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pairing switched off. In these CHF results, which
are enumerated in Table I, we see no signs of a
backbend and indeed this is consistent with the
earlier CHF results'2*'3 for 2 Ne and ~Ni.

We wish to emphasize that our results are
not in contradiction to the basic idea of the align-
ment model. " At the two critical J values a
pair of neutrons and a pair of protons do align.
But the antipairing continues to be operative and
at two other values of J, larger than these J, ,
complete disappearance of both neutron and pro-
ton pairings occurs. The alignment model does
not describe the latter phenomenon. Amongst
all the known methods and models for backbend-
ing, the CHFB seems to be the only one capable
of describing all the stages in the transition from
the paired (BCS) to the completely unpaired state
for such large angular momentum values as in
the second backbend region. Here we should also
point out that within the CHFB framework one
can equally well understand the lack of backends
at relatively low J values in many, of the odd A
rotors. Since the CHFB allows for alignment,
Mocking to alignment (as it does in the alignment
model" ), can also take place. This has been
demonstrated by Ring, Mang, and Banarjee. "
Thus all the existing data and the results re-
ported here and elsewhere" support the anti-
pairing interpretation. If more than two back-
bends are ever seen in any rare-earth rotor, a
significant modification in the above interpreta-
tion would become a necessity.

In view of our results, it would be very inter-
esting to clear up the experimental uncertainity
regarding the order of 843- and 855-keV transi-
tions in "Er and thus decide whether it is a dis-
continuity or a small backbend.

It is in the demonstration of the importance of
the pairing degree of freedom and, thus, in the
identification of the basic reason for backbends
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Description of the Polarization of I28 Produced in the Reaction ' «(' I,' &)' Ru
T. Udagawa and T. Tamura

DePartment of Physics, The University of Texas, Austin, Texas 78712
(geceived 2 August 1978)

The polarization of 8 produced in the reaction ' Mo(' N, ' B)'+gu is explained in a
fully quantum mechanical way. It is found that recoil plays a decisive role.

Recently we applied successfully a multistep
direct reaction (MSDR) theory to explain continu-
ous spectra of reactions induced by both light'

and heavy' ions. The most important ingredient
in making such calculations possible was to rec-
ognize that, in calculating continuous cross sec-
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tions, it is legitimate to replace realistic nuclear
(final) states by members of an appropriately
chosen complete set. ' It may also be emphasized
that in applying our approach to heavy-ion reac-
tions, it is practical and well justified' to use a
parametrized form of the distorted-wave Born-
approximation (DWBA) a.mplitude. ' In the present
article we apply the techniques developed in Ref s.
5 and 6 to explain the data of Ref. 1. As is seen,
the actual calculation was done within the one-
step DB theory.

We first give a few formulas necessary in ex-
plaining some details of the calculations. Several
of these formulas, and also part of the technique
we use, were also used in a recent work by Bond. '
A major difference is that Bond considered only
discrete final states, while we consider continu-
um states. Also, Bond's arguments remained
largely speculative, with no attempt to fit exist-
ing data quantitatively.

The usual one-step (DWBA) amplitude may be
written (with notation as in Tamura') as

Z',' „, = (J~~s,m, {lm)p, (0), Pi~(e) = E(1,0l, m{lm)lI, , » (4m)'i'(-1)'b Y; (g, 0).
lglp

Note that Eq. (1) is simpler than the more general form of T given in Ref. 9. Here we have already as-
sumed that the projectile has spin s, =0. Actually "N has s, =1, but the ("N, "B) reaction proceeds
primarily' by letting two protons carry away two units of angular momenta from "N. This fact justi-
fies the use of Eq. (1) so long as we set &, =2 (rather than =1, the spin of "B), and makes our discus-
sion much more transparent than otherwise.

