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The 0 Rh{P, t) Rh reaction has been studied at bombarding energies of 17, 30, and 42 MeV,
The 30 MeV data, which was taken with a quadrupole-dipole-dipole-dipole magnet QDDD, pro-
vided the most information on the Rh spectrum, The (P, t) reaction is apparently exciting

Rh states which look like a 2p f/2 proton weakly coupled to states of the Ru core. This is
suggested by the multiplet structure observed up to about 1 MeV of excitation. Considerable
(P, t) strength is observed above 2 MeV of excitation but multiplet structure is not so apparent.
Although two of the strong states above 2 MeV may carry expected L=3 (p, t) strength, the
others are more surprising.

NUCLEAR REACTIONS Rh(P, t), E =17, 30, and 42 MeV; measured energy
levels, a'(0); DWBA analysis, deduced L, J, II. Weak coupling model. Reso-

lution 10 keV for 17 and 30 MeV data.

INTRODUCTION

The weak coupling model of Lawson and Uret-
sky' has been very useful in furthering our under-
standing of the spectra of odd-A nuclei. This
model, in its simplest form, asserts that a cer-
tain class of states in odd-4 nuclei arises from
coupling the odd particle onto a basically undis-
turbed state of the (& —1) even-even nucleus.
From the coupling of the odd particle of spin
J~ with a "core" of spin J„one expects a multi-
plet of states of spin J = iJ'~ —JJ, '", i/~ +J,[. The
center of gravity of the multiplet, i.e., its 2J+1
weighted energy centroid, and the splitting be-
tween its various members, provide clues con-
cerning the nature of the particle-core inter-
action.

Should the core state be collective or have some
other distinguishing property which the weak
coupled state is expected to inherit, then this
property may be useful in identifying such states.
For instance, the first excited 2' state of '"Ru
ha, s an enhanced B(E2}transition to the ground
state of about 40 times the single particle value. '
The 2 and —,

' states in '"Hh which presumably
arise from coupling a 2Py/2 proton onto this col-
lective 2' state have B(E2)'s to the ground state
of comparable strength. '

A comparison of inelastic (p, p') scattering on
'"Ag and ' 'Ag with that from the collective states
of the neighboring even-even Pd isotopes illus-
trates the success of the weak-coupling approach. "
Arguments that the (P, t) reaction should also fa-

vor the excitation of collective states have been
advanced by several theorists. "However, ex-
periments to exploit this expected characteristic
of the (p, t) reaction for the identification of weak
coupled states have been reported only recently. "

In this paper we report a study of the '0'Rh(P, t)
ozRh reactj. on. ~ The ground states of i03Rh a

' 'Rh are both —,
' states and can be described as

arising from a coupling of a 2py/2 proton with the
even even xmRu and ioORu cores, respectively. If
in the (p, t }dineutron pickup reaction the extra
proton behaves as a spectator, then the states
reached in the residual ' 'Rh nucleus should cor-
respond to states in '"Ru coupled to a 2py/2 pro-
ton. These states would occur as singlets or
doublets, depending on whether the core spin was
zero or nonzero. In the simplest model the (P, t)
angular distributions of the two members of the
doublet would have identical shapes and magni-
tudes in the ratio (2 J;+1)/(2 J, +1), where J, and

J, are the spins of the two states.

EXPERIMENTAL PROCEDURES

The 'O'Rh(p, t)'"Rh reaction has been studied
at 1'l, 30, and 42 MeV in different laboratories
with different detection systems. The first ex-
periment at the University of Pittsburgh employed
a 1V MeV proton beam. Tritons were detected with
photographic plates in the focal plane of an Enge
split-pole spectrograph with a resolution of 10—12
keV. The plates were hand scanned in 2 mm steps.
Targets of about 100 pg/cm' were obtained by
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TABLE I. Energies (in keV) of states seen in
Rh(p, t) Rh. (Errors apply to subsequent numbers

until the next stated error. )

30 MeV 17 MeV Ref. 15

0
156 +2
305
354
849
898
977
966

1057
1464 ~8

305 + 2
353
850
898

995
1058

42 MeV

0
157.3
305.3
355.1

(851.0).

