VoLUME 28, NUMBER 2

PHYSICAL REVIEW LETTERS

10 JANUARY 1972

(Univ. of Wisconsin Press, Madison, Wis., 1970), pp.
317—-349.

SR. W. Meier, P. Scherrer, and G. Trumpy, Helv.
Phys. Acta 27, 577 (1954).

§3. E. Wills, Jr., J. K. Bair, H. O. Cohn, and H. B.
Willard, Phys. Rev. 109, 891 (1958).

R. B. Perkins and C. Glashausser, Nucl. Phys. 60,
443 (1964). While Perkins and Glashausser double-
scattered monoenergetic neutrons of 23 MeV from ‘He,
the neutron energy loss after the first scattering (A E
~11 MeV) was so large that their result could not be
analyzed using the procedure given in Eqs. (1) and (2).
A major advantage of the double-scattering technique
was thereby lost.

81t will be seen that this is, in fact, a “quadruple-
scattering” experiment involving the sequence (e, )

- (yn) —~ (ns”po]) - (”pol:npol)-

p. Hillman, G. H. Stafford, and C. Whitehead, Nuovo
Cimento 4, 67 (1956).

10R. Nath, Ph. D. thesis, Yale University, 1971 (un-
published); R. Nath, F. W. K. Firk, R.J. Holt, and
H. L. Schultz, to be published.

g, M. McCormac, M. F. Steuer, C. D. Bond, and
F. L. Hereford, Phys. Rev. 108, 116 (1957).

2w, P. Bucher, W. B. Beverly, G. C. Cobb, and F. L.
Hereford, Phys. Rev. 115, 961 (1959).

18p, 7. Elwyn and R. O. Lane, Nucl. Phys. 31, 78
(1961).

143, L. Weil and W. Galati, in Polavrization Phenomena
in Nuclear Reactions, edited by H. H. Barschall and
W. Haeberli (Univ. of Wisconsin Press, Madison, Wis.,
1970), pp. 609-610.

o Pickup in the 4 = 90 Region
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The (*He, "Be) reaction was observed for targets of Zr and Nb at 41 MeV. The reac-
tion displays features expected from the pickup of an o -like fragment, The values of the
cross sections agree with a prediction based on known proton spectroscopic factors., Con-
trary to current shell-model predictions, the trend of (*He, "Be) cross sections does not
require that the @ spectroscopic factors change by more than 1 order of magnitude from

12C to %nb,

Whether four-nucleon transfer reactions can be
described simply as an a-transfer process is a
matter of current interest. Experimentally it has
been shown® that the (*He, "Be) reaction is domi-
nated by the transfer of a J"=0* a-like fragment.
This is not surprising since L-S coupling closely
describes the structure of the "Be nucleus, and
most of the possible configurations of the four
transferred nucleons have the same quantum num-
bers as an « particle. However, for four-nucle-
on transfer reactions involving heavier projec-
tiles which are largely j-j coupled, such a selec-
tivity may not occur.

We have undertaken a study of the (*He, "Be) re-
action in the zirconium region to see if this reac-
tion, in spite of its small cross section, could be
used to investigate & structures in nuclei with
large neutron excess. The reactions Zr(°*He,
"Be)®®Sr and **Nb(®He, "Be)®®Y were induced by a
41.3-MeV 3He beam from the University of Colo-
rado cyclotron with a typical intensity on target
of 1.2 uA. The experimental apparatus has been
described elsewhere.? The "Be energy spectra
are shown in Fig. 1 and the angular distributions

pertinent to the following discussion appear in
Fig. 2.

The strong forward peaking of the angular dig-
tributions cannot be of a statistical nature since
the energy definition is larger than the coherence
width of the possible compound states. It is a
definite indication of the direct character of the
reaction mechanism,

From '2C to **Ca, (°He, "Be) ground-state cross
sections decreased by a factor of about 40,% 2 but
the ®2Zr cross section is half as large as that of
4°Ca and actually more than 2 times larger than
that of °®Ni.** Therefore (*He, "Be) measure-
ments remain within the limits of experimental
feasibility for nuclei far heavier than calcium.,

This variation of the (*He, "Be) cross section
has been investigated using a fixed-range approx-
imation®® for the distorted-wave Born-approxi-
mation (DWBA) factor of the cross section.® On
the one hand, in a reaction such as (*He, "Be)
where absorption plays an important role, the
mere increase in radius of the target nucleus re-
duces the cross section sharply.! For example,
using a 3S bound-state wave function for the

117



VOLUME 28, NUMBER 2

PHYSICAL REVIEW LETTERS

10 JANUARY 1972

ﬁ T T | T T T T T T T T T [ T T T T T T T T T [ T n
37.2 mC g.s., 0%
92 3 7
40f 25° o zrCHe,"Be’ 1 |
20 7
l.8‘4
s —
= o
>
o
¥ WMM\
sO||||111 1 Ao TR TR A
S 93 3 7 89
2 37.8 mC Nb(“He, Be) Y
g 0.91,972%
z 25° —
(0
10 _

Channel Number

FIG. 1. Energy spectra of 'Be particles from *Zr
and Nb targets under bombardment by 41.3-MeV *Het*
ions. The peaks are labeled by the excitation energy of
the residual nucleus. Since the "Be nucleus has two
bound states (the ground state and the 0.431-MeV state),
each state of the residual nucleus appears as a doublet
of peaks labeled (0) and (1).

transferred a fragment, DWBA calculations indi-
cate a decrease of 2 orders of magnitude between
12C and *°Ca, and the same decrease again from
4Ca to %2Zr.

