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It is shown that the energy dependence of the cross section for production of m mesons in
nucleon-deuteron collisions and the energy spectra of the m mesons can be calculated rather
accurately from the data on free nucleon-nucleon collisions. In the energy range considered
from the threshold for meson production to ~ 700 Mev, the effect of nucleon binding results
mainly in a change in the magnitude of the cross sections as a result of motion of the nucleons
inside the deuteron. The effective momentum distribution of nucleons in the deuteron is found.

1. INTRODUCTION

THE study of reactions following from collisions
of protons with deuterons is a convenient method
of studying the proton-neutron interaction. In the
energy region R 1000 Mev, lying substantially
above the meson production threshold (280 Mev),
this method has been successfully employed both
for measuring the total p-n interaction cross
section! and for obtaining information about 7 -
meson production.? The effect of binding of nucle-
ons in the deuteron at such high energies is not
large and can easily be taken into account by in-
troducing a small correction into the measured
cross sections.!?

The closer the energy is to threshold, the more
important is the effect of binding of the nucleons
in the deuteron on the 7 -meson production proc-
esses. The main effect of the binding in this en-
ergy region is the change in magnitude of the
cross section because of the motion of the nucle-
ons inside the nucleus. Among other effects, con-
nected with the presence of the spectator nucleon,
one should note: the mutual screening of the nucle-
ons (which is small'™3 on account of the large ra-
dius of the deuteron), reabsorption of the produced
m meson by the nucleon pair, exclusion of a num-
ber of final states because of the Pauli principle,
possible effects from interference of nucleon
states, and contributions from reactions proceed-
ing without breakup of the deuteron (the cross
sections of these processes are very small?).

In order to obtain information in this energy
region about 7 -meson production in p-n colli-
sions from the data on p-d collisions, it is nec-
essary, if only approximately, to take into account
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the effect of binding of the nucleons in the deuteron
and, first of all, to try to evaluate the magnitude of
the change in cross section coming from motion in-
side the nucleus (this variation is especially im-
portant near threshold, where the corresponding
enhancement factor for the cross section goes to
infinity ). This problem will be considered below
in the impulse approximation, using as example

the production of 7’ mesons in p-d collisions:

p + d— 4+ nucleons

1

which was studied in detail earlier.?

2. MOMENTUM DISTRIBUTION OF NUCLEONS
IN THE DEUTERON

If we consider the deuteron to be two nucleo-
ons moving relative to each other, and neglect in-
terference, then the total cross section opq for
reaction (1) can be written as

Opd = S{cpn [Mm (P1, P2), P2]
(2)

Here F (p,) is the momentum distribution of nu-
cleons in the deuteron, p, their momentum in the
center-of-mass system, 7y, the maximum mo-
mentum of the produced 7° meson, p; the mo-
mentum of the incident proton, opn and opp the
cross sections for =° production in collisions of
the incident proton with the neutron and proton of
the deuteron. For small values of p;, the depend-
ence of opp and opp on 7y (Py; P;) is most im-
portant, making it possible to simplify these func-
tions by setting them equal to kopn [Mm (P> P2)]
(and analogously for opp). The factor k so in-

+ Spp [Mm (P1, P2), P21} F (P2) dp..
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troduced takes into account all effects of binding
other than the motion of the nucleons inside the
deuteron. It is assumed that k changes slowly
with energy.

Carrying out the integration in Eq. (2) over the
unit vector p,/p;, we obtain

Opd = Sk {Spn (P1, P2) + 9pp (P2, P2)} F (p2) P2dpe. 3)