1057.7

1531
1541
1569
1598
1640
1689
1730
1771
1813
1904
1935
1960
1997

2038
2075
2087
2113
2146

2188

2242
2292
2328
2352
2361
2386
2455
2492
2521
2577

1550 +20

2009

2183

2257

2351

vacuum evaporation of 'o'Rh metal (10(F/o natural
abundance) onto thin carbon films. A Nal detector
was kept at a fixed angle of 39' in order to moni-
tor the elastic peak. From the known p-elastic
cross section at this angle" and the solid angles
subtended by the monitor and spectrograph aper-
tures, we obtained absolute (P, t) differential
cross sections.

Because of the rather negative '03Rh(P, t) Q value
(-8.275 MeV), tritone in the 17 MeV experiment
emerged close to the Coulomb barrier, and the

angular distributions for all but the ground state
transition were quite structureless. (See Fig. 2. )
It seemed appropriate to repeat the experiment at
higher bombarding energy. This was accomplished
with a 42 MeV proton beam from the Princeton
azimuthally varying field cyclotron. Tritons were
detected in a freon cooled counter telescope. On-
line computer particle identification was used.
New targets were obtained by vacuum deposition
of Rh metal onto thin Formvar backings to a thick-
ness of about 60 pg/cm'. Although more of the
'"Rh spectrum at higher excitation was seen in
this study, the interpretation of the experiment
was hampered by the lower resolution achieved.
Some of the doublets seen in the 17 MeV experi-
ment remained unresolved at the higher energy.
Nevertheless, the expectation that more struc-
tured angular distributions would emerge was
confirmed (Fig. 3).

Relative differential cross sections at 42 MeV
were based on the charge collected. Absolute
cross sections were obtained by selecting the
elastic protons with the particle identification sys-
tem. The proton optical parameters of Becchetti
and Greenlees'~ were used to predict absolute
elastic cross sections which in turn permitted
the deduction of absolute (P, t) cross sections.

With the completion of the quadrupole-dipole-
dipole-dipole magnet (QDDD) at Princeton, it was
possime to repeat the (P, t) experiment at high
resolution and high bombarding energy. Some
preliminary 30 MeV data indicated that the angu-
lar distributions were sufficiently structured, so
this energy was chosen. A spectrograph solid
angle of 10 msr corresponding to a 5' angle bite
was employed. The tritons were detected in the
focal p'.ane of the QDDD by a 60 cm long position
sensitive wire proportional counter backed by a
plastic scintillator. The height of the counter col-
limator was 2.5 cm to insure that all tritons were
collected. A mixture of 90% argon and 1(P/o me-
thane at 1 atm continuously flowed through the
proportional counter. The thickness of this coun-
ter was 1.25 cm. Particle identification was
achieved by setting a window in the matrix of the
nE(sum) signal from the gas proportional counter
versus the scintillator (E) signal. " The computer
then accumulated a position spectrum for the se-
lected particle type. Relative cross sections were
based on charge collected while absolute cross
sections were based on elastic scattering at this
energy.

DATA ANALYSIS

A. Excitation energies

Excitation energies for the '"Hh levels seen at
17 MeV bombarding energy were obtained from an
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empirical calibration of the Pittsburgh spectro-
graph. '~ As seen in Table I, where there are
obvious correspondences with levels based on a
y-decay study with Ge(Li) resolution, "the agree-
ment is within a few keV. Energies of states seen
in the 42 MeV counter telescope data were deter-
mined by using the previously measured energies
of the low-lying states for calibration. The 30
MeV QDDD energies were likewise based on the
energies of the states determined in the 17 MeV
experiment or in the y-ray work. The energies

listed in Table I are averages over the angles
used in the angular distributions.

