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Differential cross section for proton-proton bremsstrahlung at 1.38 Gev/c
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We present the differential cross section for proton-proton bremsstrahlung at an incident beam momentum
of 1.38 GeV/c (730 MeV). The measurements are made with an overconstrained detection system to reliably

exclude all pp~pp7r events. We have obtained differential cross sections at 16 photon angles at photon
energies up to 200 MeV for protons scattered at SO (lab). For each of the photon angles,
d 0 / d Qp d Ay de decreases smoothly with increasing photon energy up to E~(lab) 80 MeV. Above this
photon energy the cross sections rise again. Our results are compared with the soft photon approximation
and the external emission dominance calculations. The soft photog, approximation describes most spectra fairly
well up to E~=100 MeV and external emission dominance up to E~ 60 MeV (lab}, but both predict cross
sections which are too smal1 at the highest photon energies.

NUCLEAH BEACTIONS Proton-proton bremsstrahlung, E= 730 MeV; rnea-
sured 0 (8,E~); compared with soft-photon calculations.

I. INTRODUCTION '

We report final results and the experimental de-
tails of the first investigation at medium energy of
proton-proton bremsstrahlung (ppy). The incident
proton energy is well above the inelastic threshoM
in pp interactions and is substantially higher than
the energies of all previous ppy experiments. An
important objective of our experiment is to test
the range of validity of the soft photon approxima-
tion (SPA) based on the Low' and Burnett-Kroll~
theorems and that of the external emission domi-
nance' (EED) approximation which is equivalent to
the first term of the SPA expansion.

The Low theorem states that the first two terms
in an expansion of the ppy amplitude in powers of
the photon energy Ez can be calculated using only
information from the on-mass-shell process, i.e.,
the elastic pp phase shifts. The SPA is basically
an evaluation of this Low amplitude. It is dis-
cussed in detail in Refs. 4-6, and specifics apply-
ing to this experiment are given in Sec. V. It fol-
lows from the Low and Burnett-KroQ theorems
that the first term in the ppy cross section can be
expressed as the elastic pp cross section times a
known kinematic factor. This is the EED approxi-
mation, as discussed in Ref. 3 for the case of
pion-proton bremsstrahlung (m'py). A series of
experiments on m'py in the vicinity of the b, (1232)
resonance' ' led to the surprising finding that the

EED approximation is satisfactory for describing
m'py up to the highest measured photon energy of
150 MeV. It is of interest then to see whether this
same approximation applies as well to other had-
ron-hadron bremsstrahlung reactions such as ppy.

Fresh interest in ppy and the applicability of
EED at intermediate and high energy has been
generated by the discovery of a large lepton-to-
pion ratio' among the particles produced in high-
energy hadron- hadron collisions. Calculations'
in the standard %eizsicker-Williams approach,
using the EED approximation for the bremsstrah-
lung cross section, have provided some insight
into the electromagnetic contribution to this lepton-
to-pion ratio.

Many investigations of spy in the past have fo-
cused on its possible use in determining off-mass-
shell pp scattering amplitudes. An important ob-
jective thereby was to find a means of distinguish-
ing between various models and potential recipes
available for the nucleon-nucleon interaction.
Previous ppy experiments ' have been performed
only at incident energies below 210 MeV, where
the pp interaction is purely elastic scattering and
a potential model description may be valid, and
where mesonic effects such as those involving the
6(1232) resonance are small. lt appears that SPA
is nearly sufficient to account for many of these
measurements. 4' One might hope to find a sub-
stantial deviation from SPA by going to a new en-
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ergy region where the pp interaction has a large
inelastic component and where additional mech-
anisms may be important, as for example those
involving an intermediate h(1232) resonance, pp
—p6+-ppy. At T~ =730 MeV (orp~=1..38 GeV/c),
which is our choice of the incident proton energy,
o', (PP) is increasing rapidly with T~ and nearly half
of a, (PP) is due to inelastic channels. However,
the energy is low enough so that phase shift solu-
tions, albeit not very reliable ones, are avail-
able, thus making possible a full SPA calculation.

The principal complication introduced by our
choice of incident momentum is the large m' pro-
duction which forms a serious background. We
have used an over-constrained detection setup to
completely eliminate the m background. Our ex-
perimental apparatus enabled us to measure the

ppy differential cross section, d'o/dg~dA&dE&,
over a large range of photon energies, allowing a
systematic study of the validity of SPA and RED
as a function of the photon energy.

II. APPARATUS AND EXPERIMENTAL METHOD
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FIG. l. Experimental apparatus. 6& &6 are the photon
counters, of which G f 4 g f3 j5 $6 lie in the horizontal
plane. The positions of the photon detectors are given
in Table I and the proton detectors in Table II.

A plan view of our apparatus is shown in Fig. 1.
In describing the position of the detectors, we use
an angular coordinate system (o., P) in which n is
the angle of projection on the horizontal plane,
measured clockwise from the beam direction, and

P is the angle of elevation, measured upward from
the horizontal plane. These angles are related to
the conventional scattering angles 8 (scattering
angle measured from the beam line) and Q (azi-
muthal angle about the beam line) by the formulas
cos8 = coso. cosP and tang = -tanP/sina.

A. Beam and target

The experiment was performed in the external
proton beam of the Lawrence Berkeley Laboratory
184 inch cyclotron. The beam was twice collimated,
and steered by five bending magnets through a total
deflection of 100 to produce a focal spot of 2.5 cm
diameter on the hydrogen target. The average
beam intensity was 10' protons per second. The
momentum of the beam at the-center of the hydro-
gen target was 1380 + 10 MeV/c (kinetic energy
730+8 MeV), as measured by range curves in
copper and by wire-orbit measurements of the
beam transport system. The momentum spread
in the beam was less than 2%%uo. The polarization of
the beam is expected to be zero."

The liquid hydrogen target consisted of a flask
with two nearly flat, parallel walls of 0.13 mm
thick Mylar, - surrounded by a cylindrical gas bal-
last of 0.25 mm Mylar and 21 layers of 0.006 mm
aluminized Mylar. This was mounted inside a cy-
lindrical vacuum flask made of 0.8 mm aluminum.
The width of the flask that contained the liquid hy-
drogen was 6.5 cm, including the slight bowing of
the Mylar walls. The axis of the target was in-
clined at 20.5+0.5'to the beam line, giving an ef-
fective path length in liquid hydrogen of 18.6 cm.

B. Particle detectors

An incident proton was defined by the horizontal
and vertical hodoscope planes (II and V in Fig. 1)
and the timing counter T. The small beam halo
was rejected by the veto counter AH which sur-
rounded the hodoscope.

Scattered protons were detected in a large mag-
netic spectrometer centered on an angle of 50.5'
to the beam line, with its field horizontal so as to
deflect particles downward. As the spectrometer
was located to the right of the beam line (looking
downstream), we shall refer to the proton detected
in this arm of the experiment as P~. The other
final state proton, which must go to the left of the
beam line, will be referred to as P~. The trajec-
tory of each P~ was measured by sets of three
wire spark chambers before and after the magnet.
A plane of four contiguous scintillation counters
behind the magnet provided trigger information and
allowed identification of portons' by time-of-Qight.
The magnet gap was 46 cm wide by 183 cm high,
and the counter plane had dimensions 64 em&183
cm. The horizontal angular acceptance of the
spectrometer was

44 & m~&5'7'.

