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Proton-proton bremsstrahlung at T~ =730 MeV with photon energies up to 300 MeV
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The results of new proton-proton bremsstrahlung differential cross section measurements at T = 730 MeV
are presented. The experiment was designed to measure photons of 40-300 MeV at forward angles in

coincidence with the scattered and recoil protons, The cross sections rise rapidly when F~&100 MeV, in

sharp disagreement with external-emission dominance calculations which predict a smooth and nearly flat
spectrum, The model calculations of Tiator et al. , which consider the 6(1232) resonance in the intermediate
state, agree with our results, as does an adjusted soft-photon approximation calculation.

NUCLEAR REACTIONS Proton-proton bremsstrahlung, T = 730 MeV; measured
o.{8,& ), 40-300 MeV; compared with soft-photon and isobar calculations.

I. INTRODUCTION

Investigations of hadr on- had ron br em sstrahlung
may be divided into three groups:

(a) Iow energy studies, at incident energies less
than a few hundred MeV, where scattering is pre-
dominantly elastic. In this domain the measured
differential bremsstrahlung cross sections agree,
where tried, with the model-independent, param-
eter-free, soft-photon approximation (SPA) calcu-
lations based on the Low theorem. ' This includes
proton-proton, neutron-proton, and p'-proton
bremsstrahlung. A simpler version of the SPA,
known as RED, ' also agrees very well with n'p
brem sstrahlung data. '

(b)IIigk energy work, at incident energies ex-
ceeding several GeV. No exclusive bremsstrah-
lung measurement has been reported in this region
but there are experiments on inclusive production
of high energy photons, "as well as on the related
subject of lepton production. "A recent inclusive
experiment on low energy, direct photon produc-
tion'0 in w'p interactions at 10 GeV/ schows good
agreement with an SPA-type bremsstrahlung cal-
culation.

(c)Intermediate energy interact-ions, in the re-
gion between about 0.5 and 3 GeV incident energy
where scattering is predominantly inelastic, and
many resonances may be produced. The only ex-
clusive experiment in this category, a proton-
proton bremsstrahlung (ppy) measurement at T~
=730 MeV, was first reported" by us in 1977. We
found" that the differential bremsstrahlung cross
section for E„&100 MeV agrees with SPA. How-
ever, when E„&100MeV the cross section in-

creases rapidly and is much enhanced over SPA.
One inclusive measurement" of the related pro-
cess of direct positron production at T~ = 800 MeV
has been reported. It yielded a zero result.

The enhancement of the spy differential cross
section for E„&100MeV at 7~=730 MeV is the
first clear deviation from SPA, and it has already
generated an interesting variety of speculations as
to its possible origin, including

(a) a(1232) resonance formation in the intermedi-
ate state, ""

p+p-p+& -p+p+y

(b) production of vector mesons in the intermedi-
ate state, e.g. ,

"
p+ p ~p+p+ Go ~p+p+ y,

(c) a very speculative possibility is the contribu-
tion to ppy from radiative transitions of six-quarks-
in-a-bag states,

f +P- (6e)-(60)'+ y-P+&+ y

or

p+P-(6q)-p+P+y

To distinguish among these and other possibilities
it is important to extend the ppy differential cross
section measurements to photon energies above
the limit of 205 MeV of Ref. 12. We have modified
the apparatus used in Ref. 12 to extend the accept-
ance to E =300 MeV. We report here on the newy
results obtained. 'The photon spectra increase
sharply with increasing E and are vastly different
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from predictions based on external-emission dom-
inance.

II. EXPERIMENTAL TECHNIQUE

The experiment was performed at the Lawrence
Berkeley Laboratory 184 in. cyclotron, just prior
to its retirement. 'The setup used is shown in Fig.
i. Much of the experimental apparatus, technique,
and data analysis was identical to that of our pre-
vious ppy experiment, " hereafter referred to as
Experiment I. Only the essential features of the
experiment are outlined here, except where there
are significant changes from Experiment I.