States having peak cross sections of less than
I pb/sr would probably not have been detected in
the 30 MeV experiment. References 15, 16, and
17 indicate that there are many levels in ' 'Rh
not seen in this experiment. The parenthesized
851.0 keV level in Table I was chosen in prefer-
ence to an alternative level at 974.7 keV, which,
as mentioned in Ref. 15, would be equally con-
sistent with their y-ray coincidence data. Our
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TABLE II. Optical parameters. Spin orbit for protons: V„=6.2 MeV, r, =1.01 fm, a „
=0.75 fm. Cluster description: Bound state potential depth adjusted to produce 2n binding
energy; &0=1.2 fm, F0=0.75 fm. Microscopic calculations: Bound state potential depth ad-
justed to produce the single neutron binding energy; ~0-—1.25 fm, a 0=0.75 fm.

(Mev)
V

(Mev)
Ip

(fm)
ao

(fm)

W

(Me V)

4 O'D

(Me V) (fm) (fm) X /N

Protons

17
30
42

Set a
Set b

55.4
51.2
47.5

171.0
134.0

1.17
1.17
1.17

1.16
1.166

0.75
0.75
0.75

0.752
0.784

1.04
3.9
6,5

Tritons

16.5
14.0

36.2
23.0
11.2

1~32
l.32
1.32

1.498
1.55

0.6
0.6
0.6

0.817
0.795 0.06

' Calculated from general formula in Ref. 12.
From interpolation of neighboring nuclei given in Ref. 20.
Used Set a to generate "data points, " and used these (with assigned errors of 10%) to

search for new optical potential, Set b.

direct observation of a level at 850 keV, however„
supports the former choice. The 977 keV level
was also seen at 17 MeV, but poorer statistics
at this energy prevented a good energy assignment.
The 978.4 keV level of Ref. 15 may not correspond
to this level, although they agree in energy within
the errors.

Figure 1 shows a spectrum of '"Hh taken with
the QDDD at 30'. Since the detector covered an
excitation energy range of about 1.2 MeV, two
magnetic field settings were used at each angle
to cover excitations up to about 2.5 MeV. Beyond
2.5 MeV, our 42 MeV data indicated numerous
unresolved low cross-section states with no es-
pecially strong peaks. A slight gap between the
1058 and 1464 keV states was tolerated because a
preliminary QDDD run showed an absence of
states in this region. The resolution achieved in
the QDDD run was about 10 keV full width at half-
maximum (FWHM). The energies given above
the peaks in Fig. 1 are derived from the spectro-
graph experiments or, when available, the y-ray
work as given in Table I. They represent, there-
fore, the best available energies and will be used
in later references to a state.

B. Angular distributions

The angular distributions obtained at 17 MeV in-
cident energy are shown in Fig. 2. The error bars
in this and later figures are due to statistical and
background subtraction errors except for a few
of the points in the ground state transition, where
larger errors resulted from overexposure of the
photographic plates. The absolute cross -section
uncertainties are estimated at +15/q. Beginning
at about 1.1 MeV in the 'o'Rh spectrum obtained

at 17 MeV, n particles from the 'OSHh(P, c.') re-
action appeared on the plates so that higher ex-
cited states from the (P, f) reaction were obscured.

The angular distributions taken with the 42 MeV
proton beam are shown in Fig. 3. The error in
the absolute cross sections is about +20/p. Owing
to the poorer resolution of this experiment, most
of the angular distributions contain contributions
from more tha. n one state. Table I indicates which
states dominantly contribute to these cross sec-
tions as deduced from the 30 MeV data.

The data obtained at 30 MeV were analyzed with
the peak fitting routine AUTFIT' .' The quality of
the fits is shown in Fig. 1, which is a plot pro-
duced by this program Figur. es 4(a)-4(d) show
the 30 MeV angular distributions. Absolute cross
sections were obtained by repeating the (p, t)
ground state transition along with proton elastic
scattering in our la.rge scattering chamber. The
absolute elastic cross sections as given by the
Becchetti and Greenlees" parameters were used
to infer the (P, t) cross sections. The error is
estimated at +40/g.

Angular distributions at 30 MeV are not shown
for states which had fewer than four data points.
Since the 2352 and 2361 keV pair of states was
unresolved at most angles, these angular dis-
tributions are not given either, although they
have significant (P, t) strength.

C. DWBA calculations and extraction of L values

The DWBA calculations followed closely the
well-matching prescription of Ref. 19. Triton
optical parameters" were refitted with the re-
quirement that the real radius and diffusitivity
parameters &, and &„ remain close to the cor-
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TABLE III. (P, t) L transfer assignments and deduced J values.