The vertical angular acceptance depended some-
what on the momentum of the scattered particle.
For 700 MeV/c protons it was
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-15'&P„&19';

the vertical asymmetry resulted from the down-
ward deflection in the magnetic field. The typical
solid angle acceptance was approximately 120 msr.

The second proton (P~) was detected in a set of
three spark chambers and two planes of scintilla-
tion counters in coincidence. This detector sub-
tended the angles

Detector Distance

PI,
44 to 57'

319 to 351'
-15 to +19'
-16' to +16'

74 cm
157 cm

Center of hydrogen target to first P~ spark chamber.
Center of hydrogen target to second plane of P~

counters.

TABLE II. Position of proton detectors. Angles n and

P are defined in the text.

-16'&Pi &16',

and did not substantially limit the acceptance of

ppy events except at the highest photon energies.
Note that this detector restricts this experiment
to accepting only the so-called first kinematical
ppy configuration as discussed in Appendix A.

Photons were detected by 16 lead-glass Cheren-
kov counters (Q, -G~,), each 10 cm&& 10 cm in area
and 15 cm (4.9 radiation lengths) thick. The con-
struction and performance of these counters have
been discussed elsewhere. " For on-axis photons
the efficiency was (81+5)% at Ez =20 MeV and
(92+2)% for && =50 MeV. Each group of photon
counters was guarded by an anticoincidenee count-
er (AG) to reject charged particles. Each photon
counter subtended an angular range with respect
to the center of the hydrogen target of approxi-
mately +4.5' in each direction.

The position of the detectors is given in Tables

I and II; this supersedes the values quoted in our
earlier publication. "

C. Data acquisition

The coincidence 1ogic required for an event trig-
ger was

E = 3QP~ p2 Ag A~,

where Q and P, represent logical "or" signals
from the photon and spectrometer proton counters,
P, is a coincidence between the two planes of
counters of the P~ detector, A~ is the "or" of the
photon anticounters, and A~ is a signal from the
beam anticounter downstream from the target. 8
is the incident beam coincidence signal

Photon
counter G (deg)

P
(deg)

R
(cm)

Oc.m.

(deg)

1
2
3

5
6
7
8
9

10
11
12
13
14
15
16

250
250
250

. 270
269
270
292
293
292
318
335
355
104
105
122
142

-1
—19
-37
-2

-19
-37
-1

—19
-36
-38
-38
-39

1
-22

1
0

59
59
60
59
59
59
60
59
60
69
69
69
56
56
57
57

134
137
135
122
123
122
101
102
106

86
73
66

133
, 133

146
158

TABLE I. Position of photon detectors. & is the hori-
zontal projection of angle, measured clockwise from the
beam line. P is the angle of elevation, measured upwards
from the horizontal plane. R is the distance of center of
face of photon counter to center of hydrogen target. Oc.m.

is the photon angle in center-of-mass system, measured
from the beam line.

where V, and H& are any counter in each of the
beam hodoscope planes, T is the timing counter
immediately before the target, A„ is the veto
counter surrounding the hodoscope, and (V +H )
represents the triggering of two or more vertical
or horizontal hodoscope counters and indicates
multiple incident beam particles within our re-
solving time.

All information from the counters and spark
chambers was processed by a Digital Equipment
Corporation POP-8/I computer. It stored the data
on magnetic tape and provided on-line displays of
various frequency distributions and the P~ and P~
trajectories in the chambers.

In addition to the runs taken with the standard
"radiative" event trigger described above, we took
several runs with the photon counters removed
from the event trigger. These runs provided a
measurement of the pp elastic scattering cross
section, as well as a variety of systematic checks
on the system. Runs with the target flask empty
were taken in both triggering modes. After all
analysis cuts were made, the background from the
target walls amounted to less than 1% of the radi-
ative or the elastic event rate.
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III. ANALYSIS

A. Event reconstruction and data processing
Ez =l20-I40MeV

(a)

The first part of the off-line analysis was the
reconstruction of the trajectories of the two out-
going protons P~ and P~ of each event from the
recorded spark chamber information. Events in
which the P~ and P'~ tracks did not project back
to an intersection in the target volume were re-
jected. The momentum of P~ was calculated to an
accuracy of 2%%u~ from the bend angle of the P„ track
in the magnet. The momentum of the incident pro-
ton was well known (see Sec. IIA), and its direction
was determined accurately using the position of the
latched beam hodoscope counters and the intersec-
tion point of the P~ and P~ tracks. The direction
of the outgoing photon was determined from the lo-
cation of the photon counter which had fired.

The above measurements provide us with re-
dundant information; each pp ppy event was over-
constrained by two degrees of freedom. Conse-
quently, we subjected every measured event to a
two-constraint, least-squares fit to the hypothesis

pp ppy, making use of the measured values of the
momentum vectors of P~ and the incident proton,
and of the scattering angles of P~ and the photon.
The fitting procedure minimized a y'-like variable
constructed from the measured quantities, weight-
ed according to their estimated errors. Each mea-
sured event' can be characterized by this calculated
pseudo-y' value. The result of the data processing
is illustrated in Fig. 2 where we have shown the
pseudo-g' distribution of all events that triggered
photon counter Q, and have a photon energy in the
intervals 20-40 and 60-80 and 120-140 MeV. The
peak in the spectrum at small y' is due to ppy
events, and the small, nearly flat remainder of the
distribution is due to random background events
and to pp- ppm' events. The crosses and dots in
this figure show the results of a Monte Carlo cal-
culation of ppy and ppm' event distributions which
will be discussed later.

The photon energy in this experiment was not
measured directly but was calculated from the
least-squares fit for each event, making use of
the "best" values of the measured variables n»
P z, p(Pz), n~, and P~ determined by the least-
squares fit. The photon energy resolution was
obtained from an analysis of Monte Carlo gener-
ated ppy events. Detai)s of the Monte Carlo cal-
culation are given in Appendix B. The resolution
was found to depend on the photon energy and on
the position of the photon counter. Table III lists
the calculated standard deviation of the photon en-
ergy for photon counters G»», , the latter two
located at the worst positions. In the limiting case
of zero-energy photons, the photon energy reso-

Data
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20- E„=20-40 MeV

l0 x

0-
0
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lution was determined by analyzing a sample of
pp- pp elastic scattering events as pp-ppy to ob-
tain their fictitious "photon" energies. The re-
sults for G, »» are illustrated in Fig. 3. The
standard deviations in the photon energy for all

TABLE III. Photon energy resolution calculated by
Monte Carlo technique for three photon counters and
several photon energies. 0 is the standard deviation.