A proton beam of momentum 1380+10 MeV/c
(T~ =730+8 MeV) was incident on a large, nearly
flat, liquid hydrogen target which was inclined at
an angle of 20.5'+0.5' to the beam direction. All
three final-state particles were detected. The mo-
mentum of one outgoing proton was measured by a
wide-aperture magnetic spectrometer centered at
50.5' to the right of the beam line (looking down-
stream from the target). The protons thus de-
tected will be referred to as "P„." The spectro-
meter'8 angular acceptances were

44'& e„&57'

horizontally and

-15'& p„& 19'

vertically, where n is the clockwise (from above)
angle in the horizontal plane away from the beam
direction, and P is the vertical angle of elevation,
measured upward from the horizontal plane. The
subscript B denotes the right-side proton detector
arm.

horizontally and

-16'& pi & 0'

vertically, which corresponds to the lower half of
the P~ detector of Exp. I. The P~ detector did not
limit the horizontal acceptance of the experiment
except for the highest photon energies, but did re-
duce the vertical acceptance to approximately half
that of Exp. I.

For the purpose of detecting photons at angles
very close to the P~ direction, we modified the P~
detector of Exp. I and used the upper half of cham-
ber g2 from Exp. I as part of a new photon detec-
tor which is depicted in Figs. 1 and 2. This photon
detector consisted of a 0.96-cm- (1.7 radiation
lengths) thick lead sheet acting as a photon conver-
ter, followed by the spark chamber Q2 and the
plastic scintillation counters, y, and y, . Only
was required in the event trigger. Preceding the
lead converter was an anticounter, A, for vetoing
charged particles. To avoid complications in the
readout of chambers t."2 and |"3 resulting from
multiple sparks, we disabled the lower half of C2
and the upper half of C3, thereby reducing the ac-

Pi

Counters Ay
(a)

. The other outgoing proton, P~, was detected on
the left side of the beam by two spark chambers
and two planes of scintillation counters in coinci-
dence. This detector subtended the angles

-41'& o. &-9'
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FIG. 1. Plan view of detection apparatus. Cl-C3 are
spark chambers; y&, y2, and A. ~ are scintillation coun-
ters. Pb is a 1-cm-thick lead converter. The beam
monitoring counters are described in Bef. 12.

FIG. 2. Photon detection system. (a) Side view. (b)
Front view of spark chamber C2, as seen from the tar-
get. The roman-numbered rectangles I-VIII are the
"photon counters" G&-Gvn& used in the analysis.
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ceptance of I'~ compared to Exp. I. The new pho-
ton detector subtended the angular range

-44'& e &-11'
y

horizontally and

0'& p & 25'

vertically. For the analysis phase of the experi-
ment this large detector was divided computation-
ally into eight rectangular "photon counters, "G&-

0vg~ by binning all events according to the posi-
tion of the photon in the Q2 detector. The arrange-
ment of the photon counters is shown in Fig. 2(b);
the central positions of the counters are given in
Table I.

In addition to these new photon detectors we used
15 of the original lead-glass photon detectors of
Exp. I as alternative event triggers. They contrib-
uted about 3F/p of the total trigger rate and pro-
vided a measure of the overall efficiency. Elastic
scattering runs for which the photon detectors were
removed from the trigger were taken frequently to
monitor the efficiency of the P~ detector. The two
means of measuring efficiency were in very good
agreement (within 5/~).

HI. DATA ANALYSIS

A. Event reconstruction

The procedure used in the data analysis was es-
sentially the same as for Exp. I. Additional details
can be found in Ref. 12.

For each event, we measured the directions of
all incoming and outgoing particles as well as the
momenta of the incident and right-scattered pro-
tons. The kinematics of the reaction was thus
overdetermined by 2 degrees of freedom, allowing

each recorded event to be subjected to a least-
squares fitting routine in which a y -like variable
(henceforth referred to as "y'") was minimized.
A small value for y indicates a high likelihood
that the event is a true ppy event.