30 MeV
Exc. 0.(20') L J IT

(ke V) (p, b/sr) transfer This vyork

J' TI

H,ef. 15

30Me V
0 (20') J' 7T

(keV) (pb/sr) transfer This work

JTI

Ref. 15

305

851

1
2

l
2

g +

2

3 (5
2 2

5 (3 ) 2038

2075

2.2

1960

1997

2009 22

3 5
2 ' Y

1
2

3 5
2

898

977

996

1058

1531

1541

1569

1598

1640

1689

1771

1813

1904

1935

9.2

1.2

4.1

0.9

8.2

4.8

2.4

2.2

(6)

1
2

5
2 ' 2

3 5
2 ' 2

3 5
2 ~ 2

3 5

2 ' 2

2087

2113

2146

2188

2225

2242

2292

2328

2386

2492

2521

2577

6.8

6.2

30

15

20

7.1

10

(4)

3, (4)

3, (4)

(4)

7 ~
2 ' Y

(
5+ 7+)

(5 7 )

3 5
2 ' 2

3 5
2 ' 2

7 9
2 ' 2

7 9
2 ' 2

7 9
2

3 5
2 ' 2

3 5
2 ' 2

excitation in ('He, d)" indicates that it is pre-
dominantly a single particle g, &, proton state.
The excitation of other g, &, proton-core coupled
states would be expected to be much reduced in
strength compared with this barely discernible
level. The mechanism for exciting this state is
likely to require a two-step process.

305 and 355 ke V doubLet. These are undoubtedly
states which arise from coupling a 2P, &, proton
onto the first excited 2+ state of the '"Ru core.
They are popula. ted by L, =2 in (P, t) and the ra.tio
of their strengths is 1.42 compared to the ex-
pected ratio of 1.5 for the spin sequence indicated
in Table III. This spin sequence is also preferred
by the y-ray work. "

852' and 898 ke V doubLet. These levels are ex-
cited by nearly identical l.= 4 shapes in (P, t) and
are therefore likely to be the expected weak cou-
pled doublet associated with the first excited 4+

core state. Their center of gravity is shifted in
the same direction as that of the 305-355 keV
pair. The ratio of their (P, t) strengths is 1.52

and would argue for the spin sequence given in
Table III. A negative parity is also indicated for
the 851 keV level by Ref. 15. Although the 898
keV level was not observed in the y-ray work of
Ref. 15, a close-by level at 905.6 keV tentatively
assigned J'" = (-,')' by Ref. 15 is outside the energy
uncertainties and is to be regarded as a different
level. This is probably the 2d, &, proton single
particle state, since its ('He, d) cross section is
rather large. "

977 ke V /eve/. This (P, t) '. .-. asition is almost
an order of magnitude weaker 'ha. n the (p, t)
strengths of its neighboring states. A state arising
from coupling to the first excited 0+ state of the
core is expected in this excitation region. Its
strength relative to the ground state agrees with
that of the 1130keV, 0 to g.s. ratio obtained in
the 'O2Ru(P, t)' Ru reaction at 19 MeV. 23 Its un-
characteristic angular distribution could be the
result of nondirect contributions.

996 and 1058 A;e V doublet. These transitions
have I =2 (P, t) shapes and a cross-section ratio
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of 1.23 and are most likely the doublet arising
from the coupling of the 2P, &, proton onto the
second excited 2' core state. The cross-section
ratio differs from the statistical value of 1.5 for
weak coupled states, but still supports the spin
sequence shown in Table III. The 1058 keV level
is seen in the y-ray work where a negative parity
is indicated. "

1531 and 2997 ke V levels. Both of these are
populated with appreciable (P, t) strength by L = 0.
They could be the weak coupled states associated
with the 0 states in ' 'Ru at 1741 and 2052 keV, "
respectively.

