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TABLE I. Two-neutron spectroscopic amplitudes
(Ref. 2).

TABLE II. Peak (t) -40') cross sections (pb/sr) for
transitions from Id~ states in 0 to 2P and 1f states
in Ni.

80- ~60 Ni — Ni

2PS/2 2p g/

2s)/2 0.450
ld, /, ' 0.898

2PP/2

lf, /2
2P g/2

0.677
1,089
0.504

ld 5/2

ld3/2

1.8
8.8

Bo7

0.08
0.6
8.9

4.0
0,09

Part of this factor probably comes from our un-
derestimate of the amount of configuration mix-
ing in both the oxygen and nickel nuclei. The two-
neutron transfer in a grazing collision requires
more neutron correlation than is achieved with the
few configurations listed in Table I. Of course,
it is also possible that indirect processes con-
tribute to the reaction. But a study' of the effect
of indirect processes on the ("0,"0) reaction on
the Sn isotopes showed that the 0'-to-0' ground-
state transition was dominated by direct transfer,
when the direct transfer is not Q forbidden.

Table II shows the strong dependence of the
transfer cross section on whether j„=l&+ 2 and

j& =l&+ &. This is a consequence of the coherent
contribution of 8= 0 and S = 1 transfers. The (t, P )
reaction, which is dominated by S=0 transfer,
shows a much weaker j~ dependence,

o~(7e —le+ 2)/v, ~(7e = l s —2)= (le+ I)/ls.
This suggests that comparison of the (' 0, "0)
and (t,P) reactions between the same initial and
final nuclear states may be a fruitful way to un-
ravel the j structure of zero-coupled pairs in the
ground states of medium-weight nuclei.

The author is grateful to A. J. Baltz and S. Ka-
hana for many useful suggestions, and for provid-
ing him with detailed results calculated with their
finite-range no-recoil code.
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Backbending in Odd-A Ho Isotopes*
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We have shown that backbendirg can occur in rotational bands of odd-A nuclei. The 8
versus plots for the lowest h~~/2 band in 7' 5 ' Ho are rather similar to the ones
for the adjacent even-even nuclei. This is interpreted to mean that the @&~/2 proton is
not strongly involved in the mechanism producing the backbending in this region.

Since the discovery' of "backbending" in the
ground-state rotational bands of "Dy and '"Er,
this effect has been extensively studied in many
even-even nuclei. ' The sudden decrease of the
rotational frequency (transition energy) with in-

creasing spin and moment of inertia has been
found to occur in many deformed nuclei of the
rare-earth region at spins of about (12 or 14)R.
It has also been observed in other regions of the
nuclide chart, though one cannot always be sure
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FIG. 1. Partial p-ray spectra following the reaction
~5oSm(~~B, 4n)~57Ho. The lower spectrum is the sum of
all coincidences recorded by one detector in a multidi-
mensional coincidence measurement. The upper spec-
trum comes from the same data with gates set in the
other detector on the three transitions with brackets
above them.

that the same process is involved. On the other
hand, it does not seem to occur in some other
strongly deformed rare-earth nuclei, especially
in neutron-richer isotopes. In this Letter we
present data which show for the first time that
backbending can also occur in rotational bands
of odd-A nuclei. We will also try to show that
the occurrence of backbending in certain bands
of odd-A nuclei gives rather detailed information
about the causes of backbending in the neighbor-
ing even-even nuclei.

We used the ("BI4n) reaction on '"Sm, '"Sm,
and '"Sm to study the y decay of high-angular-
momentum states in '"Ho, '"Ho, and '"Ho. The
beam was delivered by the Lawrence Berkeley
Laboratory 88-in. cyclotron, and the energy used
was 51 MeV for the "4Sm target and 58 MeV for
the other two. The reaction '"Tb(a, xn) was also
used to make '"Ho (x =6) and "'Ho (x =4), but the

y spectra from the boron bombardments showed
less background. The heavy ions also had the ad-
vantage of being below the Coulomb barrier for
lead, so that they could be stopped directly be-
hind the targets (rolled metallic foils about 10
mg/cm' thick). In this way the use of a detector
at 0 with respect to the beam was made possible.
This detector and another one. at 90 were 3.2-
cm-diam, 1-cm-thick planar Ge detectors. Coin-
dences were taken between these two counters
and a coaxial Ge(Li) diode at 120'.

A typical spectrum is shown in Fig. 1. The
strongest lines observed are transitions in the
ground-state rotational band of '"Ho, which is

based on the -,'[523] member of the h»„orbit.
The Coriolis interaction mixes this band with the
other hyy/2 bands, compressing the band and low-
ering the energy of the j+R' (where R' is even)
levels relative to the others. This causes an os-
cillation in the level energies, so that in order
to see the relative moment-of-inertia changes
only every other level should be considered.
Thus, the band divides into two groups of levels,
the favored ones (I=j +R') and the unfavored ones
(I=j +R' - 1). It has been shown previously that
in the limit of large Coriolis interaction (e.g., at
high angular momentum) the favored levels form
a band which has the particle decoupled from the
symmetry axis of the core and aligned along the
rotation axis. ' Although we believe the unfavored
levels behave similarly, this Letter is focused
on the behavior of the favored levels because
they could be traced to higher angular momentum
and because, as members of the developing de-
coupled band, they are somewhat simpler to un-
derstand.

