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istence of 311 possible surface reactions, is in
agreement with the experimental data. This
shows that for identical particle scattering the
pronounced structure at large angles results par-
tially from surface reactions other than the elas-
tic transfer. It is to be expected that such sur-
face reactions are also important for the elastic
scattering of nonidentical particles.

An intensive study both of angular distributions
with the modified A& function and energy depen-
dence of the parameters by measuring angular
distributions in small energy intervals is in pro-
gress and will be published in a forthcoming paper
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A nonrelativistic three-body treatment in the Born approximation is used for the final-
state nucleon-nucleon scattering in the field of the residual nucleus, following the ab-
sorption of a bound pion in C and 60. It is shown that the NN energy distributions rep-
resent a very sensitive probe of the nuclear two-body force and of the stronger optical
potential which serves to descibe multiple-scattering effects.

The absorption of a bound negative pion from an
atomic orbital is a rearrangement collision. ' In
principle, several channels are open: single-nu-
cleon, deuteron, or unbound-nucleon-pair chan-
nels. Through energy-momentum conservation,
however, the exit channels are limited by the
transfer of small momentum and the high rest
mass of the pion to the absorbing nucleons, hence
low excitation of the residual nucleus. Thus sin-
gle-nucleon emission is suppressed, but those
double-nucleon channels in which two nucleons
are emitted almost back-to-back qualify as exit
channels. Each of the nucleons in this group of
channels has high relative momentum but the to-
tal channel momentum is small. ' Thus, in ne-
glecting the single-nucleon and also cluster (e.g. ,
deuteron and triton) channels, we circumvent the
difficulties of rearrangement collisions, invo1.v-
ing several complete sets of asymptotic scatter-
ing states.

The boundary condition of the group of nucleon-
nucleon channels can be taken into account using
appropriate coordinates. If, in a coincidence ex-
periment, rz are the distances of the two detec-
tors from the residual nucleus, then on1.y nucleon

pairs with the specific channel partition energy
E =E, +E, and E,/E, = (r, /r, ) are picked up be-
cause, for equal time of flight t, the nucleons
travel the distances rq = (2E;/m)'"t. This sug-
gests using the coordinates' r, = r cosa and ~,
=csin@, where 0- a- &m.

Three-body partial-wave analysis. —This choice
of coordinates yields a discrete set of (asymptot-
ic) channel-surface two-nucleon wave functions

with channel-surface coordinates s = (o. ,r„r,) and
n = 0, 1, 2, ~ ~ ~ . The energy-correlation component
D~z z, (o.) is related to Jacobi polynomials and
yields a characteristic energy distribution de-
pending on n, l„and /, . Expanding the nucleon-
pair wave function (~ in terms of the channel-
surface states g„

g;(r, s) =Q,R, (r)g, (s),

and using Clebsch-Gordan series for the group
O(6) for the g in the form

g& (s )g&s (s) = Q&eB&&t&ul/) &n (s) &



VOLUME 23, NUMBER 4 PHYSICAL RKVIK%' LKYYKRS 28 Jur. v 1969

one finds the coupled-channel equations

1 d, d (2n+ l, + l, + 2)'-4
+k2 R ~ = Q B~.~.~v~. (r)R~ir'dr dr r' gl pit

for the "radial" coupled-channel NN-components
R,'. For simplicity we assume that the residual
nucleus is left in a singly excited state, i.e. , we

stay on the energy shell with respect to the resid-
ual nucleus so that the channel energy E =k /2m
is fixed and the (small) recoil momentum of the
residual nucleus is neglected. The transition po-
tentials v, (r) of Eq. (4) are defined by projection
on the channel surface of either the two-body nu-
clear potential or the optical potential V = V(r, )
+ V(r2), and ds = sin2n cos2n dedr ,dh"2:

v, (r) = JdsV(r, s)g, *(s).

Since the v, (r) in principle describes the dy-
namics of all three groups of channels, it is not
surprising that they are long ranged. The long
range of the v, associated with the two-body
force describes the nuclear interaction between
the bound nucleons of an emitted deuteron whose
c.m. -system distance from the residual nucleus
R =r/H2 approaches ~ as it travels toward the
asymptotic region. The long range of the central

multipole potentials describes the momentum
transfer between the residual nucleus and nucleon
1 which stays bound whereas nucleon 2 is emitted
into the force-free (r-~) region. In our model
however, where the deuteron as well as the sin-
gle-nucleon emission channels are closed, the
long-range components do not contribute and can
be cut off. Thus the effective transition poten-
tials are all short ranged, implying the fast con-
vergence of the partial-wave expansion.