In Eq. (1), the coordinate system used has zll k, and y ll%, && k„where%, (R,) is the relative momen-
tum in the incident (exit) channel. We found, however, that a new coordinate system, " in which z II%,
&&%, and x II k„ is more convenient to use for our purpose. We then have, in place of (1),

Clearly, ~, X~, and~, are projections, respectively, of l, I~, and s, along this new ~ axis.
As in Ref. 6, we parametrize the amplitude I,,» in the form

I, „,=N, exp{.—[(I -l ~')2/r, '+(i, -l,')2/r, 2]+iq(I, —&,')j (with l =I, —l,).

We performed exact finite-range (EFR) DWBA calculations of I,,», .(&) for the reactions '"Mo("N,
"8)'"Ru for about 3000 sets of the values of I„ I, l„and E„and the parameters that appear in (3)
were fixed so that these EFR-DWBA results are best reproduced in the sense of X'. The values thus
were I,('i =55.7+0.61Q, ldoi =1.7+0.61Q, I', =4, I'„=7, and ( =0.15, the reaction Q value being meas-
ured in MeV." Note that there appear in (3) two windows at l,~'i and l~~'), respectively, for the angular
momenta I, and i ~, with widths (4 and 7) which are fairly small compared with the maximum value of
/, which is of the order of 50. Note that N, is a real quantity depending slightly on l and other quantum
numbers. We ignore this dependence, however, since it is not crucial to the discussion given below. "

In the above EFB-DWBA calculations, an optical potential with V = 100 Me& and W = 10 Me V, and
=1.3 fm and a„=a„=0.5 fm, was used. The form factor constructed for the ground-state transi-

tion was used throughout.
In Ref. 6, a straightforward use of (3) was made, and we can do so here too. In order to make the

mechanism of polarization as transparent as possible, however, we shall go one step further in simpli-
fication, and use the following approximate relations":

(l,0l,m{lm) = (1/l, )(-1)'+"D,„'(0,~,0),
(4)

F,, (9,0)=i (& sin'i'8) 'cos{[(l +—')8 ——'n --,'{m{p).

We insert (1), (3), and (4) into (2) which has a double summation over I, and I,. The summation over
l, is replaced by one over l„which can be carried out analytically, by using the orthornormality of
the D functions. " The summation over l, is then replaced by an integral, which can also be performed
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(6b)

The continuum spectra are then obtained as

do/dE, =gz v(IsEs*, H)p(Its*) and P(E~*,H)dv/dE~ =gz P(IsEs*,H)o(IsEs*, H)p(IsEs*). (7)

Here p(I~Es*) is the spectroscopic density, "and was constructed by using the method described in
some detail in the second paper of Ref. 5. As can be seen there, this p(IsE~~) is very close to the lev-
el density with which bvo protons occupy a pair of vacant orbits in a shell model.

Numerical calculations were performed based on the formulas given above, and the results are pre-
sented in Fig. 1 with solid lines. It is seen that they agree rather well with experiment, although some
deviation is noticed in the region of very small E„ to which we will come back later.

The nice agreement obtained encourages us to go one step further into a deeper understanding of how
the above results came about. For this purpose, we shall first put s, =2 in (6b), and then express ex-
plicitly the Racah and Clebsch-Gordan coefficients that appear there. If we write P =P, +P„ the re-
sult is given as

analytically. The result is

p, =A(H)l(-1)'' [p, ~') (-1)' p, „~~], A(H) =I",/(4 ' H)'I',

p~~" =&.exp[- (~+ iu"') /[1 ~'+-'1 '(H + 0)']+l(l~"'H +2&).

The amplitudes P, q and P,q, characterized by the deflection angles g and —g, respectively, de-
scribe contributions coming from processes taking place on near and far sides of the nucleus. Since
g & 0 in our case, p, ~~+~ dominates p, q ), although the contribution of the latter is not necessarily negli-
gible.