Data on the favored levels in the three nuclei
are compiled in Table I. The lower part of the
decay scheme obtained from these data agrees
with that reported previously, ' and a more com-
plete report on the upper parts will be published
elsewhere. ' The assignments up to spin '-,' can
be considered certain since all the transitions
could be shown to be in coincidence with the next
lower transition. All the crossover y rays have
the angular anisotropy expected for stretched
quadrupole transitions (I-I- 2) and the popula-
tion in the band decreases with increasing spin
as is typical for a (HI, xn) reaction. The '-,' state
in each of the three nuclei can only be assigned
tentatively; the respective transitions appear in
the summed coincidence spectra [cf. Fig. 1(b)],
but our counting statistics do not allow us to de-
cide unambiguously if they feed the cascades
from the top. A rather striking feature of the
spectra is the fact that they show a high density
of lines up to a certain energy and then few, if
any, lines above that point. This suggests that
both parts of the ground band (favored and unfav-
ored) backbend at about the same transition en-
ergy.

The backbending of the favored levels in the
three nuclei can be seen in Fig. 2 which shows
the dependence of the moment of inertia on the
rotational frequency. The moments of inertia
were calculated from the formula
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TABLE I. Energies, intensities, and A2 coefficients for the favored levels of the ground-state band in zHo,
~59Ho, and 6~Ho. The energies and the A2 coefficients are given for the crossover transitions, whereas the intensi-
ties are the sum of crossover and cascade transitions depopulating the level.

15/2
19/2
29/2
27/2
21/2
95/2

(29/2 )

(keV)

315.9 + 0.8
424.3+ 0.8
513.0 + 0.3
5S3.2 + 0.3
630.9 + 0.5
565.9 + 0.9

(5oo.1+o.9)

15zHo

Int.

(100+ 16)
70+4
49+ 7
21&2
13+2
S+2
2+1

A ~
2

0.25 + 0.09
0.24 + 0.07
0.19+ 0.09
0.28 + 0.0S
0.24 + 0.08
0.15+ 0.10
0.28+ 0.1S

EI-E~ 2

(keV)

317.S + 0.3
40S.4 + 0.3
4S6.4+ O.3
550.7 + 0.3
592.5+ 0.4
5S7.1+0.6

(547.3+ 1.O)

'"Ho

Int.

(100+ 15)
69+4
47+ 8
8168
17+2
11+2
5+2

A2

0.20+ 0,09
0.20+ 0.07
0.20 + 0.0S
0.24 E 0.0S
0.1S+ 0.09
0.15 + 0.09
0.80 + 0.20

E E
(keV}

312.2+ 0.3
397.0+ 0.3
472.4 + 0.3
584.5 + 0.3
578.3+ 0.6
56S.9 + O.S

(544.S+ 1.O)

161.Ho

Int.

(100+ 15}
s5+ 5
69+4
4S+ 8
24+ 2
11+2
6+3

A2

0.21+ O.OS

0.26+ 0.06
0.25 + 0.06
0.24 + 0.06
0.26+ 0.07
0.21 + 0.13
0.20 + 0.20

The A2 coefficients were determined from the angular anisotropies (0' and 90') using the approximation that A4
= 0. For comparison. , the five stretched E2 transitions in the energy range 800&E& & 600 keV from the similar re-
action Tb( 8, 4+)'66Yb have (Ref. S) an average A2 = 0.23 (and A4 ———0.06), though a slightly larger value would

probably be more typical for the (HI, &&p) reactions.

where R' =I—j, ~=E,+, —E„and he = ~/2.
Equation (1) is va.lid only when the extra particle
is completely decoupled. ' Since this is not the
case here, these 8(I, ~) values for the odd nuclei
do not represent moments of inertia of the core,
but only lower limits, and they should be raised
by increasing amounts as one goes to lower I val-
ues. However, it can be seen that this cannot
change the conclusion that the band backbends.
That property is determined only by the h&u val-
ues and follows immediately from the lower tran-
sition energies at higher spin values. The neigh-
boring even-even nuclei" are also shown in Fig.
2, and lie above the odd-A. nuclei for the reasons
just discussed; nevertheless, the similarity in
the backbending of the odd-A and even-even nu-
clei is apparent.

A detailed examination of Fig. 2 shows that
(1) the odd-A Ho nuclei backbend at about the
same rotational frequency (transition energy) as
the even-even nuclei; (2) the odd-A nuclei back-
bend at slightly lower R' values (I- j), but higher
actual spin values I; (3) the energy of the back-
bending state is about the same in the odd-A and
even-even nuclei, since the former have fewer
transitions, but higher-energy ones (not fully de-
coupled); and (4) the cha, ra.cter of the backbend
in the Ho nuclei is similar to that in the Er nu-
clei, and probably more marked than the average
of those in Er and Dy. More data on these Ho
levels and on those of other nuclei are needed to
confirm and extend these conclusions and to pro-
vide similar information on the unfavored levels.
But at present it seems safe to conclude from
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FIG. 2. A comparison of backbending in z' ' 6 Ho
with their even-even neighbors. The even-even curves
are the usual ones of this type, and the odd-A bands are
treated as described in the text.

the above comparison that backbending in the odd-
A Ho isotopes is generally rather similar to that
in the adjacent even-even nuclei.