Here the cross sections opn (P4, P2) and opp (Py, P2)

correspond to the reactions
pn— pnx®, 4)

pp— ppr°, (5)

occurring with the moving nucleons of the deuteron.
Since the cross section for the reaction (5) is com-
paratively small,® the contribution from the second
term in the sum (3) is small. The functions

opn (Py, P2) and opp (py, ;) entering into the rela-
tion (3) were calculated for a wide range of values
of p; and p, on the “Ural” electronic computer.
The experimental data of reference 6 was used to
determine the functions Opp (p1> P3). According

to the phenomenological theory,’ the cross section
Opn (nm) should go as TI?n near threshold, where
3 <6 <4. Calculations of opp(py, P;) were car-
ried out for 6 =3 and 6 =4. The integration in
Eq. (3) was carried out for several types of mo-
mentum distribution F (p;) (several of these dis-
tributions are shown in Fig. 1). The dependence
of opq on the energy of the incident proton then
found is shown on Fig. 2, where the various curves
are compared with the energy dependence for the
cross section of reaction (1) found experimentally.
Curve 4c on this figure was calculated from a mo-
mentum distribution of the Chew-Goldberger type
(the so-called improved one):

F (ps) ~ (o + p3)™2 (8% - p3) 2,
8 = 2.5a, a =190 Mev/c (6)

F(pz)pzz‘ rel. units

10
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FIG. 2. Energy dependence of the total cross section for
reaction (1). 0 —measured in Ref. 5. 1—-6 —energy depend-
encies, calculated using the momentum distributions given
in Fig. 1. 4a and 4c —see text. All data are nommalized to
unity at incident proton energy E = 400 Mev.

which has a long tail (see Fig. 1).

Together with taking the motion of the nucleons
into account, an attempt was also made to estimate
in an approximate way the effect of the Pauli prin-
ciple by excluding from reaction (1) contributions
from those collisions in which the secondary nu-
cleons remain inside the Fermi sphere. The
change in the size of the cross section because
of the Pauli Principle was negligible in this en-
ergy range, as can be seen by comparing curve
4c in Fig. 2 with curve 4 which, in contradistinc-
tion to 4c, was calculated taking the Paul Principle
into account. All of the other curves in Fig. 2
were also calculated with account of the Pauli
Principle.

It has already been indicated above that the de-
pendence of the cross section opg on energy near
threshold is determined mainly by the form of the
momentum distribution, and is insensitive to the
energy dependence of the cross sections for reac-
tions (4) and (5). One can see this by comparing
curves 4 and 4a on Fig. 2, which were calculated
for the cases opp ~ 7%y and nin-

Curves 5 and 6 on Fig. 2 were calculated for a
Gaussian distribution

F (p2) ~ exp (— p3/ 2p2), (7)

which describes the momentum distribution in com-
plex nuclei reasonably. A distribution of this type
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differs from the Chew-Goldgerger distribution in
that it contains relatively few high momentum com-
ponents (see Fig. 1). It can be seen from Fig. 2
that both the Gaussian and Chew-Goldberger dis-
tributions are in poor agreement with the experi-
mental data® for the reaction (1).

It is possible to obtain good agreement with
measured cross sections (see curves 1 —3 on
Fig. 2) if one uses the momentum distributions
of Salpeter and Goldstein® for the deuteron (see
Fig. 1). In the low-momentum region these distri-
butions go approximately as

Fp)~O*+p)™ (8)

where 7y =46 Mev/c. The distributions 1 —3 (cal-
culated in reference 8 for Yukawa, exponential, and
Gaussian potentials) differ, as can be seen from
Fig. 1, only in the region of very high momenta.

All of these are almost equally good in reproduc-
ing the experimental dependence of the cross sec-
tion for reaction (1) on energy.

Thus, analysis of the energy dependence of the
cross section for the reaction p + d — 7° + nucle-
ons near threshold shows that the momentum dis-
tribution of nucleons in the deuteron is described
well by the curves from the Salpeter and Goldstein
distributions. It should be remarked that the inter-
pretation of results of measurements on the energy
dependence, similar to those of reference 5, in the

spirit of the impulse approximation, runs into essen-

tial difficulties, since large momenta of the nucle-
ons in the nucleus correspond to small distances
between them, where threefold interactions become
important. Therefore, the momentum distributions
given above should be considered as effective dis-
tributions, the knowledge of which makes it possible
to take into account the effect of motion inside the
nucleus on the magnitude of meson production cross
sections of the type of reaction (1), but which may
differ markedly from the true momentum distribu-
tion.