~ (Me~
Ey 25 50 75 100 125 150 200

Photon counter MeV
G

7
11
12

4 4 5
6 6 6
6 6 7

9
10

l0 20 30 40 50
X

FIG. 2. X distribution of events recorded in photon
counter G7 for three photon energy intervals. The
crosses indicate the distribution of a ppy sample and
the dots a pp~o sample generated by Monte Carlo
technique with reasonable values for the measurement
errors. The ppy data sample used in the evaluation of
the ppy cross section is defined as events with y2(5
(indicated by the single arrow).
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FIG. 3. Fitted "photon" energy of a sample of pp
-pp elastic scattering events analyzed as pp-ppy in
the photon counters G&, G&2, and Gf3.

the counters are listed in Table IV; they fully sup-
port the calculated results given in Table III.

The estimated errors in the measured quantities,
which are used as weight factors in the least-
squares fit analysis of the measured event, have
been carefuQy investigated. We made use of some
special pp elastic scattering runs in which the large
hydrogen target was replaced by a 6 mm strip of
CH, . The so-called "pull" quantities of the least-
squares fit, which are the differences between the
best fit and the central value of the measured quan-
tities of each event divided by the estimated errors,
were found to have a Gaussian distribution with a
variance =1 for a sample of our data. This gives
us confidence in the correct value of the errors
used in the analysis.

B. Elimination of m background

The principal difficulty in this experiment was
the separation of ppy events from the unwanted
background of zo production events (pp-ppmo) which

triggered the apparatus. Fortunately, the kine-
matics of the two processes are sufficiently dif-
ferent that the possibility of a ppm event masquer-
ading as a ppy event can occur only in a very limit-
ed photon energy region which is near the high en-
ergy end of the photon spectrum. We can illustrate
this point using the results of Monte Carlo simu1. -
ations of the ppm and ppy events which trigger our
detectors. A brief account of the procedures fol-
lowed in our Monte Carlo work is given in Appen-
dix B.

The distinction between the ppy and ppm' events
can be very clearly seen by considering the dis-
tributions of three kinematic. variables measured
in the experiment: 8» = angle between P~ and the
incident proton direction, 0» = angle between P~
and the incident proton direction, pz =momentum

of Pz (measured in spectrometer). Figure 4 shows
three contour plots in the kinematic variable space
of p~ and 8» for photon counter t"„obtained from
a sample of Monte Carlo-generated ppy and pp7I

events. The shaded area is the domain of all the
pp- ppm' events with both protons falling within the
experimental acceptance of our detectors. The
two dotted areas are the domains of two samples
of pp- ppy events with Z& = 60 and 100 MeV, re-
spectively. The Monte Carlo calculations included
the uncertainties in all measured variables. It
can be deduced from Fig. 5 that there is for each
photon counter a certain photon energy, E„„,„, be-
low which there is no overlap between the pp~ and

ppy domains. In other words, accepted events that
have a photon energy smaller than E„,,„are ppy
events except for a few background events due to
randoms in the photon counters and proton scatter-
ing in the target which were not considered in our
Monte Carlo simulation of pp7I events. Such back-
ground events are eliminated with a y' cut as de-
scribed below. The different values of E,.„„„„for
the different photon counters are listed in Table
V. The event sample with photon energies larger
than E„, may be contaminated by ppm' events.
It is apparent from Fig. 4 that we can apply a sim-
ple cut to our data which removes all ppm' events
without sacrificing many ppy events. This so-
called m cut removes events with kinematics be-
low the dashed diagonal line and to the left of the
dashed vertical line in Fig. 4. A similar accep-
tance criterion applies to the kinematic variable
space of 8» and 8». Specifically, the m' cut ac-
cepts events satisfying any one of the conditions:

6~~ &51.5,
8~a & 6V

' —0.03 5p„(MeV/e),

6 &67'- 0.889g

The effect of the m cut was included when we cal-
culated the acceptance of our setup for ppy. Only
data with photon energy &E „„„areaffected.

It is of great interest to investigate the effect of
the m cut on the X' distribution of our events.
Figure 5 shows the number of events in G, versus
their y' value, in eight different photon energy in-
tervals. When 8

&
& 80 MeV [Figs. 5(a) -5(c)], the

cut has no effect on the y' distribution since it
is not possible for a pp~' event to reconstruct as
ppy with E&&80 MeV. In the interval 80&E& ~100
MeV, the m cut hardly affects the distribution at
small X', since the peak at g'- 0 is from ppy events,
but removes most of the broad shou1. der above y'
-6, reducing the shoulder to the level of the back-
ground in Fig. 5(c). The vo cut thus removes all
ppn', leaving ppy unaffected as expected, since in
this photon energy interval the ppy and ppg re-
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TABLE IV. List of experimentally determined photon
counter resolutions for E& =0 MeV, obtained by treating
pp elastic as ppy events. 0 is the standard deviation.

Photon counter
G 0. (MeV)

1-6
7-9

10
ll —12
13-16

gions do not overlap although they are very close.
In the interval 100&E& ~120 MeV, the m' cut re-
moves all ppm' but also removes some ppy. The
maximum possible photon energy for ppy with a
photon in Q, is 115 MeV. Many ppm' events, when

analyzed as ppy, have unphysical photon energies
E &115 MeV. All such events are removed by our
m' cut as illustrated in Figs. 5(f)-5(h). We define
E&(max) as the maximum possible photon energy
for a true ppy event in a given photon counter, tak-
ing into account the finite detector apertures and
measurement errors; a list of E&(max) is included
in Table V.

The effective discrimination of our analysis
against ppmo is further illustrated in Figs. 6 and
7. The calculated photon energy in Q of a7, Il
Monte Carlo generated sample of ppw events
analyzed as if they were ppy, is shown in Fig. 6.
There are no events with E&&80 MeV, consistent

20

IO-

Photon Counter G,

E&= 20-40 MeV

N ~Pl lt~~ n ll

L No cut
~ 7r- Cut

10- E&= 40-60 MeV

.Il .R fh A r.~ .~ W.~ ll
I

E& = 60-80 MeV

. M..~n. nHHP1n
d

with the value for E„„„in Table V. The X' dis-
tribution of Monte Carlo "ppw -as-ppy" events in
Q, and 0», without any restriction on the cal-
culated photon energy, is shown in Fig. 7. This
figure suggests thatwe can define a photon energy
below which no ppwo can be analyzed as ppy with
X'&20. This is called E „„and is listed for all
photon counters in Table V.

The final phase of separating ppy events from
the background is based on the y' of the least-
squares fit to every event. Our Monte Carlo si-
mulation of ppy events, with careful consideration
of the measurement errors, indicates that 93/g of
all ppy events have y'&5 and that the ' distribu-
tion closely matches the theoretical one for tmo
degrees of freedom. In Fig. 2, we have compared

700-

600-

V)

&u IO-

bJ

lO- LI
n

0
~ ~ ~ ~ ~

I

E& = 80-100 MeV

e
E& =100-120 MeV

4
~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~

I

to- J
L

-140 MeV

40 44 48

8R& (degrees)

52 56

0

5.

5-

n n0 I

10

Ey - l40-160 Mev

dl 0 ~ 0 nn n
I I

h
'E~. 160 MeV

I
n

20 30 40 50
X

P

FIG. 4. Regions populated by ppxo events and ppp
events in photon counter G&, in the space of kinematic
variables pz and 0&z defined in the text. The events
were generated by a Monte Carlo simulation of ppy and
pp&oevents with reasonable measurement errors.

