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A knowledge of off-mass-shell behavior of
the nucleon-nucleon interaction is very desir-
able, both as a test of various theoretical pic-
tures! of the N-N interaction, and as input in-
formation for nuclear structure calculations.
Nucleon-nucleon bremsstrahlung, N+ N—- N
+N+vy, is a promising way to study such behav-
ior, and for this reason p-p bremsstrahlung
(hereafter ppy) has received much attention
in recent years, both experimental?~® and the-
oretical.”" 1

Although equally interesting, n-p bremsstrah-
lung (hereafter npy) has received much less
attention. Calculations by Ashkin and Marshak!!
and by Cutkosky'? suggest that the npy cross
section is several times larger than the ppy
cross section; however, calculations by Duck
and Pearce’® predict that the two cross sections
are comparable. Experiments'*™!® studying
the production of high-energy (>20-MeV) y rays
from proton bombardment of complex nuclei
have been interpreted in terms of #py inside
the nucleus. However, Beckham'? found that
the extraction of the free npy cross section
from such data is very uncertain and model
dependent. The present work was undertaken
to provide a more reliable #py cross-section
measurement.

The experiment was performed with a proton
beam and a target of “almost free” neutrons
in deuterium. (The alternative of using a neu-
tron beam and a hydrogen target was discard-

ed because a neutron beam combining sufficient
intensity and energy definition was not avail-
able.) The proton-deuteron radiative process-
es are interpreted by the following extension

of the spectator model.'® The incident proton
interacts with one of the nucleons in the deu-
teron, which has a momentum distribution giv-
en by the deuteron wave function. The y ray

is produced in this initial interaction, and does
not interact further. On occasions the specta-
tor nucleon will interact with the incident or
struck nucleon. These final-state interactions
will distort the kinematics from those of the
simple quasifree process, and sometimes cause
binding of the interacting particles.

The model just described leads to the six
processes listed in Table I. The constants K|,
K,, and K, allow for the reduction of the quasi-
free cross sections below the free ones due
to Glauber shielding,'® and to final-state inter-
actions, which either distort the kinematics
(6), or bind particles (4,5). The likelihood of
deuteron binding (4) is given by a spin factor
of ¥, and the square of the deuteron form fac-
tor IF (¢2)I2.

Experimental method. —A 2-in. diam liquid-
deuterium target was bombarded with a 90%
polarized proton beam whose energy at the tar-
get center was 197+5 MeV. The y rays were
detected in a counter whose efficiency?® rose
smoothly from zero near E, =40 MeV to 0.10
at E, =110 MeV. The charged particles (one

Table I. Proton-deuteron radiative processes, according to a spectator model with final-state interactions.

Cross
Reaction Name section
1)p+d—n_ +p+p+ uasifree Ko
Vp ng P oty Q by ppy
(2) p +d—*ps +tn+tp+y Quasifree pny Kzonpy
(3)p +d—-1>s +d+y Quasifree pn radiative K3Ucap
capture
4) p+d—p+d+ d (o) +a )3|F( 2)2
@) p prd+y pdy LA npyd 8l
(5) p+d—Hed+y Hely
(6)p+d—p+tn+p+y Multiple scattering )
term
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or two) emerging in coincidence with a y ray
were noted in large-area scintillation counters
and observed in spark chambers. These were
located symmetrically about the beam and pro-
vided good direction and fair range information,
but did not distinguish between protons and deu-
terons. Figure 1 shows the two differerent
spark chamber arrangements used. Neutrons,
spectator nucleons, and He® particles were

not detected.

Identification of events. —-Two-prong events
were candidates for Reactions (1), (4), and (6).
Those that failed to fit (4) (a three-constraint
fit) were assumed to be (1) (a zero-constraint
fit). Examples of Reaction (6) thus classified
as (1) will be characterized by an anomalous-
ly high spectator momentum. In fact, the neu-
tron momentum spectrum calculated for those
two-prong events which failed to fit (4) was
in good agreement with the expected spectator
neutron spectrum. Hence Reaction (6) is small
compared to (1) in the region studied. Reac-
tion cross sections (1) and (4) were fitted with
functional forms to allow extrapolation to re-

gions where only one, or none, of the two charged

particles was detected.

