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PROTON-PROTON BREMSSTRAHLUNG AT 99 MeV

F. Sannes, J. Trischuk, and D. G. Stairs
Foster Radiation Laboratory, McGill University, Montreal, Canada

{Received 30 September 1968)

Measurements of the proton-proton bremsstrahlung cross section do. /dQ&dQ2 at 99
MeV are reported. Cross sections of 3.77+0.23, 5.14+0.22, 9.01+0.33, and 18.83
+1.15 pb/sr2 were obtained at angles of 25', 30', 35', and 40', respectively. The angu-
lar distributions of the photons were determined kinematically. The results agree gen-
erally but not in detail with theoretical predictions.

Measurements of the proton-proton brems-
strahlung cross section' have been reported at
various energies between 10 and 200 MeV. The
essential features of the brernsstrahlUng cross
section have been explained'~' using elastic nu-
cleon-nucleon amplitudes and a theorem of Low
which applies to such radiative processes. Other
interpretations have been based on several dif-
ferent potential models of the nucleon-nucleon
interaction. ' ' As a test of these calculations we
report measurements of the bremsstrahlung
cross section at 99 MeV with an overall accuracy
of about +5%.

The external proton beam of the McGill syn-
chrocyclotron was incident on a 2-cm liquid-hy-
drogen target. The two final-state protons were
detected in coincidence by a pair of plastic scin-
tillation counter telescopes at equal polar angles
on opposite sides of the beam. Each telescope
consisted of three thin defining counters followed
by a total-energy counter. The final defining
counter was 1 m from the target and subtended
an angle of +1' in both the scattering. plane and
the plane perpendicular to it. Recoil protons
from elastic p-p events were detected in two con-
jugate veto counters.

The target consisted of a thin-walled (200-pg/
cms Al) flask conta. ining liquid hydrogen. This
was surrounded by a larger and stronger flask
(10-mg/cm' H-film) containing gaseous hydrogen
in equilibrium with the liquid hydrogen. Each

telescope was arranged so that the solid angle of
acceptance was uniform throughout the volume of
the liquid hydrogen and decreased to zero at the
walls of the outer flask.

Four methods were used to reject the back-
ground flux of elastically scattered protons in
each telescope: a conjugate veto counter, time
of flight between the first and third defining
counters, differential energy loss in the second
defining counter, and pulse height in the total-
energy counter. With the elastic rate in each
telescope thus reduced by a factor of 10', the
ratio of real to chance coincidences was greater
than 10 to 1. Real and chance (delayed) events
were collected simultaneously in a two-dimen-
sional analyzer and stored by a PDP-8 computer.
The bremsstrahlung event rate was approximate-
ly 10/h and a total of about 4000 events was col-
lected.

Our results are displayed in Table I. Real co-
incidences from (p, 2p) reactions in the thin inner
flask walls amounted to 8% of the total rate; a 2%
contribution arose from the same process in the
deuterium contamination of the hydrogen. Chance
coincidences represented about 9% of the total
rate. After subtracting these background events,
corrections were made to allow for inefficiencies
arising from the vetoing of real events and the
low-energy cutoff (15 MeV) of the telescopes.
Further corrections were necessary since non-
coplanar events were accepted by the proton tele-

Table I. Data for proton-proton bremsstrahlung {ppy) measurements at 99.0+0.2 MeV incident proton energy
and symmetric coplanar proton angles 0. Errors given with ppy cross sections are relative only. Additional nor-
malization factor of 1.00 + 0.02 to. be applied.