Comparison of (5) with (3) shows that the l, -space window in the latter has resulted in a window in
the X space, located at & =+ l, 'i for P, q

'i. The value of l, 'i =1.7+ 0 61Q, as given above, is negative
for all the Q values concerned; Q& Q~, where Q, = —7.5 MeV is the Q value for the ground-state transi-
tion. Therefore, negative &=lP (positive &= —l, ") contribute dominantly toP, ~' IP, ~ ).

ln terms of p, z ~, the cross section and the polarization of "Bfor exciting a single state in '0'Ru with
a spin Is and excitation energy Es* (= Q&., —Q) are written as

o(I,E,*,H) =Z, ,IP)~I'=IA(H)l'Z ~(2i+ 1)IP„"+(-1)'Pg,''I', (6a)

P(Its*,H)o(IsE13*,H) =Q„i[(sl, +1)/s~]' (l910Ilk. )l's W|(ls~lIe; s,l')P, i~P, ~*.

~[6+i(i 1) —I,(I,+1)]Ip„"+p„''I', (8a)

a ) 2 i/2
oP, = IA I' g [(I, + 1+3)(I,-l +3)(r, + l —2)(l -I, +2)]'I'[P, „"P,„"'-P,„&-P„'&'].

lX.
0&0)

(8b)

The P, originates from the l' = 1 term in (6b), and
the P, from the l' =l+ j. term. Note that P2 in the
form of (8b) is real, because the phase of P, z~+)

is independent of l, as seen in (5).
We first want to obtain the asymptotic behavior

of P, and P,. For simplicity, we set for the mo-
ment p, ~~ ~ =0, since its magnitude is small com-
pared with that of P, z~')

~ We have seen above that

p, z+ has a & window at X =l~ ' & 0, and that Il„' I

increases linearly with I Q t. As IQ I increases,
states with larger I~ become available, which
allows l to be also large, since I=I~+ K How-

ever, the maximum possible value, J-, of l in-
creases only in proportion to I

Ql'i' (as expected
from the spin dependence of the level density).
We thus have L & Il~~' I for a large IQI, and this

fact leaves the factor exp[ —(IXI —Il~~'il)'/F~'] in

p, z(+i sufficiently large, only if IXI takes its larg-
est possible value, i.e., if IXI=L. This also re-
quires that / =L. In. other words, only one term
with l = -X =L dominates the double sum in (8),
and we arrive at the asymptotic relations by tak-
ing the limit L =I~ +2 as

- IAI'(-2L)(p, ")',
Iol--

[For P, we retained a small factor (l'-X')~'
which of course vanishes if the limit l =-X =L is
taken literally. ] Applying a similar argument to
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FIG. 1. (a) Number of observed p particles, NB,
which is proportional to the cross section, and g)) the
polarization of 8, at 6),g=20'. Experimental data
were taken from ref. 1. Prediction of B,ef. 3 is given
by dotted lines, while our prediction is given by solid
and dashed lines. Theoretical cross section has been
normalized at the peak of the N~ distribution.
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(6a), we also get the asymptotic relation

=I&l'(2L)(P, ")'
lo I--

We thus have P; —1 and P,-O as I Q I- ~.
As is clear from (8b), P, is positive definite

(since IP, &~+~I& IP, „~ ~l). It will have nonvanishing
values for smaller IQI, and tends to zero for
large I Ql, as shown above. This behavior of P,
is the same as that of the experimental P for
large E„as is seen in Fig. 1.

In contrast to P» P, is negative for all Q. To
see this, we first note that the factor 6+l g + 1)
-I~(Is+ I) in (8a) changes its sign from negative
to positive, as / is increased from I~ —2 to I~+ 2.
On the average, however, this factor is positive.
Since the other factor X in (8a) is negative defi-
nite, it is seen that P, is indeed negative. For
smaller I Q 1, where only smaller I~'s are avail-
able, the magnitude of P, will be small because
the contributions from different l's cancel one
another, as a result of the varying sign of the
above-mentioned factor. For large IQ I, P; —1,
as shown above.

Summarizing, we found that for small I Ql, i.e.,
for large E» P2 is dominant and explains by it-
self the experimental P there. For Eb= 60 MeV,

positive P, and negative P, compete and make P
=0. For Eb lower than 60 MeV, P, dominates,
and tends to make P approach —1. In this way
the Eb dependence of the theoretical P is well
~derstood.