One-prong events were candidates for Reac-
tions (2) and (3), in addition to (1), (4), and
(6). Reaction (3) exhibits two-body kinematics
smeared by the spectator momentum, so that
deuterons emerge in a narrow forward cone.
The excess events in this cone, compared with
nearby regions, were assumed to be examples
of Reaction (3). In a separate run, the charged
particles which emerge near the center of the
forward cone in coincidence with a y ray were
identified as deuterons by their time of flight
and total energy. Those one-prong events left
after processes (1), (3), and (4) had been sub-
tracted were assumed to be examples of Reac-

tions (2) and (6). Here, spark-chamber infor-
mation was not used, but rather coincidence
rates of a single charged particle with a y ray,
obtained with counters as shown in Fig. 1(a).
Reaction (5) gave rise only to zero-prong
events (y rays). Measurements?! at 156 MeV
showed this cross section to be small.
Results: Quasifree ppy, (1).—Angular dis-

tributions and the y-energy spectrum were found

to be in good agreement with predictions based
on the results of the free ppy experiment,® af-
ter the motion of the target nucleon and the
experimental resolutions had been folded in.
After correcting for the constraints imposed
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FIG. 1. Top view of the apparatus. (a) The spark
chambers used for the detection of two-prong events
from processes (1) and (4). (b) The spark chambers
used for the detection of one-prong events from pro-
cess (3).

by the apparatus and the identification proce-
dure, we found that the average ratio of the
quasifree ppy to the free ppy differential cross
sections (K,) was 0.46+0.10.

Quasifree pn radiative capture, (3). —The
differential cross sections showed the same
angular distribution as the prediction from deu-
teron photodisintegration.?® The average ra-
tio of quasifree to free radiative capture (K,)
was 0.75+0.15. The right-left y-ray asymmet-
ries due to the polarized proton beam were
in good agreement with calculations for the
proton polarization in deuteron photodisintegra-
tion.??

Quasifree pny, (2).—Upper and lower limits
for the free npy cross section were obtained
from the quasifree pny results. To obtain the
upper limit, processes (1), (3), and (4) were
subtracted from the single charged-particle
coincidences, and the remainder, (2) and (6),
was assumed to be only (2). K, was taken as
0.65, as suggested by the measured values of
K, and K;. To obtain the lower limit, we ima-
gined the final-state interactions turned off.
Then Reactions (4), (5), and (6) would vanish,
and K,, K,, and K would be near 1. Free ppy
and free np radiative capture processes were
subtracted from the single charged-particle
coincidences, and the remainder was taken as
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Table II. Inferred free n-p bremsstrahlung cross sections. The differential cross section da/dﬂy(Ey>40 MeV)
and the y-ray direction 0y are expressed in the npy center of mass. Ey is the y-ray laboratory energy. The er-
ror bars on the cross sections inferred from quasifree pny encompass the upper and lower limits (see text); ex-
perimental errors are typically +15%. The errors listed with the cross sections inferred from pdy are experi~
mental only, i.e., they do not include an estimate of the uncertainty due to theory.

—dl(E >40 MeV)
dQ,y v

(ub/sr) O'tot(E-y>4:0 MeV)
Source of Result 0.,=60° 9 =108° 0 =147° (ub)
Y Y Y
Quasifree pny 3.4+1.0 2.5+0.8 1.8 +0.5 35 +12
pdy 2.7+0.4 3.2+0.5

free npy, i.e., K,=1. In both cases, the back-
ground subtraction was typically 40 % of the
single charged-particle coincidences, leaving
60% to be interpreted as npy. The average of
the upper and lower limits is listed in Table
II, with error bars chosen to encompass both
limits. Cross sections are for Ey>40 MeV.
Integrating over all y directions on the basis
of the 3 points, a total free npy cross section
was obtained, again for £, >40 MeV.

pdy, (4).—By taking Opdy = (GPPY + Unpy)% IF(g?)1?,
the pdy data were used to obtain a free #py cross
section. The results are listed in Table IL
The errors quoted do not include an estimate
of the uncertainty in the theory. As the form
factor was small (typically |F|>=0.04) in the
region where the reaction pdy could be detect-
ed, this method of obtaining 0y, is consider-
ed less reliable than that using Reaction (2).
Note that the two methods are in fair agreement.

