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Comparable calculations have been performed
at KMS Fusion and incorporated into the KMS
Fusion hydrodynamics code TRHYD; the results
will be published later, including more detailed
simulations of the experimental conditions. The
present comparison is perhaps even more com-
pelling because it is a contrast between theory
and experiment independently arrived at. Hender-
son concludes that "when true thermonuclear neu-
trons are observed from small microshells, they
will serve as proof of compression, an important
milestone to laser fusion. " The compression is
demonstrated by the x-ray pinhole-camera pic-
tures. The agreement between the experimental
and theoretical determinations of neutron produc-
tion confirms the "true thermonuclear" origin

of the neutrons in the Los Alamos definition.
%'e are indebted to G. Charatis for his assis-

tance with the x-ray pinhole-camera pictures,
and to other members of the Fusion Experiments
Division of KMS Fusion for making available and
discussing unpublished data.
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The effect of double scattering on the spectator distribution is re-examined for the pro-
cess,E+d-E+x pp, integrating over the spectator angles and making a comparison with
experimental data.

Some time ago Dean' showed, using Glauber theory, ' that the double-scattering effect on the high-
momentum part of the spectator distribution is constructive and huge: In this way one could find an
easy explanation of the experimental fact that spectator distributionss for various hadronic reactions
present a high-momentum tail which is not reproduced by the spectator model even with the most so-
phisticated deuteron wave functions. '

Assuming that the spectator is unambiguously identified as in the process wd- n'Ap, Dean considered
the Glauber amplitude for the deuteron breakup, ~

E(b, , p) = y(p)E(b)+ (i/2wk) f d'q E,(Z —q)E, (q)y(p+ q),

and calculated the double-differential cross section,

«/dP, dP, = »P, f IE(t, P)~'d'I /-k', (2)

using a simple S-wave Gaussian wave function and Gaussian amplitudes.
To evaluate the effect of double scattering on the above distribution, we define a function C, the ratio

between the cross section (2) and the cross section without double scattering. C turns out to be a sim-
ple analytical expression of p, only,

o' 2c'p, o exp[2c'p, '/(b + c)]
2n(a+ 2b+ 2c) a+ 2b+ 2c (8w)s (b+c)(a+ b+c)

This function of p, is several orders of magnitude larger than 1, for p, =400—500 MeV/c, and this is
the main argument in Dean's paper, which favors the interpretation of the high-momentum tail as a
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double-scattering effect.
At this point, three comments should be made: (1) The effect on P, is over evaluated because in that

region the D wave of the deuteron is important; (2) the effect on da/dp is even more suppressed, as a
result of integration over the spectator angles; (3) the actual comparison with a typical experimental
distribution does not confirm the above explanation and requires the presence of another effect.

To calculate the effect of the B wave we use a multi-Gaussian representation of the Reid' soft-core
wave function'. .

0 0(p) =Z; A; exp(- n; P'); 4, (p) =Pm; &; exp(- P; p'), (4)

with (0 and t/i2 defined by

q(p) = 4,(p) —(1/~~) [3(~ ~ p)'/p' - 2] y, (p),

where J is the spin operator of the deuteron.
Substituting this expression into (1), but only for single scattering, we obtain for the double-differ-

ential cross section, using well-known trace properties of the tensor operator, '

do/dp, dp, = 2', cr, {p;,.A; A, exp[ —(n,. +n,.)p']C;,.(p, )+ g, '(p) ]',

where

y, =a+2b+2n;, y; =2n; /y&, e; = (a+b+n;) ', z;, =n; e;+n, 2e, +a(n; e, +n, e,)~/[2 —a(e,. +e,.)],
and we obtain the ratio

Q, ,A, A, exp[- (n;+n, )p']C;, (p, )+g,'(P)
c.'(p)+ c,'(p)