However, for heavier target nuclei, the availa-
bility of more energy quanta for the four trans-
ferred nucleons dampens this effect. Since the
transferred fragment is in the internal quantum
state of an ¢ particle, all the energy quanta are
carried by the relative motion of the fragment in
the nucleus.,” For a 0"~ 0" transition, the trans-
ferred a particle is in a 3S state in 2C, a 5S
state in *°Ca, and an 8S state in ®2Zr. All other
parameters being left unchanged, the pickup from
2Zr of an o fragment in 3S, 5S, and 8S bound
states results in relative DWBA cross sections
of 1, 5, and 40, respectively. This effect is re-
sponsible for the leveling off of the DWBA-calcu-
lated cross sections for heavier target nuclei.
Since the combined effect of the increases in the
radius of the nucleus and in the number of nodes
of the wave function correctly predicts the magni-
tude of the variations of 0(®*He, "Be), large changes
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FIG. 2. Angular distributions of the cross sections
of the reactions %Zr(*He, "Be)®sr (filled circles) and
BNb(CHe, "Be)?y* (0.91 MeV, £%) (open circles). The
cross sections for the two bound states of "Be have
been summed. The upper limits indicated at 6., =113°
and 164° correspond to two events, although none was
actually observed. The insert gives the angular distri-
bution of the ratio of the ®*Nb and *Zr cross sections.
The weighted average of this ratio is 0.64.

of the spectroscopic factors S, are not indicated.®
Unfortunately, this conclusion is only qualitative,
as 0(DWBA) is extremely sensitive to the choice
of the bound-state radius 7, in the case of a wave
function with many nodes (o changes by nearly 1
order of magnitude for a 10% change of 7, in the
case of an 8S bound state).

The last factor which governs the magnitude of
o(DWBA) is the @ value of the reaction. von
Oertzen® has recently pointed out the importance
of @-value dependence in (**Q, 2C) reactions. We
observe that o(®*He, "Be) also depends on the @
value (Fig. 3), although not as severely as do
heavy-ion reaction cross sections. A point of in-
terest is that good matching (hence maximum
cross section) requires a positive @ value for the
(*2C, '°0) a-pickup reaction. However, a nega-
tive @ value is required for (°*He, “Be) (see Fig.
3). This results from the fact that in the second
case the incoming and outgoing waves, corre-
sponding to particles with lesser electric charges,
are less distorted by the Coulomb field. As a re-
sult, the momentum-matching conditions are
closer to those of the plane-wave approximation
which require a smaller energy for the heavier
particle. As all a-pickup reactions of interest
have negative @ values, this effect represents a
decisive advantage of the (*He, "Be) or (d, °Li) re-
actions over their heavy-ion counterparts.

Since the magnitude of the DWBA term remains
S0 uncertain, it is impossible to extract reliable
values for the spectroscopic factors S,. How-
ever, in a given region of the mass table, com-
parison of (®He, "Be) cross sections can provide
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FIG. 3. @-value dependence for opyp A(3He, "Be) cal-
culated in the.fixed-range approximation for the case
of the reaction **Zr(*He, "Be) ¥Sr at 41.3 MeV. Curve
(1) shows the effect of the change in @ value, with a
fixed binding energy for the a-particle in %Zr. Curve
(2) corresponds to the case where the @ value and the
a binding energy are correctly correlated. For @ val-
ues larger than 1.8 MeV, the DwBA calculations pre-
dict an increase in cross section, but there the a par-
ticle is unbound. The @ values of the two transitions
discussed in the text are both close to — 1.3 MeV.

valuable spectroscopic information. An example
is given by a previous study of a clustering in
the A =40 nuclei.'® Analysis of (*He, d) data'! !
has established that the structure of the %*Nb
ground state and the 0.91-MeV £ state of %°Y is
well accounted for by a weak-coupling model. In
that model, **Nb consists of a g, proton coupled
to a ®Zr core; and the 0.91-MeV ®°Y state, of a
&/, Proton coupled to a %8Sr core. As a result the
two transitions, 0*~0" on **Zr and £~ £* on
%Nb, should be essentially identical. They would
both consist of the pickup of the same J"=0" four-
nucleon fragment from %2Zr,