Transition rates and results. —Using time-de-
pendent perturbation theory, the transition rates
are obtained from a coupled-channel wave y '

=Q;A-, (p, &)(-,. y' ' is asymptotically normalized
to a plane pair wave characterized by a nucleon-
nucleon opening angle 0 and partition-energy an-
gle P subject to E, = (k'/2m) cos'P and E,= (k'/2m)
sin p.

If we take into account the symmetry of the 8
matrix under nucleon exchange, each coherent
contribution to the transition rate can be written

L

(—1)" '" P, , (sin26)Pz -(sin28)ID' "i "z "(p)+(—1)" D„, I „(p)n'n" I 2 n n

lj ' ~~ 12'
13.

' & 12'

M(n' l, 'l ') *[L'S'J'T']I
X 1 2

(I+&q q )(1+5q, q ) n "l,"l2",n'l, 'l2

exhibitng explicitly the dependence of the partial
z absorption probability on the NN opening angle
8 and on the energy-partition angle p. By M we
denote the reduced matrix elements of the pion-
nucleon absorption operator. ' It can be shown
that, depending on n "+L'+S'+T'= 0 or 1 (mod 2),
the combination of D functions in (6) has a char-
acteristic dip or a peak at half the channel ener-
gy E, i.e., p=~m. For instance, D»0+Do»o-cosp
+ sinp and D», + D,»~ sin2p(cospt sinp).

For 1$-pion absorption on a neutron pair from
the S»2 orbital of ' 0, two groups of partial
waves with a (cosp-sinp)' and (cosp+ sinp)' ener-
gy distribution, respectively, have a large nucle-
ar matrix element M in the Born approximation
and a large S-matrix-element combination in (6).
Both groups together yield a broad peak a half-
maximum energy E,=E2= 2F. in the nn energy dis-
tribution of Fig. 1. For pn emission (Fig. 1) the
spin-isospin components of the S matrix suppress

+ (
I)1+n'+lg'+12'+L'+s'+T'S L

n"l "l " n'l 'l '
2 7 2 1

(6)

one group of partial waves and thereby the maxi-
mum. A Serber force instead of a Gillet mixture
for the nuclear two-body potential produces a dip
both for nn and pn emission at E,=E,= &E (Fig.
1). The angular distributions show roughly a
sin2& L9 dependence and are much less sensitive to
the structure of the NN interaction. ' The results
for the S«+„„(P„,)', etc. orbitals are similar.
They differ from calculations which use asymp-
totic relative NN waves and experimenta1 NN

phase shifts' though.
S-matrix elements involving the optical poten-

tial are, for "C and "0, by about a factor g
=4V,R /(0V poo)0larger than those of the two-
body force because of the longer range of the
former. We denote by Vo, V«and Ro po the
strength and range of the one- and two-body po-
tentials with Gaussian shape, respectively. Us-
ing Vo= & V« for the energy-dependent optical po-
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FIG. 1. 1S-pion transition rates for neutron-neutron
(nn) and proton-neutron (Pn) emission from the S&~2 or-
bit of ~60, using a two-body potential of Gaussian shape
with Gillet (G), Rosenfeld (R), or Serber (S) mixtures
and no optical potential. The rates are plotted versus
the energy E2 of one nucleon for the angle 0 = 180' be-
tween the two outgoing nucleons.

30

tential, $ = 6 results for "C and "O. A more re-
alistic value of $ is somewhat lower because the
Gaussian shape underestimates the high-momen-
tum components of the two-body interaction
which are relevant for the (v, NN) process. The
central potential is too strong to be adequately
treated by Born approximation. Calculations
with a weak central potential of strength V, = 2

and 4 MeV are shown in Fig. 2, from which we
draw the following qualitative conclusions:

Multiple-scattering effects in the final-state
scattering of the (n, NN) reaction, which may to
some extent be described by an optical potential,
are not only non-negligible but stronger than the
final-state NN interaction because of their longer
range. The NN energy distributions —especially
the occurrence of a peak or a dip at —,'E —are very
sensitive to the detailed structure of both the one-
and two-body forces.