Those kinematic variables (including the photon
energy E ) which were not directly measured were
calculated from the best-fit variables for each
event. The photon energy resolution I „ therefore
depended on the energy and angular resolutions of
the entire detection system. In order to measure
I'„, elastic scattering (PP-PP) events were ana-
lyzed as ppy events, with a fictitious photon di-
rected toward each of the photon counters in turn.
The width of the distribution of the (fictitious) E
thus obtained gives an empirical determination of

for ppy events of very low E„. The resulting
values of I" are given in T able G. T he E„distri-
butions of pp —pp events treated as ppy were cen-
tered on zero for all photon counters, indicating
correct alignment of the apparatus.

A Monte Carlo simulation of ppy events with
realistic measurement errors was used to calcu-
late I at various values of E for each photon
counter. The calculated widths at E„=0 were some
3(Po smaller than the empirical values of Table II,
but showed the same variation with photon counter.

In addition to ppy events, two principal types of
background events were accepted by the trigger:
(i) pp elastic scattering events in coincidence with
a random trigger in a photon counter, and (ii) pp
-ppz' events with a gamma or random in the pho-
ton detector. Events of the first category had a
uniform distribution in photon time of flight (TOF),
and most were eliminated by imposing a TOF win-
dow of width 8 ns. Events outside the TOF window
had an "E„"distribution centered at 0 and of widthI, in agreement with that for elastic scattering

TABLE I. Detector positions.

Detector (degrees)
P

(degree s)
dQy

(msr)

GI
GII
GIII
GIv
Gv
GvI
G VII
G VIII

-39.5'
-31.5

23 02

-15.0
-39.5
-31.5
-23.'?

-15.0

+6.5
+6.7
+6.7
+6.6
+18.9
+19.3
+19.4
+19.2

30.4
32.8
33.4
32.0
26.3
28.2
28.6
27.5

PI
44 to 57 -15' to +19
-41' to -9' -16 to 0'

For the approximation of our detector geometry by
a point geometry, one should use the values ~z ——50.5
and Pz=+9.2'. The angles e and P are defined in the
text.

I
II
III
IV
V
VI
VII
VIII

10
15
20
22
12
12
13
15

7
9
12
15
6
8
9
11

7
9
10
11
7
9
11
12

TABLE II. Photon energy resolution in MeV (standard
deviation) for each photon counter. 2nd column: ex-
perimentally determined resolution for &'& =0 MeV, ob-
tained by treatingPP elastic as PPp events; 3rd column:
calculated resolution obtained from a sample of Monte
Carlo generated events with Ey =10 MeV; 4th column:
same as 3rd column but for E&

——100 MeV.

Photon Exp M.C. M.C.
counter E& =0 MeV E&

——10 MeV &&
——100 MeV
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events. In order to prevent contamination of the

ppy event sample by "random" events within the
TOF window, we rejected all events whose recon-
structed photon energy was less than 40 MeV for
p" " " oun r Gi.u an G~mu and less than 60
MeV for Gm and G». These Ey cuts correspond to
about 3ry from the elastic scattering peg at Ey
=0.

Elimination of the pp-ppv' background proved
less difficult than one might fear. For the geom-
etry of our detectors, there is a clean kinematic
separation between ppy and ppvo except at the
highest possible photon energies. For each photon
counter, we can calculate an energy E,~, which
is the minimum possible photon energy with which
a ppzo event can be reconstructed as ppy, includ-
ing measurement errors. 'Thus, events with E„
& E,~ „cannot be ppn . Values of E,~, for all
photon counters are given in Table DI.

For E„&E,&, , there exists the possibility that a
ppvo event can simulate ppy. To eliminate these
events, we restrict the kinematics further by ap-
plying a cut described in Ref. 12, called the w cut.
This cut removes ppvo events while only slightly
restricting the acceptance for ppy events, as de-
scribed below.

The final discrimination of ppy from background
events was made by means of a cut on the X' value
of each event. Figure 3 shows the y' distribution
of events in photon counter G,& for three regions of
E„. Each distribution shows a peak near y' =0,
which we associate with good ppy events. As in

Exp. I, the shape of this peak agrees with Monte
Carlo calculations which include measurement er-
rors. A cut at X' & 5 was used in the final event
selection. When E„&E,~, (290 MeV for G,v) the
y' distributions also show a small, slowly decreas-
ing "tail" extending to high g', which we associate
with background events such as those involving
doubly scattered protons. Such effects were not in-

~ Photon Counter G ZZ

24-

18-

—No cut

~ 4 z'cut

12- E&
= 200-240 Me V

0
30-

24-

18-

C
C

UJ

E&= 240-280 MeV

0 M WW~~r -- L

72-

60-

eluded in our Monte Carlo calculations For Ey
~ E„, , a broad distribution at large g appears,
agreeing in shape with our Monte Carlo calcula-
tions for ppw' events.