FIG. 5. y
~ distribution of the events recorded in pho-

ton counter 68 and analyzed as ppy candidate d
eV wide bins in E„. Solid-line histogram: un-

cut data. Dots: after "7ro cut" described in text has
been applied.
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Photon
counter G

Eclean

(Me V)

Esafe

(Me Vj
E& (max)

(Me V)

TABLE V. List of "clean, " "safe," and maximum pho-
ton energies for each photon counter as defined in the
text. The finite detector apertures and measurement
errors were considered in obtaining these numbers.

that there is about a V% chance for good spy events
to have y'&5, but the loss of good events by our
X'&5 cut is closely compensated by the intrusion
of the flat g' background under the low y' peak.
Two other background subtraction procedures
yieided (within statistical errors) the same result
as the simple cut at y'&5.

1
2

3
4
5
6
7
8
9

10
11
12
13
14
15
16

55
50
50
60
60
60
70
70
65
90

125
140

55
55
50
45

65
65
65
85
70
70

130
125
130
all
all
al;l
60
60
50
45

95
95
95

125
120
115
180
180
160
200
220
220

70
70
60
55

D. Cross section calculation

The pp-ppy differential cross section in the
laboratory system for each photon counter G,. and
each interval of photon energy E& is

Eclean a)

where y is the number of accepted events with re-
constructed photon energy between E

&
- ~ AE

&
and

60- G,

the X' distributions of our data in G, with the Monte
Carlo calculations. The ppy arid ppn' Monte Carlo
distributions agree very well with the experimental
data. Not included in the Monte Carlo is a nearly
uniformly Qat background due to randoms in the
photon counters and proton double scattering in the
target. 20-

Monte Carlo

ppTT

analyzed as ppy

C. Event selection

Besides the ppm background discussed in the
previous section, there was a small background
in our experiment due to random coincidences be-
tween pp elastic scattering events and noise pulses
from the photon counters. Such events satisfy the
radiative scattering kinematics with E&—-0 and

give a small y' value. The excellent photon energy
resolution of our detection system allows us to
eliminate such events by applying a photon energy
cut, accepting all events with E&&15 MeV. For
events in photon counters G, », which have a poor-
er energy resolution than the others (Table 1V), we
required E&&25 or 35 MeV. The remaining ran-
dom background w@s reduced by applying a cut of
+3 ns on the photon time-of-flight (TOP) and sub-
subtraeting a small background based on the out-
of-time event distribution. Some typical TOF dis-
tributions for different E& bins are shown in Fig.
8.

60-

40-

20-

ion

Monte Corlo

pp7T

analyzed as ppy

E clean

n n
20O SOO 4OO

E„(MeV)

I I I

The number of ppy events for each counter and
each photon energy interval was chosen to be the
number of events with y'&5 from our data sample
obtained with the TOF and m cuts. The numbers
are listed in Table VI. Figures 2 and 5 indicate

IOO 200 500 400
E„(MeV)

FIG. 6. Photon energy spectrum for Monte Carlo
generated pp7to events analyzed as ppp in photon coun-
ters G& and Gj&, without a cut on X or the xo cut.
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20-

Monte Carlo pp m'

analyzed as ppy
E&

= 60-IBOMeV Gio

20-

0 I s I
I

CA

C:
CD

LaJ

IO-

Ey =20-60MeV

IO-

IO-
0

I I aPl I i i t l

40 60 80

20 40 60
X

80 lOO

FIG.' 7. y distribution for Monte Carlo generated
pp7fo events analyzed as ppy in photon counters G& and
G&&„without a cut on photon energy or the mo cut. In
the data analysis we make a cut at X = 5, indicated by
the vertical arrow.

&y+ 2 ~E y&' B is the number of incident protons
given by the number of beam coincidences B& cor-
rected for the attenuation of the beam in the target,
event rejection due to randoms in anticounters,
beam doubles and multiple photon counter latches,
T is the number of protons per unit area traversed
by the incident beam in the hydrogen target, ~y
is the width of the photon energy interval, and

(EQpa),. is the effective solid angle acceptance of
our setup for protons from ppy with the photon in

Q&. At low photon energies Q» is equal to the
solid angle acceptance of the P„spectrometer,
which is 120 msr. At high photon energies the ppy
kinematics restrict the usable aperture of the mag-
net, and consequently Q~~ is reduced and its ef-
fective central angle is shifted forward. The size
and location of the P~ detector were such as to
accept only the proton of ppy corresponding to @PE
configuration number one, as defined in Appendix
A. Because of kinematic correlations, 0» de-
pends on the direction and energy of the photon and
was calculated separately for each photon counter
by the Monte Carlo method. Results for G„y2 are
shown in Fig. 9. (b,Q&),. is the effective solid angle
of photon counter i. It is obtained by a Monte Carlo
calculation that includes the edge effects of the

FIG. 8. Time-of-flight spectrum recorded in photon
counter G&0 for two photon energy bins. ~ is the TOF
channel number (one channel equals 0.38 ns). The ver-
tical arrows define the in-time peak. Events outside
the peak are due to randoms.

photon detectors and the effects associated with
the extended size of our hydrogen target. ey is the
photon detection efficiency (see Sec. II D) determined
in a separate experiment. ' The accurate numerical
values of ey are useful only in conjunction with the
value used for Qy. For a typical photon counter
(G,), the product e&Q& is 18.2 msr at E&=17 MeV,
21.8 at 25 MeV, and 24.3 at 160 MeV. c„is spark
chamber efficiency, calculated from comparisons
of 2- and 3-spark fits in each set of spark cham-
bers. &, is efficiency of the proton trigger count-
ers. &,„,„ is survival probability of outgoing par-
ticles, including proton interactions in P~, proton
and photon interactions in the target, vacuum
chamber walls, air and spark chambers, and pho-
ton conversion in the photon anticounters.

Numerical values .of these factors and correc-
tions are given in Table VII.

IV. RESULTS

A. Differential cross sections for pp ~ppy

The kinematics of each ppy event in the labor-
atory system is completely determined by the ex-
periment, so we have the option of expressing the
differential cross section in terms of any set of
five independent variables. We have chosen
d'o/dQJ, „dQ&dE& (where dQ» refers to the angles
of proton P„). The choice of dE& in this expres-
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sion is a natural one, as the bremsstrahlung cross
section for low energy photons varies as l/E z ac-
cording to the Low theorem. The other two differ-
ential elements dA» and dQy are chosen because
the corresponding variables in the lab system are
constant in our experiment except at high photon
energy where the restriction in the detector aper-
tures is apparent in Fig. 9.

We wish to caQ attention here to the fact that
there are always two different kinematical con-
figurations for spy corresponding to the same set
of lab variables defined by dQ»dAyd& y

For-
tunately, the kinematics of the two cases are suf-
ficiently different that it is easy to distinguish be-
tween them by means of the other lab variables
(] phiz~, GJ,z, . . .) which do not appear explicitly in
the phase space element. Our detector arrange-
ment was, in general, sensitive to only one of the
configurations, namely the one with the larger 8~1,
called configuration 1. All our cross section eval-
uations and comparisons with theory are based on
the transformation between lab and center-of-mass
variables of configuration 1. Details are given in
Appendix A.