This conclusion is in contrast to the situation
recently found in the odd Er isotopes, ' where no
backbending was observed, even though the data
extended well beyond the region (of spin or h&u)

where the even-even nuclei backbend. It seems
likely that this difference in behavior can be re-
lated to the underlying cause of backbending.
Since the occupation of the 5,]/2 orbital by the odd
particle does not significantly change the back-
bending properties, it seems that this orbital
cannot be closely involved in the mechanism (or
cause) of the backbending behavior. On the other
hand, the fact that occupation of the i»„orbital
in the odd Er nuclei does affect the backbending
properties specifies this orbital as (the) one that
is closely involved. The direction in which back-
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bending is affected (enhanced or diminished, has-
tened or delayed) in the Er nuclei has given in-
formation for comparison with specific models. '
The point we want to emphasize here, however,
is that the odd particle can, in general, serve as
a probe to tell if a particular orbital is or is not
closely related to the cause of the backbending.

To summarize, we have shown that rotational
bands in odd-A nuclei can backbend, and in par-
ticular that those in the light Ho isotopes do so.
These data indicate that the h»» protons are not,
or nearly not, involved in the mechanism of back-
bending. A similar experiment would be especial-
ly useful in the Qs region where it is not clear
whether i»» (or even j»„) neutrons or h», pro-
tons are mainly responsible for the backbending.
It could also be that the backbend in the Qs re-
gion is due to a different effect, and this might
show up in the behavior of the odd-A nuclei in
that region.

*Work performed under the auspices of the U.S. Atom-
ic Energy Commission.
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A, Johnson, H, Hyde, and J. Sztarkier, Phys. Lett.
S4S, 6O5 (1971).

~A. Johnson and Z. Szymanski, Phys. Rev, C 7, 181
(1973).

~F. S. Stephens, R. M. Diamond, and S. G. Nilsson,
Phys. Lett. 448, 429 (1978).

4R. M. Diamond, iu Proceedings of the International
Conference on the Properties of Nuclei far from the Re
pion of Beta-Stability, Leysin, Switzerland, 1970
(CERN Scientific Information Center, Geneva, Switzer-
land, 1970), p. 65.

E. Grosse, R. M. Diamond, and F. S. Stephens, to be
published.

6Q. Saethre, S. A. Hjorth, A. Johnson, S. Jagere,
H. Hyde, and Z. Szymanski, Nucl. Phys. A207, 486 (3.973).

E. Grosse, F. S. Stephens, and R. M. Diamond,
Phys. Rev. Lett. 31, 840 (1973).

J. 0. Newton, F. S. Stephens, R. M. Diamond, K. Ko-
tajima, and E. Matthias, Nucl. Phys. A95, 357 (1967).

Measurement of Elastic Proton-Proton Scattering in Pure Initial-Spin States*)

J. R. O'Fallon
Department of Physics, St. Louis University, St. Louis, Missouri 69103

and

E. F. Parker and L. G. Ratner
Accelerator Research facilities Division, Argonne National Laboratory, Argonne, Illinois 60489

and

R. C. Fernow, S. W. Gray, A. D. Krisch, H. E. Miettinen, and J. B. Roberts
Randall Laboratory of Physics, The University of Michigan, Ann Arbor, Michigan 48104

(Received 14 December 1973)

An experiment was done using an accelerated polarized proton beam and a polarized
proton target. The elastic cross section for proton-proton scattering at 6.0 Gev/ acnd

P~ =0.5-1.6 (Gev/c)2 was measured in the spin states & t, &1, and 11 perpendicular to
the scattering plane. The cross sections were found to be unequal by up to a factor of 2.

During recent years there has been an increas-
ing interest in the importance of spin in high-en-
ergy strong interactions. This has come from
the very successful experiments using polarized
proton targets at Berkeley, ' CERN, ' and Argonne
National Laboratory (ANL). ' The ANL zero-
gradient synchrotron (ZGS) has now accelerated
a beam of 5x10' protons to 6 GeV/c with a polar-
ization of 72 + 7%. The acceleration of a polarized
beam is discussed in our earlier paper' and a
detailed accelerator paper to be published. '

Our experiment used both a polarized target

and a polarized beam. A high-energy polarime-
ter shown in Fig. 1 measured the beam polariza-
tion P~. It consists of two identical double-arm
spectrometers, each containing magnets and
scintillation counters, which each measure pro-
ton-proton elastic scattering from a liquid-hy-
drogen target- —one the scattering of the forward
particle to the left and the other to the right.
The lab solid angle defined by the counters L3
and R3 is = 4 &&10 ' sr and the momentum bite is
AP/P = +6%. The overmatched counters L, and
A, detected the recoil protons which gave a very