The effect of the rP cut may be clearly seen in
Fig. 3. For E &E„, the s cut does not affect' distribution, while for E ~E,~, the ~ cut
removes the entire high-X' "bump" but only re-
duces the ppy peak. The effect of the g cut is
taken into account when calculating the effective
solid angle acceptance for ppy, as described in

TABLE III. "Clean" photon energy (2nd column) and

maximum possible photon energy (3r'd column), as de-
fined in the text, for each photon counter. The finite
detector apertures and measurement errors were taken
into account in obta~»&g these numbers.

42-

24- E =280-520MeV

Photon
counter

I
II
III
IV
V
VI
VII
VIII

&cia
(MeV)

190
230
270
290
190
210
240
260

E) (m~)
(Mev)

260
290
205
320
245
270
280
290

12 ~

0
0

40 4
I

10

4 4 4
I

20

4

50 40

FIG. 3. y distribution of events recorded in photon
counter 6zv and analyzed as ppy events for three inter-
vals of reconstructed photon energy. The solid histo-
gram represents the uncut data. The dots show the dis-
tribution after the m cut has been applied.
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Sec. III B.
The small background represented by the flat

tail of the y' distribution was assumed to extend
under the X' =0 peak, and a small subtraction,
listed in Table IV, was made to eliminate such
events. Another small subtraction was made to
eliminate accidental coincidences within the 8 ns
TOF acceptance region. The empty-target back-
ground was less than 1% of the number of good
events, and no correction was necessary.

B. Cross section calculation

d 0
d O~~d Oy dEy

(3.1)

was 'determined from the observed number of
events (Table IV) as in Exp. I, with the following
minor differences:

(a) The effective proton solid angle acceptance,
AQ», was smaller. Since the P~ detector accept-
ed only protons below the horizontal plane [see
Fig. 2(a)], the effective aperture of the P„detec-
tor, and therefore the proton solid angle accep-
tance, was reduced from its geometric value. At
low Ey p ElQ» 72 msr. At higher photon ener-
gies, the effect of the upward-going photon, which
was usually associated with a downward-going P~,
increased the acceptance somewhat. This is more
noticeable for the photon counters further above
the horizontal plane (Gv-Gv«, ). At the highest pho-
ton energies, certain angular ranges became kine-
matically impossible, reducing the acceptance ul-
timately to zero. The m' cut reduced the effective
angular acceptance of the p„detector at high en-
ergies. The effective proton solid angle accep-
tance, AQ~~, determined by Monte Carlo calcula-
tions, is shown for two photon counters in Fig. 4.

(b) The &~ chamber efficiency, c~, was lower,
principally because the P~ proton was detected by
only two spark chambers, in contrast to Exp I,

The experimental differential cross section in the
laboratory system

where three chambers were used. Because of this
lack of redundancy, &~ could not be determined di-
rectly. Instead, the efficiency of the P~ chambers
was monitored with frequent elastic scattering
runs taken throughout the duration of the experi-
ment. &~ was determined from a comparison of
these elastic scattering measurements with those
of Exp. I, applying appropriate geometric cuts
for the change in size of the P~ detector. 'The ef-
ficiency thus calculated did not vary from run to
run; its average value is 49.2 x 1.8%%u«, implying a.

reasonable individual chamber efficiency of VO//o.

An independent measurement of e~ was made by a
comparison of the numbers of events in the 15
lead-glass photon counters of this experiment and

Exp. I with equal geometric cuts, yielding e~
=48.5+2%%u«. The average detection efficiency for
protons in the P„chambers was 94.8%%u&.

