v(d„,) 'v(s„,)],
admixture in the wave function of the lowest 2'
state in "Zr. As in "Zr, the 0,' and 3, levels in
"Zr proved to be "good" core states in the sense
of the weak-coupling model, better even than in
~'Zr (Table V). As to the 2' core states, some of
the [2,8 s„,] and [2, I3 d„,] strength is concentrated
(S„,, =0.40) in J'= —,

' states. However, the ex-
istence of two low-lying 2' states in 'Zr and "Zr,
the large number of basis configurations which mix
with each other, and the difficulties in resolving
these mixtures make inelastic proton scattering an
insufficient tool to draw any conclusion on this
point. It is also worthwhile to note that most ana-
logs show up in the excitation functions to the low-
est 2+ state in "' ~Zr, in spite of the different
shell-model wave functions of these states, and that
all higher states are populated more selectively.
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Production and Decay Properties of Protactinium Isotopes of Mass 222 to 225
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Four n-decay chains initiated by 5Pa, Pa, Pa, and Pa were produced by the bom-
bardment of thallium, lead, and bismuth targets with beams of Ne, Ne, BF, 0, 60, N,
and ~4N at the Berkeley heavy-ion linear accelerator. The reaction products were transported
from the reaction cell by the helium-jet technique and their decay was measured with a semi-
conductor detector. Energy values, excitation functions, half-lives, and genetic relationships
of individual peaks were determined. Two new techniques based on the use of a time-to-ampli-
tude converter were developed for the measurement of @sec half-lives of daughter products,
and five half-lives in the psec range were measured.

These new e data help to determine the trends in n-decay energies for isotopes of odd-Z
elements, particularly in the poorly defined region just above the 126-neutron shell. This
allows more accurate predictions of e-decay properties of many unknown nuclei. Some anoma-
lous behavior of the apparent &-decay energies for nuclei with 133 and 135 neutrons is pointed
out.

I. INTRODUCTION

In a recent paper' we have presented new infor-
mation on thorium isotopes of mass 221 to 224 and

on the radium and radon isotopes into which they
decay. These nuclides fall in that part of the nu-

clide chart just above the 82-proton and 126-neu-
tron shells where nuclear information has been
sparse because of the instability of the nuclei and
the difficulty of making them. Reactions induced
by complex nuclear projectiles such as ' N, "0,

F, Ne, and Ne in such ta,rgets a,s thallium,
lead, and bismuth provide one means of reaching
this region of the nuclide chart. The previous pa-
per was restricted to a study of nuclides of even
atomic number prepared by such reactions. In the
present paper we discuss results on odd-Z prod-
ucts, specifically the n-decay chains initiated by

225pa»4pa»~pa and»2pa. Figure 1 shows the
four series about which new information was ob-
tained in this study and shows their location in the
chart of the nuclides.

This study was conducted because of the intrinsic
interest in the decay properties of unknown nuclei,
particularly those far from P stability. Such a-de-
cay data are also useful for making estimates of
ground-state masses, for testing the predictions
of atomic-mass equations and prescriptions, and
for other matters related to the systematic trends
in ground-state properties.

An additional reason for this study is the need
for background information for a proper interpre-
tation of o.-particle data obtained in nuclear reac-
tions involving transuranium element targets.
There is an intense interest in reactions which
provide information on nuclides of charge greater