Our results for the differentiaI cross sections in
bins of photon energy in the lab system are given
in Table VIII. The results presented here super-
sede previously reported preliminary results. "'~'

The dependence of d'o on the photon energy for the
individual photon counters is shown in Fig. 10. We
have plotted d'v/dQ~zdQ &dZ& in the laboratory
system versus E& in the laboratory (lower scale)
The upper scale gives the photon energy in the
center-of-mass system. Some examples of the
photon energy dependence of the differential cross
section in the center-of-mass system for our pre-
liminary results have been given in Ref. 16. The
marked increase in d'&r (lab) at the high end of the
photon spectrum results mainly from a rapidly in-
creasing laboratory phase space factor (Appendix

G6 Gia

I f I—vr-'cut
Ut

20-

20 40 60 80
Ey(lab) [Mev]

200

FIG. 9. Effective solid angle for detecting protons
from ppy, as defined in text, for two photon counters.
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FIG. 10. Laboratory differential cross sections for all 16 photon counters as a function of the photon energy. The
lower scale gives the photon energy in the lab and the upper scale in the center-of-mass. The solid curves are the
SPA theoretical point cross sections multiplied by the factor S of Table IX, to average over the finite acceptance of
the apparatus. The dashed curve is the EED calculation averaged by Monte Carlo method over the acceptance of the
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TABLE VII. Normalization factors and corrections
used in cross section calculations.

is

der/dQ*=1. 9 +0.2 mb/sr,

B~ = 3.48 &10 protons
T =(7.87 +0.40) &10 3 protons/cm
&„=0.845 + 0.015

= 0.91 +0.05

Corrections

beam attenuation (3.1+0.6) %
beam antincounter random rejection (6 + 3) %
photon anticounter random rejection (2.5 +1.0) %

multiplp photon counter (1.5 +0.2) %
multiple beam hodoscope counter (1.5 +0.2)%

PJ. interaction loss (1.0 +0.2) %

P~ interaction loss (l.9 + 0.4) %
photon interaction loss (2.3 +0.6) % to (3.5 +0.6) %

in agreement with our measurement.

C. Discussion of errors

A typic, al data point of our ppy experiment has
some 50 events. Our results, therefore, have a
statistical error of at least 15/o.

There is also a systematic error not included in
Table VIII or Sec. IV 8, above, which we estimate
to be 8%. It is due to the uncertainty in the target
thickness, spark chamber efficiency, beam doubles,
etc.

V. COMPARISON WITH THEORY

Traditionally ppy data have been compared with
potential model calculations with the aim of un-
raveling off-shell aspects of the nucleon-nucleon

TABLE VIII. Laboratory differential cross sections d'0/d~ dE in nb/sr MeV for pp -ppy
at T&

——730 MeV for different photon energy intervals. Errors are statistical only; not included
is a normalization uncertainty of 8%.

T'hoton

counter
15-'25

Photon energy interval (Me V)
35-45 45-55 55-65 65-75 75-85

1
2
3

5
6
7
8
9

10
ll
12
13
14
15
16

7.6 + 1.4
8.5+ 1.5
4.9 + 1.0
8.2 + 1.4
8.9 + 1.5
7.8 + 1.4

11.2 + 1.7
8.1 + 1.3

10.0 + 1.5
8.2+1.4

4.6 +1.0
6.3 +1.2
3.8 ~0.9
7.2 +1~ 3
9.2 ~ 1.4
5.4 + 1.1
6.3 +1.2
6.7+1.2
6.7 + 1.2
2.9 6 0.9

5.6 + 1.1
6.8 +1.2
6.7+ 1.2
4.6 +1.0

5.1 + 1.1
4.0 +0.9
3.9 +0.9
6.5+1.2
6.1 +1.1
4.1 +0, 9
3.8 +0.9
6.4 + 1.2
5.4 + 1.1
2.1 ~0.8
6.1 + 1.4
3.8 +1.0
3.9~0.9
4.2 +0.9
5.0+ 1.0
3.7 +1.0

3.9 + 0.9
2.7 +0.8
1.5 +0.6
3.3 ~0.8
5 ~ 6+1.1
4.6 +1.0
4.5 + 1.0
5.5 +1.1
2.1 +0.7
3.1 +0.9
5.8 ~1.3
4.5 + 1.1
2.5 +0.8
3.6 +0.9
3.1 + 1.1

5.1 + 1.0
2.8 ~ 0.8
3.6 + 0.9
2.5 + 0.7
4.2+ 0.9
3.0 + 0.8
3.7+ 0.9
2.6 + 0.7
3.9 + 0.9
2.8 6 0.9
4.5 + 1.2
4.2 + 1.0
2.2 + 1.0
3.2+ 1.3

5.9 +1.4
3.8 + 1.1
2.7 + 0.9
4.0 +0.9
3.0+0.8
3.1 +0.8
3.8 +0.9
3.9+0.9
2.8 + 0.8
1.5 +0.7
5.2 + 1.2
2.3 +0.8

4.2 *1.5
4.2 + 1.7
2.3 + 1.1
4.8 + 1.1
4.1 +1.0
4.5 +1.1
4.2 +0.9
4.1 +0.9
3.1 +0.8
2.5 40.8
3.7 + 1.1
5.1 + 1.1

Photon
counter

6 85-105 105-125 125-145 145-165 165-185 185-205

4
5
6
7
8
9

10
11
12

4.1 + 0.8
3.2 + 0.8
5.1 + 1.0
4.3 ~0.7
3.3 +0.6
4.2 +0.7
2.7 + 0.6
3.7 ~ 0.7
2.5 + 0.6

6.3 + 1.0
5.4 +0.8
5.0 +1.0
3.0 + 0.6
5.7+0.9
2.5 +0.6

8.9 + 1.5
7.1 + 1.1
7.1 + 1.6
5.4 + 1.0
7.0 +1.0
3.5 +0.7

6.0 +1.2
7.3 + 1.1
5.4 + 0.9

9.4+1.5
2.3 +0.6

8.0 + 1.8
4.2 + 1.2
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potential. "Suchanapproach is not useful here
since the initial energy is sufficiently high that
relativistic and inelastic effects are important
and potential models are not applicable. Alter-
natively, one can compare with soft photon cal-
culations to see how much of the data can be ex-
plained by purely on-sheD information obtainable
from elastic scattering. This approach is of par-
ticular interest since in m-p bremsstrahlung, for
reasons not yet completely understood, soft pho-
ton approximations describe essentially all of the
data', 9 even in the region of the b, (1232) resonance.

A
3fppy= +B+Ck +

k
(5.1)

then gauge invariance determines the leading two
terms A and 8 in terms of known kinematic func-
tions and the on-shel, l elastic scattering ampli-
tudes. The first term is particularly simple, as
A is proportional to the full pp elastic amplitude.
(B depends on the derivatives of the amplitudes
as well. ) The C and higher terms contain a com-
bination of off-shell information, higher order on-
shell terms, etc. , and are unknown except in the
context of a particular model.