(c) Photon detection efficiency: The conversion
of 6. photon into a detectable electron or positron
was calculated using the results of two measure-
mentsx, i which spanned our range of photon en-
ergies. The resulting conversion efficiency func-
tion is shown in Fig. 5 together with the data points
used in calculating it. The conversion efficiency
varies from 0.34 at 40 MeV to 0.67 at 360 MeV,
with an estimated error of less than +0.04 over
the energy region under consideration. "

(d) Photon spark chamber efficiency e: The ef-
ficiency of the photon detector spark chamber Q2
was estimated from a study of correlations be-
tween the chamber and the two scintillator count-
ers y, and y, located just behind it [Fig. 2(a)].
This yielded & =85.4 s 1.(P/&.

IV. RESULTS

The differential cross sections in the laboratory
system, d'v/dQ»dQ dE, for our eight photon
counters are given in Table V as a function of the lab-
oratory photon energy in 40 MeV bins. Because
the cross section at low photon energy varies rap-
idly, roughly as (E ) ', we have limited the width

Photon
counter 40-60

TABLE IV. Number of PPy events minus background.

Photon energy interval (MeV).
60-80 80-120 120-160 160-200 200-240 240-280 280-300

I
II
III
IV
V
VI
VII
VIII

5
10-3

3
8-1

10-4
8-2

6-1
8-2

19-5
21-1

3
9

16-2
8

8
20-2
35-4
31-2

3
10
25-2
34-1

17-2
16-2
40-4
43-2

8
13
31-2
29-1

24-1
28-2
49-4
48-2
25
20
41-2
39-1

42-1
36-4
56-4
54-2
25
31
33-2
52-1

14
38-1
76-7
63-2

8 cl

32 1
37-1

25-1
38-1

~ Photon energy interval limited to 240-260 MeV.
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FIG. 4. Effective solid angle 4&zz for detecting pro-
tons from ppy for events in photon counters |"&vand Gv. 0

0
l I l

100 200
Photon Energy {Mev)

I

500

of the lowest two bins to 20 MeV. The errors are
dominated by the statistical ones, except for the
bins with Ey & 100 MeV, where the uncertainty in
the photon detection efficiency is large. Not in-
cluded in the table is a systematic error of 15/a due

mainly to uncertainties in the detection efficiency
and target thickness.

Our results are displayed in Fig. 6, where the
lower scale indicates the photon energy in the lab-
oratory system and the upper scale indicates the
center of mass. 'The laboratory phase space factor
increases rapidly when E approaches its maxi-
mum possible value. 'Therefore, the rapid in-.

crease in the spectrum shown in Fig. 6 does not
imply that the invariant bremsstrahlung matrix
elements vary similarly rapidly.

'To check on the stability of the data acquisition
system throughout the experiment, we have divided
our events into three subsamples according to the
date of data taking. For each subsample we calcu-
lated the number of ppy events per 10 incident
protons in two ranges of photon energy. The re-
sults for the three subsamples agree within sta-
tistics.

As discussed in Ref. 12, the set of five kinematic
variables used to define the measured differential

FIG. 5. Photon detection efficiency versus E„, for
normal incidence on the 1.7-radiation-length converter,
based on the data points of Befs. 17 (circles) and 18
(triangles). Spark chamber efficiency is not included.
The solid curve shows the efficiency used, and the
shaded area indicates its estimated error.

cross sections in the laboratory corresponds to
two different kinematic configurations. As in Exp.
I, the geometry of our apparatus renders it sens-
itive only to the so-called configuration I, the con-
figuration with the larger value of L9~i, as de-
scribed in detail in Ref. 12. Our quoted cross sec-
tions refer only to this configuration.

V. DISCUSSION OF RESULTS

A. EED and SPA

The most straightforward calculations of ppy are
those based on the soft-photon theorem of Low. '
'The two simplest versions, which we refer to as
external-emission dominance"" (EED) and soft-
photon approximation" (SPA), are described
briefly in the Appendix, where we also define the
variables used in this section. EED gives a good

TABLE V. Laboratory differential cross sections deer/dQ~dQ~dE~ in nb/sr MeV for pp ppy at Ti, =730 MeV, for
different photon energy intervals. Errors are statistical only; not included is a normalization uncertainty of 15%.