Comparing the above expression with (3) we realize that while Dean's result is independent of P„
ours is not. So, to compare our result with his, we consider the behavior of C as a function of p, for
p, fixed and equal to 0; in this way p, coincides with p. However, the factor C with D wave depends
on P, and this dependence must be explored. A clear way of doing this is to transform the double-dif-
ferential cross section do'/dp, dp, into do/dp d eos(u = (do/dp, dp, )p/sine, where u' is the angle of the
spectator momentum with respect to the direction of the beam. Keeping ~ fixed, we can plot the ratio
C as a function of P, and for v = w/2 we can compare our result with the result of Dean; this is done in
Fig. 1, where it can be seen that the D wave of the deuteron strongly suppresses the values of C around
400 MeV/c. Moreover, from the plot of C at ~=2w/5 and ~ =w/10, we realize that the effect is strong-
ly angle dependent with a maximum at ~ =n'/2 and a, negative minimum at & =0. We expect that, once
the integration on &u is made, the effect is smaller than at exactly m/2.

Fortunately, this integration can be made analytically,

do "" do 1 do'
d cosco =p d cos(d,

dP . , dPd cost@ . , P, dP, dP,

and the result is

—= 4~P'a, {Q,,A; A, exp[- (n;+ n, )P'] D;, (P) + g, '(P) J, (8)

where

(r 1, vw
D;, (p) = 1 ———exp(y. ;p') ~ erf(vy; p) +, ',', exp(z, ,p'} — -erf (4z;, p),

21T y) 2 p;p
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FIG. 1. The ratio C for the double-differential cross
section do/dpd cos&g. Dashed line is Dean's result as
a function of p& =p and solid lines are our results for
different values of the spectator angle.

with the notations of formula (5). We obtain the
ratio C for the integrated cross section by sub-
stituting D;, for C;, in (6). In Fig. 2 we plot C
for the integrated cross section for v = 25 and 17
mb. The effect is again of the same type, i.e. ,
destructive in the low-momentum part and con-
structive at about 400 MeV/c; however, the ef-
fect is reduced to 50%%uo and 30%%uo in the two cases
considered.

Dean' considered a case where the spectator is
unambiguously identified. In a more accessible
case like K'd-K'w pp, the identification of the
spectator is done in an operational way, choos-
ing as "spectator" the slower of the two protons.
In this case one must use the ordered form of
Glauber theory2 for E(h, p), which, contrary to
(I), is fully symmetric for a change of the two
nucleons and contains even the principal part of
the propagator in the double-scattering term.
Furthermore, to make a theoretical calculation
which is comparable with the experimental "spec-
tator" distribution, one must integrate I EI' over
b, and cosa;, with lpl always being smaller than
l Z —pl. In this way P is no longer the spectator,
but simply the slower of the two nucleons; how-
ever theory and experiment are defined in a per-

p (Gev/~)

FIG. 2. The ratio C far the differential cross section
do/dp, for two different values of o.

fectly compatible way. This procedure has al-
ready been used in a previous paper, ' where more
details can be found. There the integrations over
~ and cos~ were not independent, as in the above
derivation, but, since energy must be conserved,
for small values of ~ there is not always enough
energy available to have both nucleons with high
momentum and only part of the range for cosv is
allowed. Therefore, we expect that the actual
"spectator" distribution is suppressed at high
momenta because of energy conservation. This
effect can be visualized by plotting the ratio be-
tween the probability distribution P(p) = 4w[g, '(p)
+ g, '(p)]p'o, and the integral 7'(S) = 2wp' f (d'b, /k')
x d(cos(u) I q(p) —y(p —a)l'I f,l', performed with
the constraint that IZ —pl) lpl (o, and f, are,
respectively, the production rate and the ampli-
tude for the process K'n-K'w P) This rati. o is
plotted in Fig. 8 for the process K'd-K'w pp at
4.6 GeV/c, under the assumption that the system
K'w is dominated by the K *(890). As seen from
the figure, the effect becomes noticeable at about
400 MeV/c and the reason is that this reaction is
highly peaked in the forward direction. ' There-
fore, the energy available for the nucleons is not
enough to allow for large momenta. On the other
hand, for low energy loss, when the relative mo-
mentum l el of the two nucleons is less than 4/2,
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enough to explain the discrepancy with the exper-
imental data. Many other interesting effects
could be important here; among these final-state
interactions' and binding effects. '