The corresponding angular distributions in Fig.
2 are indeed very nearly parallel. Although the
cross sections themselves decrease by almost 2
orders of magnitude between 10° and 62°, their
ratio R remains constant within the experimental
uncertainties (see insert of Fig. 2). The value of
R is 0.64+0.10, where the error includes the un-
certainty in the ratio of the ®Zr and °>Nb target
thicknesses. This departure from unity results
from the fact that the addition of a g,,, proton to
%27r and ®Sr does not account for the entire wave
function of **Nb and 2°Y*(£ *), respectively. Since

the neutron number is the same in both targets,
our number R is primarily a measure of the pro-
duct of the proton spectroscopic factors, S,(**Nb)
XS,(*Y*y,,+). From the (*He,d) data,'**? this pro-
duct is 0.79X%0.88 =0.69, which is certainty com-
patible with R =0.64+0.10.

As can be seen in Fig. 1, the £ =4~ ground-
state transition on %Nb is strongly inhibited (it is
at least 30 times smaller than that of the §*~ 2"
transition). This reduction is not due to the dif-
ferent L-transfers involved, according to our
DWBA calculations. Therefore, this strong in-
hibition illustrates the spectroscopic selectivity
of the (*He, "Be) reaction, since the (gy/5,01/5)
proton pair transferred in that transition cannot
have the 1S relative motion of a proton pair in an
a particle.

In conclusion, the present results indicate that
the (®*He, "Be) reaction can still be used as a spec-
troscopic tool for nuclei as heavy as zirconium.
The quantitative agreement of the ratio between
the ®2Zr and %*Nb cross sections with known pro-
ton spectroscopic factors, and all the other quali-
tative indications provided by the data and dis-
cussed above, confirm that the simple picture of
a direct a-transfer process describes the (*He,
"Be) reaction.
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Deuteron Alignment in Deuteron-Proton Elastic Scattering at 3.6 GeV/c*
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We have performed a deuteron-proton double-scattering experiment with a 8,6-GeV/c
deuteron beam to study the spin alignment of the elastically scattered deuterons., We ob-
served scattered beams of polarized deuterons and have measured the spin alignment and
vector polarization in the four-momentum—transfer interval of A2=0,13 to 0,54 (GeV/c)?,
Multiple-scattering model fits are presented to our alignment and polarization data as

well as to existing differential-cross-section data.

An important ingredient in the Glauber model!
for p-d and 7-d forward differential cross sec-
tions above 1 GeV is the D-state deuteron form
factor which fills in a dip in the cross section
near |A[2=0.3 (GeV/c)? to give the experimentally
observed shoulder in the interference region be-
tween single and double scattering. It was shown
by Franco and Glauber? that the D-state form fac-
tor should lead to a strong dependence of the p-d
differential cross section on the deuteron spin di-
rection. Harrington® has pointed out that this
spin dependence could also be studied in a double-
scattering experiment in which a high-energy deu-
teron beam was scattered from two hydrogen tar-
gets in succession.

In a double-scattering experiment in which a
deuteron beam is polarized by the first scatterer
and analyzed by the second scatterer, the differ-
ential cross section of the second scattering can
be written I=I,[1+ab, +a,b, cos2¢ + (ab, —a,b,)

X cos@], where I, is the unpolarized differential
cross section, ¢ is the azimuthal angle, a; de-
scribe the deuteron polarization in the first scat-
tering, and b; describe the analyzing power in the
second scattering. The terms a,b,, a,b,, and a,b,
are due to alignment, or tensor polarization,
while a,b, is the usual vector-polarization term.
For elastic scattering, a; =b0; assuming time-re-
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versal invariance. The @;(A) are functions of the
spin expectation values.? In Harrington’s model
the coefficients a,, a, depend upon the quadrupole
form factor of the deuteron, and the coefficients
a;, a, vanish. In the experiment reported here
the azimuthal asymmetry N(¢) was measured,
and it was compared to the formula N(g)=N,(1
+A cos2¢ + B cose), where allowance has been
made for nonzero coefficients a,, a,.

Figure 1 shows the configuration for the first
and second scatterings. The external deuteron
beam of the Princeton-Pennsylvania Accelerator
at 3.6 GeV/c ® was aligned by the first scattering
at momentum transfer A, and formed a secondary
scattered beam. Deuterons in the scattered beam
had a momentum higher than that kinematically
allowed for any contamination, so the beam-line
magnets served to furnish a pure deuteron beam
incident on the second target. The momentum
transfer A, was varied by moving the position of
the first target 7', and retuning the magnet sys-
tem. Some data were also taken at higher and
lower incident momenta than 3.6 GeV/c to obtain
extreme values of momentum transfer. Typical
external deuteron beam intensity was 8 x10*' d/
sec which gave about 10* aligned deuterons in a 5-
cm-diam circle at the second scattering target T,.
The slit system defined 1A[2 to +0.01 (GeV/c)?.