DISCUSSION OF (p, t) STRENGTH ABOVE 2 MeV

It was rather surprising to see so many states
with significant (P, t) strength in the region of
2-2.5 MeV of excitation. A collective 3 core
state is expected which mould give rise to two
states roughly in this excitation region of '"Rh.
The 2146 and 2166 keV states are likely candi-
dates for this doublet even though the 3 "'Ru
level has not yet been identified. The remaining
strong states above 2 MeV are more difficult to
explain. From Table III, we see that there is
appreciable I.=2 and L, =4 strength. The weak
coupling model would suggest looking to the even-
even core for collective 2' and 4' states at roughly
2-3 MeV of excitation. The spectrum of '
becomes quite dense above 2 MeV, indicating many
possibilities for further study.

It is unlikely that we have missed any significant
(p, t) strength, at least of the type that is con-
centrated in a single level. As mentioned pre-
viously, our 42 MeV study looked up to about 6
MeV of excitation without uncovering any addition-
al prominent peaks.

CONCLUSIONS

Figure 6 illustrates the proposed weak coupling
scheme at low excitation for the 2P, &, proton in
zoxRh The spectrum of ioiRh has been shifted so
that the center of gravity of the first L=2 doublet
coincides with the 540 keV 2' state in "'Ru. The
major uncertainty is the association of the 977
keV state in '"Rh with the 1130 keV, 0' state of
'"Ru. As can be seen from the figure, the center
of gravity of the weak coupled multiplets has
shifted downward relative to the corresponding
' 'Ru state when the ground states are aligned.
The shift for the first doublet is 205 keV, while
that for the two higher doublets is about 340 keV.
The shift for the 997 keV (—,

'
) state, while down-

ward, is only 153 keV. Perhaps a better way of
expressing this shift is to take the ratio of the
multiplet's center of gravity to the excitation

I 500-
J EXC.

2 l36 2

4+ I 227

0+ ll30

I 000-

J EXC.

— = 5/2 l 058
3/2 996
(I/2 ) 977
9/2 898
7/2 85 l

500—2 540 5/2 355
3/2 305

l/2 0

0- 0 0 tOO RU 'O'Rh

Flg. 6. Proposed structure of weak coupling of the

2P~/2 proton for low-lying states in Rh.

energy of the corresponding ' Ru state. This
ratio is, in increasing order of excitation energy,
0.62, 0.71, and 0.76 for the doublets and 0.86 for
the singlet.

The splitting is about 50 keV for both L=2 and
L= 4 doublet. If the particle-core interaction were
proportional to cf~

' ef„, one would expect the
splitting to be about twice the L =2 splitting, which
is not the case. The smallness of this splitting,
together with the simplicity of the multiplet struc-
ture for 4~=2, has simplified the experimental
study of weak coupling in this nucleus. This sug-
gests, as was pointed out some time ago, "that
it might be fruitful to investigate other nuclei
mhere the extra particle has spin 2 so that system-
atics can be established.

Above 2 MeV of excitation, the density of states
seen in (P, t) is sufficiently high to make it dif-
ficult to choose doublets, assuming they are pre-
sent. Some reasonable pairings can be made from
the data presented, but this becomes rather spec-
ulative. The fairly large (P, f) strength to many
states in this excitation region is an interesting
and unexpected phenomenon. These (p, t) cross
sections are comparable to those of the first ex-
cited I =2 doublet. Although two of these states
could be associated with expected L =3 (P, f)
strength, the remainder may be more challenging
to explain.

The (P, t) reaction appears to be a very nice
tool for selectively exciting core coupled states
with the extra particle in the same orbital as that
of the target nucleus. At 17 MeV, the angular dis-
tributions mere quite structureless and, except
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for the ground state transition, could not be fit-
ted by a simple direct DWBA calculation (see Fig.
2). At 30 and 42 MeV bombarding energy, the
situation improved so that quite reasonable DWBA
fits were possible. The low-lying states seen at
both 17 2nd 30 MeV were excited with very similar
strength relative to the ground state. The cross-
section ratios for the members of the doublets
differed by no more than 5% at 1't and 30 MeV.
The investigation of weak coupling in other nuclei
with the (P, f) rea, ction would seem a worthwhile
experimental endeavor and would provide syste-

matics useful for a better theoretical understand-
ing of the particle-core interaction.
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