Two of the authors (L.P.R. and Z.D.T. ) are
grateful to Professor Abdus Salam, the Interna-
tional Atomic Energy Agency, and the United Na-
tions Educational, Scientific, and Cultural Organ-
ization for hospitality at the international Centre
for Theoretical Physics.

Note added. —After we submitted this work, a
paper" appeared in this journal coming to simi-
lar conclusions. Their interpretation of the ef-
fect as coupling of the virtual t-exchange parti-
cle to the deuteron should be added to the above
list of possible candidates.
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FIG. 3. The experimental points are the ratio be-
tween the "spectator" distribution for the experiment
of Ref. 9 and T(S) of the text. The dotted line is the

ratio between the probability P(p) and T(S) and the sol-
id line is the ratio between do/dp, calculated by using

the ordered form of the Glauber theory, and T(S).

and when the momentum of the slower nucleon is
larger than 6/2, the kinematical configuration of
e [1Z is forbidden.

To visualize the effect of the double scattering,
we study the ratio between do'/dP, calculated by
using the ordered form of Glauber theory, and

T(S), and compare it with the ratio between the
experimental values &+ M and again T(S). The
Glauber amplitude is calculated by using again
the above parametrization of Reid's' soft-core
wave function, and the principal-part contribution
to the double scattering is expressed by the Daw-
son function. " All the isospin complications of
the problem are taken into account. "

The effect of double scattering shown in Fig. 3
is comparable with that of Fig. 2 and it is hardly

*On leave of absence from COPPE and Instituto de
Fisica, Universidade Federal do Bio de Janeiro, Bra-
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iN. W. Dean, Phys. Rev. Lett. 27, 276 (1971).
B.J. Glauber and V. Franco, Phys. Rev. 156, 1685

(1967).
38. Musgrave, in Proceedings of the Conference on

the Phenomenology of Particle Physics, Pasadena,
California, 1971, edited by B. D. Field, Jr. , Lawrence
Berkeley Laboratory Report No. UCBL-20655, 1971
(unpublished) .

4%e stick to the notations of Dean, except for the
spectator momentum, which we call P instead of P 2.

5B, V. Beid, Ann. Phys. (New York) 50, 411 (1968).
~The numbers are A.; =—t9.007, 20.035, 9.724, 2.142,

-0.184 (GeV/c) 3 ]; n;=—[1277.260, 370.595, 88.625,
18.904, 2.494 (GeV/c) ];B;=—[1.358, 11 289, 15..376,
43.963, 227„617 (GeV/c) 7 2]; P;—:[5.165, 15,774,
50.065, 52.592, 205.697 (GeV/c) ]. The parametriza-
tion is accurate within a few per cent, up to momenta
of 1 GeV//c.

7D. I. Julius, Fortschr. Phys. 22, 311 (1974).
Q. Alberi, M. A. Gregorio, and Z. D. Thome, Nuovo

Cimento 19A, 585 (1974).
~K. Buchner et M. , Nucl. Phys. B45, 333 (1972).

~OR. Smith and G. Wilkin, Ann. Phys. (New York) 75,
103 (1973).
i|C. Wilkin, Phys. Rev. Lett. 17, 561 (1966).
"D. I. Julius, Ann. Phys. (New York) 87, 17 (1974).
B. Poster, P. E. Schlein, W. E, Slater, B. Barish,

A. Dzierba, A. Firestone, R. Gomez, F. T. Dao, and
E. Malamud, Phys. Bev. Lett. 33, 1625 (1974).

506