The ppy cross section can be written schematic-
ally as

d~(pp- gpss) ™k)M„,('

A
+ 2 ReAB*+(B + 2 ReA C*)k +

k

(5.2)

The factor k multiplying [M»&~' originates in the
phase space factor, discussed below. Again, the
leading two terms, and now also the B k part of
the third term, are given by the soft-photon the-
orem in terms of elastic scattering amplitudes.

There is some freedom in the choice of the kine-
matic point at which to evaluate the elastic ampli-
tudes. However, it can be shown'~9'2 that differ-
ent choices affect the result only in order k, i.e.,
only in the third term containing the unknown C.

A. Soft photon approximation

A detailed SPA calculation of ppy has been per-
formed by one of the authors and is discussed in
Ref. 6. Here we simply review the basic features
and quote some results of the calculation appropri-
ate to this experiment.

The soft photon theorem, originally derived by
Low' and put in a form appropriate for ppy by
others, ' ' states that if the amplitude for ppy is
expanded in powers of the photon momentum k
(note: in this section, we use k for the photon
momentum) as follows:

For the results discussed below, the generalized
Low prescription' was used, i.e., the elastic amp-
litude was evaluated at average values of energy
and momentum transfer given by

&=2(&g+&2)'+2(P, +&,)'

(5.3)

where the p, 's are the four-momenta of the four
protons. Specifically, p~ refers to the incident
proton, p, to the target proton, p, to p~, and P4
to p~; thus p~+p, -p3+ 4+

Following these preliminaries, it is interesting
to look at some numerical results. For the SPA
calculations of Ref. 6, the individual amplitudes
A/k and B were constructed explicitly, according
to Eq. (2.4) of Ref. 5, using elastic pp amplitudes
which were themselves constructed from elastic
phase shifts. The resulting amplitude (A/k) +B
was squared and hence the cross section contains
the leading two terms of Eq. (5.2) and the B'k part
of the third term. The elastic phase shifts were
taken from MacGregor, Amdt, and Wright'~ with
the modification in the imaginary 'D, phase sug-
gested by Willard et al." This phase shift solution
does not include as input the new cross section
data in the relevant 500-'l50 MeV range and so
must be considered approximate. It does, however,
reproduce the data of Ref. 22 to better than 15-
20%, which can be taken as a rough upper limit on
the uncertainty in the results for the first two
terms due to ambiguities in the elastic scattering
information. The calculation of the B'k term re-
quires the elastic amplitudes rather than the cross
sections. Therefore, it may be more sensitive to
uncertainties in the phase shifts than the first two
terms. For this reason, in the high k region where
the B'k term is important, the SPA results could
possibly be uncertain by significantly more than
20%.

It is of interest to compare the individual terms
A'/k', 2 ReAB*/k, and B' in the square of the in-
variant amplitude of SPA, ~M»y~', which are plot-
ted for some typical counters in Figs. 11(a) and
11(b). (Note that A and B are not constants, but
kinematic expressione of zeroth order in k.) For
all values k relevant here, the 2 ReAB*/k term is
much less than the A'/k3 term. Furthermore, for
k&100 MeV, the A'/k' term is greater than the B'
term. These two observations mean that for k 6100
MeV, the leading two terms of the SPA, and par-
ticularly the first term alone, should dominate the
cross section. Above k -100 MeV, the B' term be-
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comes the dominant one. Since the B' term varies
only slightly with photon energy, the k dependence
of the cross section in this region is approximate-
ly proportional to the phase space factor @(k)
which is shown in Figs. 11(c) and 11(d). In the
laboratory Q(k) is nearly proportional to k for
small 4 and it rises to a singularity at k „.

In Fig. 10 we have plotted along with the data
the SPA calculation averaged over the counter ac-.
ceptance by multiplying it by the correction factor
S as discussed in Sec. V D. In a few cases we show
also the point (unaveraged) SPA result to indicate
the effect of the averaging on the theoretical pre-
diction.

As can be seen from Fig. 10, for small k the
data are generally well fit by the SPA calculation
which is dominated in this region by the leading
A'/k term (essentially identical to the curve labeled
EED, discussed below). At larger k, the leading
term is not sufficient and the inclusion of the higher

order terms in SPA leads to a considerable im-
. provement in the fit to the data, though the cal-
culations still fall significantly below the data at
the highest photon energy. Note that the increase
in the SPA cross section at larger k is essentially
due to phase space, since the J3' piece of jM»r~'
which dominates in this region is nearly constant.
The only counter that shows a real conflict at low

E& between SPA and our data is G». The experi-
mental data are systematically higher than the
theory, though the shape of the data appears con-
sistent with other counters. We do not have a sat-
isfactory explanation for the discrepancy.

The fact that the data in almost all counters
agree, within errors, with the soft photon cal-
culation. both ip normalization and shape in the
sma11 4 region is encouraging as it gives us con-
fidence in the essential correctness of the data.
The discrepancies at large 4 are also interesting,
indicating possible non-SPA effects.
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B. External emission dominance

Burnett and Krol12 have shown that the first two
terms of the bremsstrahlung cross section can be
written as an operator acting on the elastic cross

sec+on. The first term of the soft-photon brems-
strahlung cross section, which dominates at low
photon energy, can be written in a particularly
simple form as a kinematic factor multiplying the
elastic cross section:

Ohb e kp ' pP pv pP pv "2 d&c.m.
3 ' 1 + 2 3 4 Pb

(dQdQdk 4m'mP, )p2E E p. p
~

„k P, k P, k P, k P, dQ* (5.4)

It was found by two of the authors3 that the corre-
sponding expression for mp bremsstrahlung works
extremely well in describing the experimental data .

for that reaction. The approximation Eq. (5.4) has,
perhaps with some semantic imprecision, been
labeled "external emission dominance" (EED).
Curves representing the EED calculation for this
experiment, averaged over the experimental ac-
ceptance by Monte Carlo caIculations, are shown
with the data and SPA calculations in Fig. 10.

Since expression (5.4) is equivalent, in concept,
to the leading term of the SPA, the two curves
should approach each other as k-0, as they do.
Residual differences between EED and SPA at
small k come from two sources. First, calculat-
ing the elastic cross section at average s and t ac-
cording to Eq. (5.4) is slightly different from eval-
uating the invariant anzPlitudes for elastic scatter-
ing at s and t with the wave functions at appropri-
ate radiative variables as is done in the SPA eval-
uation of Eq. (5.2). Numerically, the difference
in our case is very small, see for example Fig. 3
of Ref. 6. Second, in the RED calculation we used
the Ryan" parametrization of the elastic cross
section instead of constructing it from phase shifts
as was done for SPA. This leads to a. slightly dif-
ferent elastic cross section, which enters as an
overall factor in the leading term. After account-
ing for these differences, the difference remaining
at larger k comes from the extra terms, in par-
ticular the jg' term, which are included in the SPA
calculation. (The EED calculations plotted in Ref.
15 differ slightly from the present values because
of a computation error which has been corrected. )

Although the full SPA calculation agrees with the
data up to substantially higher photon energies than
does RED, the latter has several useful features
which merit its presentation in this paper. The
direct proportionality of the RED result to the
elastic cross section makes the assignment of
errors to the calculation very transparent. In ad-
dition, the simplicity of Eq. (5.4) makes the evalu-
ation of the EED cross section by computer ex-
tremely fast and inexpensive, a considerable bene-
fit when Monte Carlo calculations are used to eval-
uate the effects of experimental acceptance.