Proton angle 8 Net PPy events
Efficiency and
veto correction

Noncoplanar and
multiple scattering

correction
Ckt/dQ (dQ 2

(pb/sr )

25
30
35'
40'

792+ 35
1025 + 40

949+ 37
459+ 23

1.33 + 0,05
1.08 + 0.01
1.07 + 0.01
1.07+ 0.01

1.00+ 0.01
1.04+ 0.01
1.06+ 0.01
1.19+0.04

3.77+ 0.23
5.14+ 0.22
9.01+0.33

18.83+ 1.15
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scopes. The bremsstrahlung cross section de-
creases rapidly with increasing noncoplanarity";
the measured cross section is therefore smaller
than the coplanar cross section. Another effect
of the strong coplanar peaking of the cross sec-
tion is a loss of real events due to multiple Cou-
lomb scattering out of the solid angle of accept-
ance. Corrections for these effects were calcu-
lated using the theoretical out-of-plane cross
sections of Drechsel and Maximon. ' Correction
factors for all these effects are shown in Table I.

The experimental errors in the cross sections
are substantially smaller than those in previous
measurements. The uncertainty in the effective
solid angle was less than 1% on account of the
double-walled target design. The bremsstrahlung
cross sections were obtained by normalization to
the accurate (+2%) elastic P-p cross sections of
Wigan et al." Statistical errors were small at
all angles. Additional uncertainties were intro-
duced at 25' because of the uncertainty in the cor-
rection for the low-energy cutoff and at 40' be-
cause of the strong azimuthal dependence of the
cross section.

The variation of the bremsstrahlung cross sec-
tion with proton angle is shown in Fig. 1. For
comparison with these data, we have included one I.S- 8= 35'

of several theoretical predictions' based on the
Hamada-Johnston'2 potential. Other calculations
using for example the Bryan-Scott' potential
agree with this prediction to within 10' or less.
Thus a discrimination between potentials is dif-
ficult. However, we can conclude that although
the general agreement between experiment and
theory is satisfactory at this energy, the data
have less curvature than any of the theoretical
calculations predicts.

The photon angular distributions shown in Fig.
2 were determined kinematically from the mo-
menta of the final-state protons. The distribu-
tions have been corrected for inefficiencies in
the counter telescopes. These inefficiencies oc-
curred mainly in the region of forward photon
emission at proton angles of 25' where the final-
state proton energies were low. The experimen-
tal distributions have a quadrupole shape and in-
dicate a tendency toward backward emission of
the photon as predicted by the calculations of
Drechsel and Maximon. '

We wish to thank Dr. D. Drechsel and Dr. L. C.
Maximon, Dr. P. Signell and Dr. D. Marker, and

20-

IS-

l6-

l.6-

I.4

14- I.2

l2-

IO-

L 9

+8-

Cy
hl

o
6-

b'o

Al
I.O

0.8

Cs
U

(" 0.8-

b
O.e~
0.4-

8 = 25'

0.2-
I

20 40 60 80 IOO I20 I40 I60 I80

PHOTON ANGLE 8y (DEG.)

I

25
I

30 35 40
PROTON ANGLE 8 ( DEG.)

FIG. l. The cross section do/dQ&d02 at 99 MeV as
a function of proton angle. The curve was calculated by
Brown (Ref. 8) using the Hamada-Johnston potential.

FIG. 2. The kinematically determined photon distri-
butions (histograms} at proton angles of 28 and 88 .
The bin size of 20 corresponds to the resolution in the
photon angle. The curves were calculated by Drechsel
and Maximon ief. 9) using the Hamada-Johnston po-
tential.
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munication of their results prior to publication.
This work was supported by grants from the
Atomic Energy Control Board and the National
Research Council of Canada.

'B. Gottschalk, W. J, Schlaer, and K. H. Wang, Nucl.
Phys. 75, 549 (1966); K. W. Rothe, P. F. M. Koehler,
and E. H. Thorndike, Phys. Rev. 157, 1247 (1966);
I. Slaus, J. Verba, J. Richardson, R. F. Carlson,
W. Van Qers, and L. S. August, Phys. Rev. Letters 17,
536 (1966); R. E. Warner, Can. J. Phys. 44, 1225
(1966); J. C. Thompson, S. Naqvi, and R. E. Warner,
Phys. Rev. 156, 1156 (1967); M. L. Halbert, and D. L.
Mason, Phys. Rev. 168, 1130 (1968); A. Bahsen and
R. L. Burman, Phys. Letters 26B, 585 (1968); G. M.
Crawley, D. L. Powell, and B. V. Narasimha Rao,
Phys. Letters 26B, 576 (1968).