3. RECONSTRUCTION OF THE TOTAL CROSS
SECTION FOR p-n INTERACTION

Using the effective momentum distribution ob-
tained above for the deuteron, the integration in
Eq. (3) can be carried out, leading to the following
relation between the cross sections of reactions (1),
(4) and (5)

Spd = R (ZpnOpn + ZrpTpp)- 9)

Here Opn = Opn (pl’ 0) and Opp = Opp (p1, 0) are
the usual cross sections, and gpn and gpp are
quantities characterizing the change in the cross
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sections from the motion in the nucleus; they de-
pend only on p;. In order to carry out such an in-
tegration it is necessary to know the energy de-
pendence of the cross sections for reactions (4),
(5). In essence, this problem can be solved by the
method of successive approximations. However,
because the momentum distribution F (p) is not
broad, the first approximation for the cross sec-
tion ogﬁ is already sufficient to determine gppy.
As first approximation for UI‘}I}, the dependence
n3y was used near threshold and in the high-energy
region one can take crgr} = 0pd — Opp- Above 600
Mev the rate of growth of a“}l decreases and for
energies X 1000 Mev, ogﬂ ~ const. The functions
agﬁ (py, P2) so obtained and used to determine

gpn are given on Fig. 3. The functions opp (P1> P2)
have an analogous form. The coefficients gpn and
8pp obtained in the way described above are given
on Fig. 4.

o) .
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FIG. 3. Functions
083 (P, p,). The numbers
near the curves indicate
the corresponding values
of the kinetic energy
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Calculation of the coefficient k, which enters
into the expression (9), is practically impossible
because of inadequacy of contemporary nuclear
theory. One can only say that this coefficient is
near to unity at high energies, where opd ~ opn
+ opp- The only factor entering into the coefficient
k which one can calculate is the decrease in the
cross section because of the mutual screening of
the nucleons in the deuteron.® The corresponding
correction is small (several per cent).

The coefficient k can be found empirically by
comparing cross sections measured in proton and
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neutron beams of the same mean energy. When
the incident particle is a neutron, the cross section
for the deuteron is

Cpg = k (gnpc'np -+ grmcrm7 s (9,)

which is analogous to Eq. (9), since, because of the
charge symmetry ofnuclear forces, onp = opn,

Onn = Opps 8np = &pn and gnn = 8pp- In order to
determine k it is convenient not to use the cross
sections, which are not measured with high accu-
racy, but rather the more accurate measurements
of the ratios of cross sections ap = opd /app and
on = 0nd/0onp- In this notation

1/k = gpp/tp + Gpn/on. 10)

The values op and op were measured at 590
Mev:*®3% o5 =3.00 + 0.15, on =1.30 £ 0.04. From
these, k (590) = 0.89 + 0.03.

The quantity k can be determined at one other
point, at 380 Mev where the cross sections for the
reactions (1), (4) and (5) have been measured:®:810

£ (380) = 0.72 £ 0.16.

Comparison of the two values obtained gives rea-
son to believe that the coefficient k is constant
over the entire energy region from threshold to
600 Mev.

Using the values obtained for 8pn» Epp and k
it is possible to reconstruct the cross section for
production of 7° mesons in p-n collisions from
the experimental data on the opd and opp cross
sections:

Spn = 9pd[RGpn — SppQpp/Lpn- 11)