C. Model calculations

The discrepancy between the data and SPA cal-
culations above 100 MeV may indicate possible
non-SPA effects. It is of interest to speculate on
the origins of the deviation. It must involve a con-
tribution from the Ck term of Eq. (5.1), giving rise
to the terms (2 ReAC*)k, (2 Rely*)k2, C'k' in the
cross section, any of which may predominate, de-
pending on the relative sizes and phases of A/k, J3,
and Ck. A possible physical mechanism which
produces a contribution to the Ck term is the 6,
radiative decay diagram [Fig. 12(a)] which has
been considered by Szyjewicz and Kamal, 2~ and by
Tiator, Drechsel, and Weber. " In the calculation
of Szyjewicz and Kamal, the d contribution is cal-
culated in a field theory model, without form fac-
tors, and added to the contributions from one bos-
on exchange'4 (OBE) [Fig. 12(b)]. These OBE
terms are obtained using parameters fitted to elas-
tic data below 350 MeV. At 750 MeV they do not
reproduce either elastic scattering or bremsstrah-
lung data in the soft photon region very well. Con-
sequently, it was necessary to divide the OBE con-
tribution to the ppy cross section by a factor of 16
to normalize to the small k region. The results
obtained for the coherent addition of the two con-
tributions do reproduce the data rather well. In-

(a)

sP
——t{

7T hl

(c)

PEG. 12. Graphs for photon-proton bremsstraMung.
(a) h, excitation contribution; (b) one boson exchange,
external emission; (c) e or' p radiative decay contribu-
tion; (d) vector meson contribution.



NKFKKNS, SANDER, SOBER, AND FEARING

terference effects are of the order of 20%. How-
ever, it shouM be noted t'hat the OBE contribution
normalized to 0 =0 looks at large k something like
the leading term of the SPA, and in particular faQs
significantly below the full SPA calculation. If the
full SPA calculation were used instead, the results
would be somewhat higher, tending to fall above
the data.

In the ca.lculation of Tiator et gl. ," the 6 graph
is calculated in a similar fashion, except that
form factors are used, which reduce the 6, con-
tribution by factors of 1.5-2.5 when both n' and p
exchange diagrams are included in Fig. 12(a), and

by factors of 5-10 when only m exchange is con-
sidered. The result is added incoherently to the
leading term of the SPA. Thus the interference
terms are not included. Again, since the domi-
nant B' part of SPA is not included at large k, the
total results in this region may be significantly too
small. Nevertheless, a quite reasonable fit to the
data is obtained. Thus it appears that the 6 dia-
gram is at least a candidate for explaining the
deviation from SPA at large k.

However, there are other possibilities. We
tried, for example, a phenomenological amplitude
Ck, which we took as a constant times (P,"k P,
-P2~k P,). This is the simplest form we could
think of which is of order k, gauge invariant, and
constant in the sense that it does not depend on
any final kinematics but only on the initial energy.
Using this amplitude, with the fu11 SPA, an ap-
propriate choice of the constant could be made so
as to obtain a fit to the data just as good as those
involving the 6, diagram. Furthermore, this term,
with the same constant, produced a very small
change in the results at 200 MeV, ~'~' well within
experimental uncertainties.

The conclusion one draws, therefore, is that the
important content of the difference between data
and SPA at large 0 is not the distinctive resonance
behavior of the 4 diagram but a single constant
corresponding to the normalization of the Cjg amp-
litude. Thus, as long as there are uncertainties
in form factors, coupling constants, and back-
ground amplitudes in the 6, diagram, all of which
affect the normalization, we cannot be certain that
it is the important contributor. Experiments at
higher energies above the resonance could be con-
clusive, since they wou1d make it possible to trace
out the distinctive resonance behavior of the 6
amplitude, whereas a simple constant amplitude
such as the one we tried would increase mono-
tonically with increasing energy.

Another possible physical mechanism suggested
for producing a deviation from SPA behavior in-
volves the direct participation of vector mesons
in the photon emission process. Szyjewicz And

Kamal' have calculated the & contribution to ppy,
as illustrated in Fig. 12(c), in a Lagrangian model.
Since experimentally F(&o wy)=25 I'(p-wy), this
contribution presumably dominates the radiative
decay contribution of the vector meSons. They
find that the &o contribution increases from 0.3%
at T~ =158 MeV to V% at T~ =400 MeV. The con-
tribution at our incident energy has not yet been
evaluated.

Figure 12(d) shows an example of the type of

process that has been evaluated by RiickP~ in a
vector-meson-dominance calculation of ppy which

should be most applicable at high E&. He obtains

a contribution to the ppy cross section which is
proportional to 4 and provides a reasonab1e de-
scription of our data for E& &100 Mev.

D. Effect of apparatus acceptance

To compare theoretical predictions with data, it
is necessary to take into account the finite size of
our detectors, described in See. GB. We recall
that a. photon counter subtends approximately +4.5'
horizontally and vertically. The P~ detectors sub-
tend +7' horizontally and +17' vertically with the
vertical acceptance centered at P =2'. The P~ de-
tector is sufficiently large not to affect the ac-
ceptance save for the highest energy photons. W' e
have used the Monte Carlo technique to average
the theoretical cross section over the aperture of
our counters. This results in a correction factor
S which must be multiplied into the appropriate
theoretical point geometry cross section to obtain
an averaged theoretical cross section for compa, ri-
son with the data. The correction factor S is de-
fined

du(ppy, SPA Monte Carlo averaged)
do (ppy, SPA point calculation)

(5.5)

It varies somewhat for different photon counters
and energy bins, usually between 0.9 and 1.1, and
is listed for some photon energies in Table IX. To
calculate 8 we used a simplified SPA in which
~llf»&t' consisted of the EED expression plus a
constant term which is set equal to the A'/k' term
at the same photon energy where, in the full SPA,
the A'/k' term is equal to the g' term. The the-
oretical point cross section is calculated for a
monochromatic incident pencil proton beam of
T~ =730 MeV with the P~ scattered at e =50.5'
and P =+2 and the photons going to the center of
the photon counters.

The effect of the averaging over the acceptance
is most apparent for high energy photons. The
theoretical point cross section increases sharply
when k approaches k,„as a consequence of a
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TABLE IX. Modification of point cross sections (at o.'&& = 50.5' and Ppz = 2 ) to take into ac-
count the finite aperture of the detectors. Listed are the calculated values of the ratio 8 for
different photon counters, as described in text, and

d'o(ppy, SPA, Monte Carlo averged calculation)
d5a(ppy, SPA, point calculation}

Photon
counter

G 40 60 80
Ey(lab) {MeV)

100 120 140 160 180 200

1
2
3

5
6

..7
8
9

10
11
12
13
14
15
16

' 0.94
0.96
0.97
0.91
0.94
0.97
0.98
0.94
0.96
0.96
1.02
1.13
0.99
0,94
0.97
1.06

1.00
1.02
1.06
0.93
0.95
0.98
0.97
0.94
0.94
0.98
1.01
1.13
1.23
1.11

1.05
0.85
1.09
1.01
1.02
1.10
0.97
0.94
1.02
1.00
1.00
1.10

0.93
0.89
0.83
1.02
0.97
1.07
1.00
1.01
1.05

0.99
1.06
1.05
1.06
1.00
1.06

0.98
0.99

1.10
1.06
1.08

1.14
1.13
1.14

0.73
1.18
1.3.4

0.96
1.01

singularity in the phase space factor. The "aver-
aged" cross section, on the other hand, may de-
crease, making the theoretical predictions near
0,„, shown in Fig. 10, look rather peculiar at
ti~es.