Discussion. —We have found that the total
n-p bremsstrahlung cross section, for E, >40
MeV, lies between 23 and 47 pb, implying that
the ratio® Onpy/oppy lies between 30 and 70.
These numbers are to be compared with the-
oretical estimates of 0y, ~22 ub, by Cutkosky'®
(fair agreement), and of onpy/oppy: 1to 2,
by Pearce and Duck® (poor agreement). (It
should be noted that Pearce and Duck’s calcu-
lation is not of total cross section, but for a
restricted kinematical region.)

The only related experiment was done by Edg-
ington and Rose'® at 140 MeV. They employed
a D,0-H,0 subtraction and obtained a poor-res-
olution y-energy spectrum; charged particles
were not observed. No evidence was found for
the existence of the quasifree radiative-capture
process (K,<0.1), in marked contrast to our
result (K;=0.75+0.10). They found 8 ub for
the npy total cross section using a method of

interpretation comparable to the one that gave
us 47 ub (our upper limit). The two experiments
are clearly incompatible; the difference can-
not be explained by the difference in incident
energy. We believe ours to be correct, though
we cannot pinpoint an error in the other one.

The large value found here for Oypy makes
a measurement of the free npy process, using
a neutron beam, decidedly more feasible than
previously believed.
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It is shown that the ratio between the amplitudes of the reactions Ky+p— A +7" and
K—O +p— 29+7% in the s~wave region can be calculated by the quark model under the as-
sumption that no nearby J=%" resonance exists affecting these amplitudes. The param-
eter é’(s wave) is shown to be 0.67 and is larger than this if, in addition, p waves are in-

cluded. The experimental value is 0.35+0.03.

The nonrelativistic quark model!,? has had
many significant experimental confirmations.
In spite of the fact that different opinions ex~
ist as to whether these successes are tests
of the model in its realistic acception, or of
a more abstract underlying algebraic structure,
it appears useful to look for additional predic-
tions of the model, in order to establish its
limits of validity.

We shall consider here the K-nucleon reac-
tions at low energy where only the s wave is
important, and show that if the s-wave T=1
amplitudes describing such reactions are pure-
ly direct amplitudes (that is, they are not in-
fluenced by some nearby resonance), it is pos-
sible to calculate with the quark model the ratio

g=< : ) i T (1)
2 2 *
A+Z) o IN ”M1’(qz/qA)

We obtain

8(8 wave) 0.67 (2)
and & = 0.67 when the p waves also enter. In

the above, N, is the amplitude® for the reaction
K,+p—~A+7t, and M, is the amplitude for the
reaction K, +p —(1/V2)(Z° +7T=2++7°; g, and
g5, are the center-of-mass momenta of the out-
going A and Z, respectively. To show this,
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observe that, if only s waves enter, both M,
and N, can be expressed in terms of the same
spin-nonflip amplitude (which we call f,) for
the reaction

K +@—x+17, (3)

where @ is the T,=+3 nonstrange quark and
A is the strange quark.

In fact, both the A°7* and Z%* s-wave final
states are produced from the initial K state
when one or the other of the two ® quarks in
the proton changes into a X quark. By using
the standard wave functions? of p, A, and %,
one easily gets

IN,P=31f,Pand 1M, P=1f,P;

therefore, recalling that for absorption at rest
we have qz/qA =0.7, we get the value (2) of
é’(s wave)> Where we have neglected the pos-
sible dependence of f, on the momentum ¢

or gx. If p and higher waves are included, the
value of § is, in general, larger than the val-
ue 85 waye) calculated above. In fact, the
most general amplitude of (3) can be written
as f+go+n where f and g are functions of the
scattering angle. For an unpolarized proton,
we therefore have

IN,12=3(1F12+ Ig|®) and |M, = [fP+1gP.  (4)