Photon
counter 40-60 60-80 80-120

Photon energy interval (MeV)
120-160 160-200 200-240 240-280 280-300

I
II
III
IV

-V
VI
VII
VIII

8.1+5.1
10.7+ 7.2

5.6 + 4.3
12.3 + 7.4

17+10
10.7+ 7.3

5.1+3.0
5.8+ 3.4

13.3 + 5.4
19.5+ 6.1
3.4+ 2.4
9.7+ 3.9

25.5+ 7.7
8.7+ 3.7

3.2 + 1.3
6.8 + 2.0

11.6+ 2.8
11.4+ 2.7
1.3 + 0.9
4.0+1.4
9.2 + 2.4

13.7+ 3.1

5.1+1.6
4.3+ 1.4

11.5+ 2.5
13.8+ 2.8
2.9+ 1.1
4.2 + 1.3
9.2 + 2.1
9.3 + 2.1

7.5+ 1.9
7.2+ 1.8

12.8 + 2.6
13.5+ 2.6
9.4+ 2.g
6.0+ 1.5

10.8+ 2.2
10.8+ 2.2

18.1+3.9
9.9+ 2.3

13.7+ 2.6
13.6+ 2.5
19.0 + 4.7
12.5+ 2.7
9.6+ 2.2

15.4+ 2.8

27.5 + 9.0
20.7+ 4.6
22.0 + 4.3
17.5~ 3.1

17.6 + 7.3
25.0 + 5.9
17.7+ 3.9

37.5+ 9.7
31.9+ 7.1
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FIG. 6. Differential cross sections in the laboratory system vs photon energy in the laboratory (lower scale) and
center of mass (upper scale). The horizontal bars indicate the width of each photon energy bin. The solid curve is
the EED(s, t ) calculation, averaged by Monte Carlo method over the acceptance of the detectors. The dashed line
shows the 6 isobar contribution calculated by Tiator et al. (Hefs. 14 and 2&).

account of the data of Exp, I up to photon energies
of at least 60 MeV, but falls progressively farther
below the cross sections as E„ increases.

We have carried out RED calculations for the
present experiment. Elastic cross sections were
taken from the experimental fits of Ryan et a$.'
The effects of our finite detector sizes were cal-
culated by averaging the cross section over the
experimental acceptance using a Monte Carlo pro-
gram, a procedure made very inexpensive by the
simple form of the EED cross section. In all our
calculations for Exp. I, we used the "standard"
choice of variables s, t, as defined in the Appendix
Whenever this is the case in the subsequent discus-
sion and accompanying figures, we shall use the
notation EED(s, t) to denote this choice.

It is instructive to examine the magnitude of the
uncertainty in EED introduced by the ambiguity in
the choice of s and t under the conditions of this
experiment. The ranges of s and t are given by sf
& s & s,. and ] t, ) &) t) & )t, [. (The symbols are de-
fined in the Appendix. ) One approach frequently
used in SPA calculations is to use a different value
of s, t for each of the four external-emission Feyn-
man amplitudes. Applying this technique here
would violate the spirit of the EED calculation. W'e
choose instead to preserve the simplicity of the
EED result, in which the pjy cross section is pro-

portional to the elastic cross section, and limit
ourselves to the question of the allowable variation
of the s, t values at which a single elastic cross
section (da/dQ)(s, t) is evaluated.

In Fig. 7 we show for photon counters Crv a"d Gvn
the results of the following variations:

(1) EED(s, I)—the "conventional" choice,
(2) EED(so, to)—the s and t of an elastic scatter-

ing event with the same laboratory angle as the P~

I I I I I I I

40-

CV

30-

LJJ

Cy 20-
CL

+ ASPA

I

. I

I

I
—~/

40

20-

"ASPA

I

SPA'

10-10-

EED(s, t j EED(s, t)
EED(s„t)~ EED(sa, ta)

0 I I I I I I I I 0 I I I I I I I I

0 80 160 240 320 0 80 160 240 320
E„()ab) (Mev) E„()ab) (Mf V)

FIG. 7. Laboratory differential cross section for two
photon counters, compared with various soft-photon
calculations as described in the text.
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proton.
In Exp. I, ': the. 'full SPA calculations of Fearing, "

which agreed with the data up to E~ = 100 MeV,
were based on an expansion about g, t. A complete
SPA calculation for the present geometry is not yet
available.

