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M=c(e &-&(a, ~ )q (~ ~), v e),
p p' p n np

(2)

where yf is the final-state nuclear wave func-
tion, 4p' ' is an optical-model wave function
with incoming waves at infinity, and C is a con-
stant. As in Refs. 1 and 2, Eq. (1) can be used
to rewrite M:

M=C(e '-'q, [(E -T -V -H )
p f' f n n

+(E -T —V )]4) =M +M, (3)

A new theory for deuteron stripping has been
recently proposed by Butler' and Tannuji' and
has been used to fit experimental data by But-
ler, Hewitt, and May. The purpose of this
note is to show that the basic "sudden" approx-
imation of this theory is invalid and should re-
sult in a zero direct-reaction matrix element.
The previous evaluations' ' of the matrix ele-
ment contain serious and instructive errors
which are pointed out.

The theory is described in a many-body frame-
work, although it can be shown that the matrix
element vanishes identically in a three-body
problem. For the special case of an energy-
independent neutron potential this was pointed
out by May. However, the theory is meant
to describe the direct-reaction component of
a many-body reaction and for this we need to
define the latter in a many-body theory. First-
ly, the previous derivations of the matrix ele-
ment are critically examined. Then it is shown

that two approximations are necessary to ob-
tain the form of the scattering wave function
0 used in the theory. The first of these is shown
to lead to a Born-approximation expression
(which contains the original Butler amplitude' ).
The second is the "sudden" approximation and
leads to a zero direct-reaction matrix element.

The Schrodinger equation for the system is

[H +T +T +V +V +V ]%=El,
n p n p np

where Hp is the Hamiltonian for the target and

Vn(m )) is the full interaction between the neu-
tron and the nucleons in the target. Since we
are not interested in the proton's detailed in-
teraction with the target, Vp is taken to be an
optical-model potential as in Refs. 1 and 3.

The exact stripping matrix element is then

where M„M, refer to the matrix elements of
the two bracketed operators in which Ef and

Ep are the energies corresponding to yf and

4p' ', respectively. With a given a.pproximate
form for 0, the two matrix elements (2) and

(3) are not identical, since the above transfor-
mation can only be made with the exact wave
function.

In the theory of Refs. 1-3 the procedure adopt-
ed is to approximate 4 in Eq. (3) and then eval-
uate M, and M, . The results obtained were
that M, =0 and that M, gave the final expression
to be compared with experiment. Both these
results are incorrect, as will now be shown.
With the "sudden" approximation form for 4
the results should be that M, =0 and M, is non-
zero but small, and does not correspond to the
direct-reaction matrix element. We shall find
that in the "sudden" approximation the direct
portion of M, does equal zero.

We first consider M, and any approximation
for C. Since V~ is the sum of two-body poten-
tials it is Hermitian, and so are T~ and Hp be-
cause cpf is a bound-state wave function. Oper-
ation on the final state clearly gives zero for
M„ independent of the form of C. The reason
why a nonzero result is obtained in Refs. 1-3
is that V„ is approximated by an optical-mod-
el potential, Uz, defining the neutron wave func-
tion in O'. Action of the operator (Ef -Tn-Un
—Ho) on the approximate 0 then gives a finite
result. However, it is clear that the contribu-
tion of the correction term, U„-V„, will can-
cel this result. This canceling term cannot
be neglected as not corresponding to the "direct
reaction" matrix element, since it is the choice
of the form for 4 which specifies the "direct
reaction" contribution. The matrix element
M, vanishes separately for all forms of 4.

Since M, is zero, M, contains all contributions
to the matrix element and cannot vanish. When
the operator (Ep-Tp-Vp) acts on the final state

' the result is zero. This implies that Tp
is not Hermitian between the final state and

We now follow the evaluation of M, by But-
ler~~ to show where the error lies in their eval-
uation.

A very reasonable definition of a direct re-
action can be made by taking only that part of
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4 in which the target nucleus is in its ground
state, Xo($). In the sudden approximation~&2
the neutron and proton scatter independently
in their respective optical wells at energies
given by the center-of-mass motion of the deu-
teron and their relative kinetic energy in the
deuteron. Thus the approximate form for 4
1S

&xp~&

= fdsk 'f(k, k ')4 '+'(k ', r )4' '+'(Q', r ), (4)
p d p p p p n n

where kd is the deuteron momentum, Q' =kd
—kp ', and f specifies the momentum distr ibu-
tion in the deuteron. The wave functions are
defined by optical-model potentials.

When the operation of (Ep Tp-Vp) i—s com-
muted with the integration over kp', the matrix

element M, becomes

M2=C fd k 'f(k, k ')«y X ), 4 &+&(Q', r ))

&&&+ &-&(k, r ), [E -E ]e &+&(k, r)), (5)
p p p' p p p p

where the k~' integration must be carried out
before the rp integration. The result should
still be nonzero, but if the rp integration is
carried out first the proton matrix element
contains a factor 5(Ep Epi) —so that the result
is zero. It is therefore inadmissable to expand
0 in eigenstates for the proton and interchange
orders of integration. The situation is analo-
gous to that in potential scattering. '

We now show directly that matrix element
(5) has a zero "direct-reaction" component by
examining the approximations leading to rep-
resentation (4). The matrix element M2, with
4 projected onto the target ground state, may
be written as

~ =C&+ '-&y, (E -T -V )e&-C p &e '-'(k, r )&V X ), [E -T -V ]&X e»
p f' p p p 0 p p p fx p p p

(6)

where an intermediate sum over a complete
set of target states I XX) has been inserted.
The second set of terms depends on the prob-
ability that the final nuclear states does not
contain the target nuclear state and thus we
neglect them for the direct-reaction matrix
element.