2E. M. Nyman, Phys. Letters 25B, 135 (1967), and
to be published.

SG. Felsner, Phys. Letters 25B, 290 (1967).
4F. E. Low, Phys. Rev. 110, 974 (1958).
M. I. Sobel and A. H. Cromer, Phys. Rev. 152, 1351

(1966), and 158, 1157 (1967).
W. A. Pearce, W. Gale, and I. Duck, Nucl. Phys.

B3, 241 (1967).
~P. Signell and D. Marker, Phys. Letters 26B, 559

(1968).
V. R. Brown, Phys. Letters 25B, 506 (1967), and

Phys. Rev. (to be published).
~D. Drechsel and L. C. Maximon, Phys. Letters 26B,

477 (1968), and to be published, and private communi-
cation.

B. Gottschalk, W. J. Schlaer, and K. H. Wang, Nucl.
Phys. 94, 491 (1967).

M. R. Wigan, R. A. Bell, P. J. Martin, O. N. Jarvis,
and J. P. Scanlon, Nucl. Phys. A114, 377 (1968).

~ T. Hamada and I. D. Johnston, Nucl. Phys. 34, 382
(1962).

~3R. A. Bryan and B. L. Scott, Phys. Rev. 164, 1215
(1967).

POLARIZATION-ASYMMETRY TEST OF TIME-REVERSAL INVARIANCE*

E. E. Gross, J. J. Malanify, A. van der Woude, and A. Zucker
Oak Hidge National Laboratory, Oak Ridge, Tennessee

(Received 23 October 1968)

Time-reversal invariance for strong interactions, in particular for that part of the
force which flips the spin of the proton, has been tested by comparing the polarization
and asymmetry in the elastic scattering of 32.9-MeV protons from C at 60'. By mak-
ing the measurements for ~3C relative to C, where spin flip is forbidden except in case
of parity nonconservation, we avoid the need to measure either an absolute beam polar-
ization or absolute analyzing power. Our first result is that the polarization and asym-
metry are equal to +2.5%; consequently, we observe no violation of time-reversal in-
variance.

The discovery of the violation of charge conju-
gation and space inversion (CP) invariance in the
decay of the K,' meson by Christenson et al. ' has
stimulated a whole host of experiments in search
of violation under time reversal of the weak,
electromagnetic, and strong interactions. The
search for time-reversal violation in nuclear re-
actions has centered on tests of detailed balance
by the comparison of cross sections in inverse
reactions. Very accurate measurements' have
been made which have reduced the uncertainty in
the cross-section comparisons to about +0.3%.
Handler et al. s have tested time-reversal invari-
ance in P-P scattering at 430 MeV by comparing
selected triple-scattering parameters.

Another time-reversal test in nuclear reactions
is the comparison of polarization and asymmetry
in elastic scattering. For particles of spin &, the
polarization I' is defined as the scattered-beam

polarization when an unpolarized target is bom-
barded by an unpolarized beam, and the asymme-
try A is defined as the experimentally measured
left-right asymmetry s when a beam of 100% po-
larization is scattered by an unpolarized target.
All scatterings are at the same angle 0. In the
case of a beam which is not 100% polarized, A

is related to E by

No. scattered lefte=P
No. scattered left and right

No. scattered right
No. scattered left and right

= PD(L R), —

where I', is the fractional polarization of the in-
cident beam. In order to indicate why a polariza-
tion-asymmetry comparison is sensitive to time-
reversal invariance, we follow Squires and con-
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