In the meantime, the detailed SPA calculations
presented in Ref. 12 allow us to draw the following
conclusions (see Fig. 11 of Ref. 12):

(a) The interference term 2Re(AB*)/k at T~ =730
MeV at all measured photon energies and angles is
less than 1(P/o of the sum of the first and second
terms (A'/k'+B'), and can be neglected. (0 is the
photon momentum in the center of mass system. )
The same appears to be true at other incident pro-
ton energies as well. '

(b) The B' term does not vary appreciably with

photon energy or angle. Note that we refer here to
the squares of the invariant amplitudes and not to
the cross sections (which include the phase space
factor).

In the absence of a full SPA calculation we have
constructed two approximations to SPA:

(1) SPA', which consists of EED plus a constant
B' term of magnitude 3.4 &10', a reasonable value
suggested by the outcome of the SPA calculations
of Ref. 12 (where the normalization of the invariant
matrix. element is defined). The SPA' results are
compared with our data in Fig. 7. 'The agreement
is good up to E = 100 MeV. At higher photon en-
ergies SPA' is substantially smaller than our data.

(2)' Adjusted soft-photon approximation (ASPA),
which consists of EED plus a B' term which is
constant for each photon counter. The ASPA re-
sults are compared with some of our data in Fig.
7. 'The values of B' used are 1.9&10' for g«, and

2.3 &10' for Q,~. The agreement is good up to the
highest photon energy for all photon counters, im-
plying that the ppy differential cross section as
function of E„can be described adequately up to the
highest measured photon energy, Ey =300 Mev, by
a simple power series expansion in the photon mo-
mentum 0, with the highest power being of order k.
(See also Sec. VC of Ref. 12 for a similar sugges-
tion. )

B. Isobar excitation models

Tiator, Weber, and Drechsel'4 have evaluated
the contribution of the radiative decay of the
A(1232) isobar to ppy. The calculation is Lorentz
and gauge invariant, and uses conventional coupling
constants and form factors. The final ppy cross
section is taken to be the incoherent sum of EED
and the radiative isobar decay contribution. The
numerical results for point geometry, i.e., using
the centers of the detectors to define the angles,

have been evaluated by Tiator." The calculated ~
contribution is shown in Fig. 6 together with our
data. The theory accounts remarkably well for the
steep rise in the spectrum observed experimental-
ly at high E . Although the Tiator predictions have
not yet been averaged over the finite size of the
detectors, such geometric corrections for our ap-
paratus are typically less than 20%%uo. We conclude
that the model of Tiator eg gl. is in agreement with
our data.

Szyjewicz and Kamal" have made a f ield theo-
retical ppy calculation in which the external-emis-
sion diagrams are evaluated in a one-boson ex-
change model. Good agreement is obtained with
measurements at T~ = 200 MeV. However, at 730
MeV the calculations at small E„do not approach
the EED values, presumably because no form fac-
tors were used. The shape of our 730 MeV data is
reasonably well reproduced after inclusion of the
5 excitation, which causes the cross section at
high E„ to increase with increasing E, as in the
model of Tiator et al. Numerical predictions for
our new geometry are not available as yet but the
qualitative features are those discussed in Ref. 12.

C. Other models

An interesting alternative to the ~-excitation
model discussed in the previous section is brems-
strahlung via a vector meson intermediate
state.""At g =730 MeV the shape of the photon
spectrum is qualitatively that found in this experi-
ment and not substantially different from those ob-
tained in the &-excitation model. A possible way to
distinguish the two mechanisms is a measurement
of the pp y photon spectrum at a higher incident en-
ergy, say 7~ =1 GeV, or for smaller-angle proton
scattering. At the proper geometrical configura-
tion, " the ~-excitation mechanism leads to a clear
bump in the photon spectrum, with the position of
the bump determined by the mass of the a. (We
note, however, that similar predictions for the
contribution to m'p- w'p were not verified experi-
mentally. s) In contrast, the vector meson model
will lead to a photon spectrum which peaks at a
much higher energy.