VI. CONCI USIONS

Our measurements of the differential cross sec-
tion for proton-proton bremsstrahlung at an in-
cident energy of 730 MeV at 16 photon angles agree
with the best available soft-photon approximation
calculation up to a photon energy of approximate-
ly 100 MeV, and its leading term alone describes
the data up to about 60 MeV. Thus neither. the
presence of the strong h, resonance in the inter-
mediate state nor the high degree of inelasticity
in the pp elastic scattering amplitude appears to
affect the applicability of the Low theorem up to
Ey -100 MeV. For larger photon energies, the
data lie substantially above the soft-photon cal-
culations, rising with Ey in the lab system. A

possible explanation of this departure from the
SPA calculation is a sizable contribution from the
radiative deexcitation of the 6 isobar in the inter-
mediate state pp ph, '- ppy, though any mechan-
ism leading to a sufficiently large contribution of
order k to the ppy amplitude will do as well.
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APPENDIX A: KINEMATICS AND TRANSFORMATIONS

A minor complication associated with calculating
the cross section in the laboratory system is that
the element of three-body phase space dA»dAyd@y
is double-valued, corresponding to tmo distinct
kinematic configurations in the center-of-mass.
Configuration one approaches the elastic scattering
kinematics as E y 0. Configuration two, with the
same values of the photon energy, photon angle and

g~ angle in the laboratory, is characterized by a
very small I'~ energy and a very forward P~ angle
in the laboratory. Figure 13 shows a vector dia-
gram of the momenta of the outgoing particles in
coplanar ppy geometry with a 120 MeV (lab) photon
directed toward counter Q, . Configurations one
and two have identical values of the photon angle,
photon momentum, and g„angle in the laboratory
but different values of the P„and I'~ momentum
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Configuration 1 Configuration 2
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473 MeV/c
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-50

112 MeV R 112 MeV
-100' -I

c 4o
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O

1204 MeV/c
-2.2 0

0 40 80
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120
(Mev)

160 200

120 MeV
-67

MeV/c
50

laboratory
system

PR

«+203 Mev/c
120 MeV 50.5'

-67

FIG. 14. Solid curves: Jacobian factor J {=ratio of
lab to center-of-mass cross section) for three photon
counters, calculated in point geometry. Dashed curve:
J= Jacobian factor averaged over the detector accep-
tance.

1380 MeV/c 1380 MeV/c

FIG. 13. Vector diagram of final state momenta in a
coplanar pP& event with E~ =120 MeV Jab) in counter
G7. The double-valuedness of the three-body phase
space dOPRdO~dE„results in two configurations which
have identical n„, p» nPR, and p PR in the lab. Con-
figuration 2 is generally undetectable with our setup.

dO' ' do'
dQ dQ dg dQ * dQ*dE * (A1)

where

dQP*R dQ ~ dE~
dQ dQ

@y PPR PPR EPL EPR PPR PPL

)' PPR ~PR PL PR PPR PPL

and the PL angle. Configuration two is almost
never detected in our experiment because the very
forward I'L angle makes the proton miss our left
proton detector and furthermore the P„energy is
too low for detection. The two configurations
coalesce when the photon energy is at the maxi-
mum kinematically allowed value for the specified
angles. Only when the photon energy is within
about 10 MeV of this kinematic limit is there any
possibility of detecting an event corresponding to
the second configuration. We do not quote a cross
section in this E& region, since it is also charac-
terized by a small and rapidly varying acceptance.

To convert the laboratory cross sections
da'/dg~sdQ&dE& given in Sec. 1V to center-of-mass
cross section dg/dQPadgzdE&, we use the factor
t which is given by

The Jacobian for G, »» for configuration one is
shown in Fig. 14. Note the sharp increase near
the highest allowed E&, which is due to the singu-
larity in the laboratory phase space already seen
in Figs. 11(c) and 11(d). Averaging over the ac-
ceptance of our detectors always eliminates the
singularity, as is seen in the curves labeled J in
Fig. 14.

We do not quote here any of our cross sections
in the center-of-mass system because the ac-
ceptance of our detectors in c.m. variables is not
constant, making the interpretation of the results
more complicated.

APPENDIX B: MONTE CARLO SIMULATION

OF ppy AND ppn'0 EVENTS

The presence of the large background of ppm

events (which we estimate as 1/n times larger
than the ppy rate) made it imperative to investi-
gate to what extent ppm events cou1d simulate ppy
events. Since our photon detectors measured the
angle of the photon but not its energy, it was in
principle possible for a ppm' event with one photon
detected to exactly duplicate the measured vari-
ables of a high-E& ppy event, although the phase
space for such an exact coincidence is vanishingly
small. Because of the lack of three-body coplan-
arity in the final state, nearly all ppm' events would

yield a rather poor fit to the ppy reaction. In or-
der to determine quantitatively the possibility of
misidentifying a ppmo event as a ppy event, we
made extensive Monte Carlo calculations in which
both types of event were generated, randomly per-
turbed with estimated measurement errors, and
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reconstructed using the same least-squares fitting
procedure that was applied to the experimental data.

The procedure for the generation of the two
classes of events varied slightly. In both cases,
the direction and momentum of the incident par-
ticle and the point of interaction in the target mere
generated according to the experimental distribu-
tions. For ppy events, the program generated
photons of fixed energy distributed uniformly over
the face of each photon counter and then distributed
one outgoing proton uniformly across the aperture
of the magnetic spectrometer. The remaining var-
iables were calculated from energy and momentum
conservation. For ppv' events, the direction of
the m was generated isotropically in the center-
of-mass system. The center-of-mass momentum
p* of the m was generated with a spectrum pro-
portional to p*. Both of these assumptions are

consistent with the experimental data of Cence
et gl.~ The P~ proton direction was thrown as
for the ppy events.

Since the laboratory momenta of the produced
ro's are on the average fairly small, so that the
decay y's are not strongly correlated with mo direc-
tion, we assumed no correlation between the m

direction and the position of the triggered photon
counter. In order to provide a realistic approxi-
mation to the measured events, the kinematic
variables were perturbed with normally-distributed
measurement errors whose variances were ob-
tained from the fitting of experimental events.
When the resulting Monte Carlo ppy events were
analyzed using the least-squares fitting program,
the resulting y' distribution (Fig. 2) was in excel-
lent agreement with a theoretical y~ distribution
for two degrees of freedom.
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