It is now clear that, had we had P, = 0, we must
have failed completely to fit the data. We reem-
phasize that P, results from the interference be-
tween amplitudes associated with l values that
differ by one unit, i.e., with ~'s that have oppo-
site parities, natural and unnatural. It is well
known (see, e.g. , Ref. 9) that the amplitude as-
sociated with the unnatural-parity E vanishes
identically if the DWBA calculation is made with
no-recoil approximation. We then have P2 = 0.
The fact that we obtained nonvanishing P, was
thus simply due to the fact that our calculation
was based on EFB-DWBA, which takes fully into
account the recoil effect. We can thus conclude
that the appearance of large positive P in Fig. 1
is entirely due to the recoil effect.

We remarked above that P-P,-—1 for large
IQ I, and this fact is going to make our theoretical
P deviate from experiment for Eb ~ 55 MeV; see
Fig. 1. We do not think this is a significant troub-
le in our theory, however. It should be noted that
in the energy region with which we are concerned,
we are also somewhat underpredicting the cross
section, which we believe is because we have not
included the contribution of higher-step proces-
ses." Postponing to a future work the inclusion
of such effects in our calculation, we shall here
simply assume that the discrepancy between the
theoretical and experimental cross sections can
be accounted for this way, and therefore that we
can use the experimental, rather than the theo-
retical, cross section in the formula defining P
in (7). (This assumes further that the higher-
step processes are so complicated that their con-
tributions to P average out to zero. ) If this is
done, we obtain a new theoretical result, shown
in Fig. 1 by a dashed line, which is seen to be in
good accord with experiment.

In the above discussions of the properties of
P y and P„we ' all but ignored the pre senc e of the
term P, ~~ ~. From what we discussed below Eg.
(5), however, it is clear that P, ~' ~ behaves in an
almost opposite way to P, ~~'~. As we stated ear-
lier, the condition that P, ~' ~ makes a significant
contribution is that g~ 0. Very recently, Taka-
hashi et al."repeated the experiment of Ref. 1,
but with E»„("N)= 200 MeV, and found that P be-
came positive again for —Q ~ 100 MeV. It may
be that g has indeed become negative, and thus
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I', is contributing positively. Work to test such
a conjecture is also under way.
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angular momentum into intrinsic fragment spins
due to tangential friction. A large nuclear spin
polarization is therefore expected which should
lead to a large y-ray circular polarization if
most of the spin is carried away in cascades of
stretched y transitions.

In general, a y-ray circular polarization of
less than 100%%uq will be found if (i) nonstretched
transitions take part in the y-decay process, if
(ii) nonaligned spin is generated either in the pri-
mary collision or by the emission of light parti-
cles, if (iii) processes with positive and negative
scattering angles contribute to the observed cross
section (which does not exclude a large align-
ment), or if (iv) the two fragments emerge with
opposite spin directions" and emit y radiation of

The circular polarization of the energy-integrated y-ray spectra and the angular corre-
lation of discrete y transitions in coincidence with the light fragments detected at 85 were
measured for the reaction 100-MeV ~60+ Ni. A large nuclear spin polarization and at
least 80% negative-angle scattering are deduced for deep-inelastic events. The decrease
of the circular polarization observed at Q &- 80 MeV is ascribed to increasing positive-
angle contributions to the cross section.

It has been shown that the y radiation emitted
by the excited fragments of deep-inelastic (DI)
heavy-ion reactions is circularly polarized and
that the sense of rotation of the intermediate
complex formed by the colliding nuclei can be de-
termined. ' In the case of 300-MeV "Ar on Ag a
polarization in the direction of the scattering nor-
mal k; & k& was found which established the pre-
dominance of orbiting trajectories leading to neg-
ative classical deflection angles. The measured
value of about 25% y-ray circular polarization
seems to be rather small, however, since large
spin alignment has been observed for the highly
excited primary fragments of DI reactions. ' 4

This alignment is interpreted as resulting from
the transfer of a considerable part of the orbital
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