A completely different mechanism for an en-
hancement of ppy is the radiative decay of possi-
ble six-quarks-in-a-bag states Q. When the inci-
dent proton energy is appropriate to produce a Q,
the latter can decay to a lower-lying Q state with
emission of a monochromatic photon which should
be a unique signature for identifying Q states. A Q
state can also decay radiatively, Q- ppy. The
masses and quantum numbers of Q states have been
estimated recently by %'ong and Liu,"and have the
right values to give a possible contribution to our
measurement.
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VH. CONCLUSIONS

The new measurements of the differential cross
section for proton-proton bremsstrahlung at 7'~
= 730 MeV for forward-going photons show a cross
section which increases steeply with photon energy
above E„=100 MeV, in contrast with the RED and
SPA calculations. The shape of the photon spec-
trum agrees with the ~-excitation model calcula-
tion of Tiator et g$., and with an "adjusted soft-
photon calcu1.ation" which includes an arbitrary
term of order k. It appears that ppy in the inter-
mediate-energy region provides the most exciting
deviation from soft-photon calculations yet seen in
radiative process.
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APPENDIX: THE SOFT-PHOTON APPROXIMATION

The bremsstrahlung matrix element may be ex-
panded in a power series in the photon momentum

P~+P2 =P3+P4+K. (A3)

The capital letters represent the four-vector mo-
menta of the initial-state (P„P2) and final-state
(P„P,) protons and of the photon (K). The squares
of the hadronic total energy in the initial and final
states are

Low's prescription when & &0. The necessary elas-
tic scattering amplitudes are now off the mass
shell. As these amplitudes are in general un-
known, they are approximated by nearby on-shell
amplitudes. The extrapolation of elastic ampli-
tudes off the mass shell is not an unambiguous pro-
cedure, and thus there can be several different ap-
proximations leading to different "realizations" of
the SPA, differing in terms of order k."

'The laborious calculation of the g and B terms
by the Low prescription can be greatly simplified
by applying a spin summation theorem due to
Burnett and Kroll. ' This makes it possible to
write the first term of the bremsstrahlung cross
section, Eq. (A2), as the product of the elastic
scattering cross section multiplied by kinematic
factors of order 1/k. External-emission domin-
ance' (EED) is the name given to the approximation
of the bremsstrahlung cross section by the first
term of Eq. (A2) calculated in this particular way.
The EED calculation requires only experimentally
determined elastic scattering cross sections as in-
put. In contrast, the calculation. of the B' term of
Eq. (A2) requires a parametrization of the elastic
scattering amplitudes.

Conservation of energy and momentum for pp-ppy implies

M=A /kB++Ck+ (A1)
s,. =(P, +P,)',
s~ —(P, +P, )

(A4)

The bremsstrahlung cross section is then The squares of the four-momentum transfers are

=&'/k+ 2 ReQB*)+B'k+ 2 Re(AC*)k
tl (Pl P3 )

t. =(P, -P.)'. (A5)

+2 Re(BC*)k' + C'k'

+(other terms of order k2 and higher) . (A2)

g is a normalized phase space factor which is ap-
proximately proportional to k.

Low' first showed that in the soft-photon limit,
k -0, the coefficients A and B of Eq. (A1) can be
determined from the on-shell elastic scattering
amplitudes. Thus, the first three terms of Eq.
(A2) are calculable in a model-independent way.
The soft-photon approximation (SPA) is the pro-
cedure for calculating the A. and B terms based on

s,.(elastic) = s&(elastic) —= so,

t, (elastic) = t, (elastic) -=to . (A6)

A common choice of on-shell kinematics at which
to evaluate s and t in SPA calculations is

s=(s, +s~)/2,

t=(t, +t, )/2.
(A7)

In the soft-photon limit, the kinematics of the
bremsstrahlung reaction reduces to those of elas-
tic scattering:
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