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The cross section for bremsstrahlung in pion-nucleon scattering is calculated from the results of the static
nucleon theory. The result agrees well with a recent measurement of the reaction #*+4p — #*+p-+v at an
average pion laboratory kinetic energy of about 300 MeV. The theoretical result is 0.25 mb, compared to
the experimental value 0.2240.05 mb. The energy distribution of the final pion is computed at laboratory
energies of 200, 300, and 400 MeV. The 3-3 isobar shows up clearly at the latter two energies, in agreement
with experiment. Experiments are suggested whereby the bremsstrahlung can be used as a probe to obtain
information about the higher resonances in pion-nucleon scattering.

I. INTRODUCTION

HE reaction wt+p— 7t4p+v was measured
recently by a CERN group! for an interval of
pion lab momenta between 350 and 500 MeV/c, with a
resultant cross section of 0.224-0.05 mb for photons of
energy greater than 50 MeV. It will be observed that the
matrix element for this reaction can be obtained by
crossing, from that of the reaction y+p— p+rt+=—.
In a previous paper,? it was shown that the latter process
is described adequately (at energies not too far above
threshold) by the static theory.>=® That conclusion is
made more firm by the present result, that the same
approximations give a good description of the brems-
strahlung reaction.

The relevant formulas, based on previous work by
Cutkosky,*5 are given in Sec. II. In Sec. III the numeri-
cal results are presented. In Sec. IV experiments are
suggested that should provide valuable information
about the pion-nucleon interaction near the higher
resonances.

II. CROSS SECTIONS FOR PHOTON EMISSION

Consider the reaction in which a positive pion of
momentum q hits a (static) proton giving a final pion
of momentum p, a proton, and a photon of momentum
k. From the work of Cutkosky* one can derive the pro-
duction amplitude for various charge states. The meson
current and interaction current give rise to the processes
of Fig. 1. We ignore the (fairly small) rescattering con-
tributions.® The meson current gives rise to the usual
dk/k photon spectrum at long wavelengths. In Figs. 1(a)
and (b) the meson shakes off the photon before or after
scattering in the 3-3 resonance state. The interaction
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current is especially interesting. In Fig. 1(c) we see an
s-wave meson converted to an electric dipole photon
along with the Py, resonance (N*). Figure 1(d) illus-
trates the de-excitation of N* via decay into an s-wave
pion and an electric dipole photon. The interaction
current dominates the high-energy end of the gamma-
ray spectrum, the meson current the low-frequency end.
For positive pions and protons the amplitude is*
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In Eq. (1) the terms represent successively the con-
tributions of Figs. 1(a) to (d). %#(w,) is equal to
e®» sing,/p3, where &, is the phase shift in the pion-
nucleon 3-3 resonant state. € is the polarization vector
of the emitted photon, 8,=p/w,, cosf,=p-k/pk, and
e is the rationalized electric charge, ¢?/4r=a=1/137.

In order to compare (1) with experiment we suppose
it to be applicable to the c.m. system. The energy
available to the emitted photon and pion is taken as
W — M, the total kinetic energy of the initial state plus
~ — .
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Fic. 1. The dashed
lines denote mesons,
wiggly lines photons
and the double lines
the 3-3 isobar. (a) and
(b) show photon emis-
sion from the meson
current; (c) and (d)
by the interaction cur-
rent.
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a pion rest mass. We do not correct the phase space but
do use the correct relativistic flux factor (this reduces
the ““true static” cross section by the ratio E/W, when
E is the total c.m. energy of the initial nucleon and W
the total c.m. energy). Then the energy distribution of
the final pion is given (in units of 1/u?=20 mb, u=pion
rest mass) by
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where the functions G and H; are defined by
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J1(p)=3[Qo(w/p)—Q2(w/p)]
v = (w/p)[1— (pw) In(p+w)], (7)
J2(p)=3[01(w/p)—Qs(w/p)]. ®)

In (7) and (8) the Q; are Legendre functions of the
second kind of order j. Explicit forms may be found in
Whittaker and Watson.®

The various terms in Eq. (2) have the following
origin: The first term arises from the processes of Figs.
1(a) and (c), the second from the processes of Figs. 1(b)
and (d). The third term arises from the interference of
the meson current contributions. Fortunately, this
complicated term is quite small in the photon energy
range of interest. The function G contains two terms:
Unity denotes the contribution of the interactioncurrent
while (w/k)[1—In(w+p)/pw] arises from the inter-
ference of the interaction and meson currents. H; and
H, arise from the meson current contributions of
Figs. 1(a) and (b), respectively.

