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meant to represent standard deviations in the measure-
ment and do %ot include the possible systematic error
in the optical measurement corresponding to different
values of f which could cause the values of ®s and their
errors to be multiplied by a single factor between 0.85
and 1.15 as discussed previously.

The errors quoted in the incident proton energies
arise from an estimate of the accuracy of the accelerator
calibration and the determination of the energy loss in
the entrance foil of the target.

Phase-shift searches incorporating these data have
been presented by Haeberli and Morrow® and need not
be described here. It is sufficient to say that these
authors have found that two different families of phase
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shifts, the one found by them and the one found by
Tombrello,? can be adjusted to include these data.

A subsequent experiment? has allowed a more precise
specification of the phase shifts in the neighborhood
of 9-MeV proton energy and the results of further
phase-shift analyses are presented with the report of
that work.
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Proton-Proton Bremsstrahlung at £, =10 MeV*
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A measurement of the proton-proton bremsstrahlung cross section at E,=10 MeV has been made.
Two silicon surface-barrier detectors were placed in a hydrogen gas target at 30° on opposite sides of the
beam axis. The energies of the two final-state protons and their time-of-flight difference were measured.
E,-E, spectra corresponding to events in the true and accidental regions of the time spectrum were obtained
in off-line analysis. An upper limit of 0.42 ub/sr? has been established for the proton-proton bremsstrahlung

cross section at E,=10 MeV, 6=30°.

INTRODUCTION

ONSIDERABLE effort has been spent recently in
the calculation'® and measurement® of the
nucleon-nucleon bremsstrahlung cross section over an
energy range of 10-200 MeV. It was hoped, at the
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beginning of this period of activity, that the off-energy
shell behavior of the nucleon-nucleon bremsstrahlung
process might lead to the determination of an un-
ambiguous model of the nucleon-nucleon potential.
However, several potentials predict quite closely the
bremsstrahlung cross section over the energy range.
Probably the best fits to data have been obtained by
Pearce ef al.® using the Tabakin nonlocal, separable
potential, and by Brown* using the Bryan-Scott one-
boson-exchange potential. A comparably good fit has
been obtained by Brown with the Hamada-Johnston
potential. Finally, Signell® and Nyman!? have shown
that the potential model-dependent contribution to the
proton-proton bremsstrahlung cross section is small
compared to the model-independent part.

By far the largest amount of work has been done on
the proton-proton bremsstrahlung (PPB hereafter),
although the neutron-proton process has received some
attention.®” All of the PPB data, except for one case,!3
have been at an incident energy above 20 MeV. Com-
plete calculations have not been extended below 20
MeV since some of the approximations used for the
higher energy calculations are no longer valid. It is

2 E. M. Nyman, Phys. Letters 25B, 135 (1967) ; and (private
communication).
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Fic. 1. Plane section of the scattering chamber at the beam line.

apparent, however, from all present data and calcula-
tions that oppp is monotonically decreasing with de-
creasing energy and should drop below 1 ub/sr? at
E,=10 MeV.

APPARATUS AND EXPERIMENTAL METHOD

A. Scattering Chamber

A new chamber, designed specifically for three-body
experiments with gas targets, was used in this experi-
ment (see Fig. 1). The incoming beam is collimated by
slits A and B, both 1.0 mm in diameter and 30.0 cm
apart. Slits C, D, and E (1.1, 1.2, and 1.3 mm in
diameter, respectively) are antiscattering slits before
the 6250 A thick nickel entrance foil. Two antiscattering
slits of 1.5 and 1.6 mm diameter (F and G) follow the
entrance foil. All of the slits, A-G, are of 0.25-mm-thick
tantalum. With this collimation system, the beam is
constrained to be no more than 1.5 mm in diameter at
the chamber center. The chamber wall is cast aluminum,
2.54 cm thick. The aluminum is cut away on one side
leaving a 3-mm-thick window covering an angular
opening of 140° for experiments in which a final state
neutron is to be detected. The aluminum chamber
bottom has positioning holes permitting solid-state
detectors to be placed at 10° intervals from 20° to 160°
on either side of the beam. The rotatable aluminum top
allows four solid-state detectors to be mounted at 90°
intervals and to be set to continuously variable angles
with respect to the beam direction to 0.1° accuracy. The
lid rests on a ball race and seals against the inside wall
of the chamber by means of a rotating O-ring seal. In
case the measurement of a charged particle time of
flight is required, port holes at 10° intervals from 20° to

160° on one side of the chamber permit the attachment
of an evacuated tube capped by a solid-state detector
holder assembly. The beam leaves the chamber through
a 2.54-cm-diam hole and a 25000 A thick nickel foil
into a Faraday cup where it is stopped in a 1.5-mm
gold plate. The inside dimensions of the chamber
(22.8 cm diam by 5.08 cm height) were kept small
in order to allow the use of relatively expensive target
gases.