4. m-MESON SPECTRA

The energy spectra of m mesons produced in
reactions of type 1 depend even more on the bind-
ing between the nucleons than does the magnitude
of the total cross section ¢. Even at high energies,
they differ substantially from the spectra of m me-
sons produced in collisions of free nucleonsi!s12
(see Figs. 5 and 6). In particular, the absence of
a peak, which is so characteristic of collisions of
free protons, is striking. Assuming as previously
that the effect of binding leads, in the main, to a
change in the magnitude of the differential cross
section d’0/dQdE because of motion of the nu-
cleons in the deuteron, it is possible to calculate
the change in the form of the spectra by the same
method as applied in the preceding paragraphs for
obtaining the total cross sections. This calcula-
tion was carried out for the spectra of 7* mesons
produced in p-d collisions at 655 Mev, with the
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FIG. 5. Energy spectrum of #* mesons, produced in p-p
collisions (in relative units). 1) measured by Helfer et al.'?
at angle =~ 90° in the c.m.s. for proton energy 655 Mev. 2) n*-
meson spectrum from the reaction p + p » p + n + #*. 3) posi-
tion of the peak corresponding to the reaction p + p » d + nt.
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FIG. 6. Spectrum of #* mesons, produced in p-d collisions
(in relative units). O —measured spectrum of #* mesons pro-
duced in p-p collisions in the deuteron’? (obtained as the dif-
ference of #* and 7~ spectra). The thick solid curve is this
spectrum, calculated from the Salpeter-Goldstein momentum
distribution. The dashed curve shows the spectrum calculated
for a Gaussian distribution with dispersion \/;)_?/ m = 0.06. The
thin curve is the spectrum of 7+ mesons from the reaction
p +p »d + 7, transformed as a result of motion inside the
deuteron. The resolution of the spectrometer*? was taken into
account in constructing these spectra; this only slightly
changed the form of the spectra because of their large width.

object of comparing the results of the calculation
with the experimental data* on the spectrum of =*
mesons in the reaction p +d —n* + nucleons.!?
Calculations were carried out separately for the
reactions p+p—d+7* and p+p—p +n +7*
(plots of the spectra corresponding to these reac-
tions are shown in Fig. 5). Functions d%s/
dQdE (py, p;), analogous to those entering into
Eq. (3), were calculated using the experimental
results for the energy dependence of the n*-me-
son production cross section!® and the spectra ob-
tained in references 12 and 13. Integration over
the momenta of the nucleons in the deuteron was
carried out for the Salpeter-Goldstein momentum
distribution.

The calculated spectra differ substantially from
the spectra of 7* mesons produced in p-p colli-

* would like to take this opportunity to thank M. G. Me-
shchyeryakov and collaborators who kindly fumished me with
the results of their measurements before publication.



338 Yu.

sions. This is especially true of the peak (shaded
region in Fig. 6) relating to the reaction p +p
—d + r*, the width of which is increased as a
‘result of motion of the nucleons up to 50% of the
whole, making it practically unobservable in the
spectrum of 7* mesons produced in p-d colli-
sions. At the same time, the relative contribution
of the peak is somewhat reduced (by 15%) be-
cause the energy dependence of the cross section
for the reaction p + p—d + m* has a resonance
character.

Comparison of the spectra of 7* mesons pro-
duced in p-p collisions in the deuteron!? with the
calculated spectra shows (Fig. 6) that the form of
the spectra for p-d collisions can be rather ac-
curately predicted from the data on free p-p col-
lisions. The form of the calculated spectrum de-
pends strongly on the momentum distribution em-
ployed in the calculation. A w* spectrum, calcu-
lated in the same way as previously, but for the
case of a Gaussian distribution with w/—p=% /m =0.06
is shown on Fig. 6. In spite of the fact that this
distribution is rather close to the Salpeter-Gold-
stein ones (see Fig. 1), the corresponding spectra
differ markedly. From this it follows that study
of m-meson spectra in p-d collisions also makes
it possible to obtain quantitative knowledge about
the momentum distribution of nucleons in the deu-
teron.

The considerations above about the 7 -meson
spectra can be turned around, i.e., from the spec-
trum of 7 mesons produced in p-d collisions,
if measured with high accuracy, one can recon-
struct the spectrum of 7 mesons produced in
collisions of free nucleons. This is of particular
interest in cases where direct investigation of the
corresponding reaction by collisions between free
nucleons would involve substantial experimental
difficulties (such as, for example, the reaction
p+n—p+p+177).

In conclusion, I would like to express my grati-
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tude to A. I. Baz’, B. M. Golovin, M. G. Meshche-
ryakov and Yu. A. Shcherbakov for discussion of
results of this work. I am sincerely thankful to
L. A. Kulyukina for help in carrying out the long
calculations.
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