6 E. T. Whittaker and G. N. Watson, Modern Analysis (Cam-
bridge University Press, New York, 1952), 4th ed., p. 321.
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We give some simple results for the total cross section
due to the interaction current alone. For the kinematical
conditions considered in this paper the interaction
current cross section will generally be roughly half of
the total. The partial cross section at the low-energy
pion region (high-energy photons) will, however, be
given accurately by this result. We denote by aint(s — p)
the contribution of Fig. 1(c) and cine(p — s) that of
Fig. 1(d). If we use the sharp resonance approximation

o53(w) ~ 3 (327 f2)pd(w—wr) ©)
then the process s — p gives (f?=0.08)

oint(s = p) = (32ma fPE/3qW)
XW—-M—w)d(W—M—w,). (10)

In these equations w, is the pion energy at the 3-3
resonance and 6 is the step function, 6(x)=1, x>0,
6(x)=0, 2<0. Of course, Eq. (10) is a very poor approxi-
mation at and below the threshold W= M+w,. Above
the threshold the approximation (9) consistently over-
estimates the cross section by roughly 309, (see Ref. 2).
The other contribution is

oint(p — 5)=[aos3(we)/¢ 1 (w,);
I(wg)=3w [ qw,—In(g+w,) ]—3¢*,

where o33=38xr sin?3,/¢%

These equations display correctly the qualitative
result that oine(p — 5) is important only at energies less
than or about equal to the 3-3 resonance energy. Clearly
oint(s — p) is large only above the resonance energy. A
similar result holds for the corresponding meson current
terms. Thus, for incident energies appreciably above the
3-3 resonance energies we expect to see the 3-3 resonance
stand out clearly in the final state, as is observed.!

In all calculations we have used Eq. (2) rather than
more transparent but less accurate approximations
inherent in Egs. (10) and (11). The numerical values of
the 3-3 phase shift have been taken from Gell-Mann and
Watson.”

(11)
(12)

III. RESULTS

In Figs. 2-4 the differential cross sections do/dw, are
shown for incident pion lab kinetic energies of 200, 300,
and 400 MeV. In Fig. 2 we have shown explicitly the
contribution of the interaction current terms in order to
illustrate their behavior at low energy. The arrows in
Figs. 3 and 4 indicate the positions of the cutoffs due to
the experimental restriction £,>50 MeV. The area
under the curve to the left of this point is then the
observed cross section. At 300 MeV the 3-3 isobar is
clearly discernible, while at 400 MeV its appearance is
very striking. The energy variation of the total cross
section is shown in Fig. 5. The threshold for 50-MeV
gamma rays is 58.7-MeV pion lab kinetic energy.

( 7 M. Gell-Mann and K. M. Watson, Ann. Rev. Nucl. Sci. 4, 219
1954).
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F16. 2. The energy distribution of final pions is shown for pion
lab kinetic energy of 200 MeV as a function of the total pion energy
in pion mass units. (a) and (b) denote the contributions of the
interaction current alone corresponding to Figs. 1(c) and (d),
respectively. (c) and (d) represent the combined contribution of
Figs. 1(a) and (c), and (b) and (d), respectively. The total is
shown in the curve labeled (e). The arrow on the abscissa is the
maximum pion energy allowed for a minimum photon energy of
50 MeV.

Naturally the low-energy behavior is extremely sensitive
to the gamma-ray cutoff. The effect of using the correct
flux is to lower the strictly static-nucleon theory cross
section by 20 to 25%,. Although the kinematical un-
certainties in the theory might be as great as 209, the
agreement with the experimental result seems quite
satisfactory.

Deahl et al.® have found four events of the type
7+ p — 7+ p+v (E,>50 MeV) for a lab pion energy
of 224 MeV. The corresponding cross section is 0.04 mb.
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F1G. 3. The energy distribution of final pions is shown for
pion lab kinetic energy of 300 MeV.

8 J. Deahl, M. Derrick, J. Fetkovitch, T. Fields, and G. B.
Yodh, Phys. Rev. 124, 1987 (1961).
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F1c. 4. The energy distribution of final pions is shown for
pion lab kinetic energy of 400 MeV.