The central potential enhances mainly the di-
rect S-matrix elements S, , Thus the pion ab-
sorption rates depend on t/'0 essentially in terms
of the relative strength of the diagonal S-matrix
elements for the central and two-body potentials.
In the Born approximation, this dependence on V,
is not monotonic because the contributions of the
central and two-body potentials are both signifi-
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FIG. 2. 1S-pion transition rates for nn and pn emis-
sion at 0=180 from the S&g2 orbit of C as a function
of the energy &2 of one nucleon, using a two-body po-
tential with Gillet mixture and central potentials of
strength V0=0, 2, and 4 MeV.

cant.
Finally, we observe an important feature of

this three-body partial-wave analysis of the (n

NN) process. The structure of the experimental
energy distributions is directly related to nucle-
ar and S-matrix elements via the characteristic
energy distribution of the partial-wave D func-
tions in (6).
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~For 1S-pion absorption on a pair of nucleons from

the s or p orbits of the target nucleus, the selection
rules of the lS-pion absorption operator yield l ~ 2.
The initial bound-state two-nucleon wave function cuts

off the high-channel indices n'+l&'+ l &' so that n' 5
for numerical calculations. Using transition poten-
tials &~ and v»withn 2 and l 1 only, n" 7, I;"
~ 3 results. Entrance-channel correlations, which we
have neglected, would raise these limits by 1 to 5.
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The ratio of the electric-quadrupole interaction frequencies between the 3 1174-keV
state and the 79-keV 2+ state has been measured using time-differential perturbed angu-
lar correlation techniques. The measured ratio &u, (1174)/~0(79) =0.53 +0.06 corresponds
to a ratio of the static quadrupole moments of Q(1171)/Q(79) = 1.33 +0.15, which, com-
bined with the value of Q(79) derived from Coulomb-excitation transition probabilities,
yields a value of Q(1174)=2.92 +0.33 b.

The observation of the time-differential per-
turbed angular correlation (pac) of nuclear gam-
ma rays has been used in a small number of
cases to observe static electric-quadrupole inter-
actions of nuclei in solid sources. ' As in Moss-
bauer-effect measurements, extraction of de-
tailed information concerning the magnitude of
either the nuclear moment or the electric field
gradient (EFG) involved must rely on data from
other experiments or from calculations; however,
ratios of- the interaction frequencies of different
states in the same element can be measured by
observing these states in the same solid environ-
ment. This Letter describes the application of
this principle to time-differential pac in '"Yb,
and the measurement of the ratio of the quadru-
pole moment of the 3' state at 1172 keV to that
of the 2' 79-keV first-excited state. Since the
latter is known from Coulomb-excitation mea-
surement of B(E2),' the quadrupole moment of
the 1174-keV 3 ' state can be found. It should be
pointed out that the direct measurement of quad-
rupole interactions in such highly excited and
long-lived states is not accessible to Mossbauer
measurements or any other conventional method.

The decay of '"Lu has recently been studied by

many authors, ' ' and most of the features of the
level scheme are now fairly well understood. In
particular, the y-y ca.scades 91-1095 and 1095-
79 keV (see Fig. 1) have been found to have very
large anisotropies (A, =0.42 +0.02, A, =0.012
+0.025, and A, = -0.41+0.01, A~ = -0.042 +0.012,
respectively). Furthermore, both the 79-keV
(T„3=1.8 nsec) and the 1174-keV levels (T„,
=8.3 nsec) have lifetimes that, although short,
are amenable to time-differential pac studies
under favorable conditions. The present experi-
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FIG. 1. Time spectrum of the 91- to 1095-keV (right-
hand side) and 1095- to 79-keV cascades in ~~2Yb in thu-
lium metal. The data taken at ~ = 90' (open circles) are
displaced upward slightly from the 180' data (solid cir-
cles) for clarity.

ment makes use of the fact that the 1095-keV y
ray is common to both cascades, and that the 79-
and 91.-keV y rays are sufficiently close to one
another to be included in a common energy win-
dow. Thus, with appropriate timing and logic,
the time-differential pac of one cascade will ap-
pear on one flank of the measured time spectrum,
and that of the other cascade on the other flank.
The measurements were carried out using NaI(Tl)
detectors on RCA 8575 photomultiplier tubes;
these fed conventional "slow" linear circuitry and
a "fast" time spectrometer consisting of Oak

Ridge Technical Enterprises Corporation (ORTEC)
fast discriminators and time-to-amplitude conver-
ter (TAC). The output from the TAC was stored
in a multichannel analyzer gated by the "slow"
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