The exact form for 4 is

4= [1+(E-T T —V—
n p n

—V -V -H +is) '(V +V )]4, (7)
p np 0 n p 0'

where 40 is the initial plane-wave deuteron
state. The first approximation made in Refs. l.

and 2 is to neglect Vnp in intermediate states,
i.e., in the denominator in Eq. (7). We may
trivially add Ef —Tn —V„—Hp to the operator
in matrix element (6) to show that it then re-
duces to

M=C&e &-&q, V e ).p'npp
This is the Born-approximation form with fi-
nal distortion only. More generally, Tobocmanv
has shown that, if we had projected the deuter-
on ground state out of 0 before expanding in
powers of Vnp, the first term would be the full

! distorted-wave Born-approximation expression.
The further "sudden" approximation made

in Refs. 1 and 2 is to expand %0 in plane waves
for the neutron and proton and then, for each
individual term, to replace E in the energy de-
nominator in Eq. (7) by E'=Ep+Ep'+Eq'. Here,
Eo is the energy corresponding to Xo and Ep',
Eq' are specified by the kinetic energies of
the plane waves. A wave function similar to
that given by Eq. (4) is obtained except that it
is now no longer projected on yo. The compo-
nents not projected on yo have been neglected
in Eq. (6).

The easiest way to show that this approxima-
tion gives a zero matrix element is to show
that the correction term to it is just the Born-
approximation form (8). The correction term
contains the operator

[E T —T —V —V -H —][(E—T —T —V —V H)—
n p n p 0 n p n p 0

-(E'-T -T —V -V -H ) '](V + V ),
n p n p 0 n p'

which reduces to

(E'-E)(E'-T -T -V -V -H ) '(V + V ).
n p n p 0 n p

'

We may now act with the inverse operator
on the final state so that the factor (E' E) can-—
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eels and, after integrating over kp', we are
left with

M = C(e &-&q, (V + V )e ).

This is the prior form of the Born approxima-
tion and is equal to the post form (8) by Her-
miticity. The operator Tp is Hermitian between
the final-state wave function and 4o (in contrast
to 4), since their overlap is bounded at infin-
ity in the variable r&. Thus operation of H-E
on the two wave functions gives equal prior and

post forms of the Born approximation with dis-
torted waves in the final state.

In the above we have avoided integrating over

rf before integrating over k~'. Thus the "sud-
den" approximation leads to zero for the direct-
reaction amplitude even when M, is evaluated
correctly.

After making the two approximations, the
neglected terms in Eq. (6) are given by Eq. (5).
Another way to show that these do not corre-
spond to a direct reaction is to examine the
neutron matrix element in Eq. (5). We may
regard 4z'+'(Q', r~) as the projection on yo of
the complete wave function 4'i($, rn) for a neu-
tron incident on the target nucleus with wave
function I( . Both yf and 4i then represent ei-
genstates of Hp+ T„+V„with different energies
and are thus orthogonal. Introducing the com-

piete set of states y&, we have

((@,xo), &xo, +,.))=- Z (&v»x ) (x
zq0

Thus the comments after Eq. (6) apply and
M„given by Eq. (5), does not represent a di-
rect reaction.

In conclusion we see that the "sudden" approx-
imation for 4 is invalid for rearrangement col-
lisions when used in matrix elements such as
given by Eq. (8). It could be used for 4 in ma-
trix element (2), but then the transition to Eq. (3)
is no longer possible and further evaluation
is difficult. The use of the sudden approxima-
tion in elastic scattering is not invalidated by
the above arguments.
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Photoneutron cross sections were measured for iron and bismuth for photon energies
up to 15 keV above threshold by the neutron time-of-flight technique. A number of nu-

clear levels were observed. Nuclear properties which can be derived from the data in-
clude ground-state gamma-ray transition widths, gamma-ray strength functions, and

average level spacings.

This Letter presents the results of a first
attempt to make use of the time-of-flight tech-
nique to measure photoneutron cross sections
near threshold with good resolution. Such mea-
surements allow one to explore in detail the
properties of many individual nuclear levels
just above the neutron separation energy in
all stable nuclei, and thus to investigate sever-
al classes of systematics of the excited nucle-
us. Also, the multipolarity and strength of

the electromagnetic transitions which excite
the nuclear states can be determined when the
technique is applied properly. Such informa-
tion is difficult to obtain in the 6- to 10-MeV
energy range.

Previous studies of neutron-capture gamma-
ray spectra, ' scattering of nearly monoener-
getic photons, and resonance fluorescence with

a continuous bremsstrahlung source~ all suf-
fer from inadequate gamma-ray resolution;