According to the model used here the 7=+ p— 7+ p+vy
cross section should be § that of #t+p— 7t+p+y.
Thus we would predict 0.014 mb. As discussed by
Cutkosky,® this value should be increased slightly by
including properly the current of the proton. It is not
clear whether any discrepancy can be claimed on the
basis of only four events.

IV. DISCUSSION

Although the process under consideration has much
intrinsic interest, we wish to emphasize a possibly more
significant application as a probe of pion-nucleon
dynamics. The traditional use of data on the photo-
production of pions from nucleons has been to elucidate
the nature of the pion-nucleon interaction. Although it
has proved possible to obtain qualitative information
about the “higher resonances” in pion-nucleon scatter-
ing in this way the extra theoretical uncertainties in the
photoproduction analysis have limited the unambiguous
information obtainable by this technique.®1° It is some-
what surprising that more attention has not been given
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Fi1c. 5. The total theoretical cross section (for photons having
energy greater than 50 MeV) is shown in the curve. The experi-
mental point is taken from Ref. 1.
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to radiative pion-nucleon scattering, in which more
gentle photons are associated with the interesting
phenomena in the resonance region. Although the cross
section is typically less than one millibarn, present
experimental techniques should suffice to give accurate
information about this reaction. Certainly the static
theory used in this paper is not adequate for the energies
presently under discussion but we should remark that
the development of a suitable theory does not appear to
be difficult.

As an example, let us discuss the 900-MeV Fgjo 7N
resonance. One might expect photon emission to be
especially large at this resonance because of the large
cross section for large-angle scattering. [For instance,
we might note that the time corresponding to the width
(100 MeV) of the resonance is just that required for an
F-wave meson to go half a revolution about the nucleon
at its classical impact parameter. On the basis of this
simple picture, the large accelerations involved should
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emit substantial high-frequency radiation.] In the
“mass spectrum” of the final pion-nucleon system, one
expects to see the 600-MeV resonance (Dj2), which
could be reached by electric dipole emission and the 3-3
resonance, reached by magnetic dipole or electric quad-
rupole radiation (not to mention the decay Fs;— nu-
cleon-+photon). Here the relative weight of the lower
resonances is of interest. Even more informative (and
difficult) would be accurate angular distribution data.
This could be expected to tell, for example, something
about the intricate mixture of amphtudes near the third
resonance. It should be mentioned that Uberall has
investigated the bremsstrahlung in «NV scattering for
energies of several BeV and greater.!! Another relevant
proposal has been made by Yennie and Feshbach.!?

u ., Uberall, Phys. Rev. 126, 861 (1962).
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national Conference on High-Energy Physics, Geneva, 1962 (CERN
Scientific Information Service, Geneva, Switzerland, 1962), p. 219.
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Hyperfragment production by some 31 000 interactions of 1.5-GeV /¢ K~ mesons in Lithium-loaded K5
nuclear emulsions has been studied and compared with data from 0.8-GeV/c and existing data from 1.5-
GeV/¢c K~ interactions in normal emulsions. The study of the prong number distributions of the hyperfrag-
ment parent stars provides a sensitive method for determining the production rates of hyperfragments by
K~ interactions with light (C,V,0) and heavy (Ag,Br) emulsion nuclei; these production rates are found
to be (0.66£0.11)% and (5.2020.20)%, respectively. An appreciable proportion of mesonic hyperfrag-
ments (Z<6) and Li8 fragments have very short ranges (Rgr<10 y); this fact indicates the possibility of
contaminations of “light’”” hypernuclides among the assumed mesic spallation hyperfragments. The pre-
dominant part of the hyperfragment production stars which shows the emission of “short” prongs involves
the disintegration of heavy nuclei, thus indicating that Coulomb-barrier criteria cannot be used in dis-
criminating among light or heavy hyperfragment parent stars at high K~ momenta. No double hyper-
fragment was observed. One K~ interaction emitted two hyperfragments decaying nonmesically. The =+
decay of a y\He* hyperfragment has been found. An estimate of the branching ratio R of the = decay and
7~ decay modes for the \He* hypernucleus gives R< (2.71.1)9%,.
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I. INTRODUCTION

HE production of hyperfragments by interactions

of K~ mesons has been studied in nuclear emul-

sions at K~ momenta ranging from zero (absorptions at
rest) up to 2.5 GeV/¢.I-¢
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