B. Experimental Detail

In the present experiment a 10-MeV proton beam of
~300 nA intensity, obtained from the Rice tandem
Van de Graaff accelerator, was incident on a hydrogen
gas target at a pressure of 20 cm Hg. Two silicon surface
barrier detectors were placed at 30° on opposite sides of
the beam axis in what has become known as the
Harvard geometry.® Both detectors were collimated by
two circular tantalum slits, 2.40 mm in diameter and
17.8 mm apart, and subtended horizontal and vertical
angles of +=1.27° at the center of the target. A diagram
of the experimental geometry and electronics is shown
in Fig. 2.

A coincident measurement of the energies in the two
detectors plus a time difference between their signals
was recorded in a 1024 1024X 1024-channel computer-
analyzer system. Windows were set on both detectors
such that both the elastic protons and low-energy
multiply scattered events were rejected in the three-
parameter spectra. The energy range in which events in
both detectors were accepted was approximately 1.0 to
6.0 MeV. Since the PPB events are constrained by
kinematics to lie between 3.0 and 3.6 MeV, there was
no danger of discriminating against these events with
these window settings.
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F1c. 2. Schematic diagram of the physical setup and the electronics.

Although no change in the contamination was
observed, the target gas was changed every 10 h dur-
ing the total bombardment time of 72 h. Elastic pro-
tons were counted in both detectors. In order to de-
termine the position of the true coincidence peak in
the time spectrum, a three-parameter measurement was
taken with the detectors 90° apart in the laboratory
detecting p-p elastic scattering. This calibration was
done over a bombarding energy interval of 3-11 MeV
so that the effect of the energy dependence of rise times
in the detectors and particle time of flight on the time
spectrum could be determined. This measurement also
provided a convenient check on the linearity of the
energy scales.

ANALYSIS AND DISCUSSION

The data were analyzed off-line by first correcting
the time spectrum for detector rise and proton flight
times, using the technique of Emerson ef al.* Windows
of 20 nsec width were set in the time spectrum about the
true coincidence peak position and about another region
consisting of background. All three-parameter events
which had the time in one of the windows were sorted
and plotted in an E;-E, spectrum. The distribution of
events in the E;-E, plane is shown in Fig. 3. The events
corresponding to the time in the true or foreground
window of the time spectrum are shown in Fig. 3(a),
and the events corresponding to the time in the back-
ground window are shown in Fig. 3(b). The locations of
PPB events in this E;-E, plane are uniquely determined
by the kinematics of the p+ p—p+p+~ reaction and
form a well-defined locus. In Fig. 3, the closed solid
curves show the PPB locus while the second solid curve
gives the locus for breakup protons from the d(p, 2p)n
reaction. The dashed curves show the calculated limits

14 S. T. Emerson, W. D. Simpson, J. C. Legg, and G. C. Phillips,
Nucl. Instr. Methods 52, 229 (1967).

of the PPB and breakup proton regions. All events
within the dashed curve around the PPB locus are taken
to be due to the PPB process. There are 11 counts
within the dashed curve in the foreground spectrum
and 19 counts in the background spectrum. Including
one standard deviation, the net yield of PPB events is
thus <5.5 counts.

Each event in the background spectrum was sub-
tracted from the event nearest to it in the foreground
spectrum and the net effect is plotted also in Fig. 4. A
number of counts can be observed along the p-d breakup
locus since the hydrogen gas contains some deuterium
impurity. The yield of these breakup events agrees
reasonably well with our previous measurements of this
reaction cross section using both gas and thin deuterated
polyethylene!® targets. An exact comparison is not
possible, because of the uncertainty in the amount of
the deuterium impurity. The hydrogen gas used was
produced by a fractional separation method and no
deuterium impurity data were available. The net
counts near low values of E; and E; (~2-3 MeV) and
around E;=6 MeV reflect the statistical uncertainty in
those regions due to larger backgrounds from elastic
protons and multiply scattered particles.

The PPB cross section is calculated from the

expression

( d%s ) _ Neps (da> F, 1)
d2d%/pes Na \dQ/e F;’

where Nppg is the net yield in the region of the PPB

locus, N is the number of elastic protons at 30°, and

(da/dR).11s the 30° p-p elastic cross sections (190 ub/sr)

at 9.74 MeV."® F, and F, are the geometrical factors
incorporating the finite beam size and the finite angular

15 A. Niiler, C. Joseph, V. Valkovic, and G. C. Phillips, Bull.
Am. Phys. Soc. 12, 1174 (1967).

18 B. Cork and W. Hartsough, University of California Radia-
tion Laboratory Report No. UCRL 2312 (unpublished).
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F16. 3. The PPB kinematics and data at E,=10 MeV, §=30°.
(a) Shows the foreground distribution of events in the Ej-E,
plane, each dot representing one count. (b) Shows the background
distribution of events in the E;-E; plane, each dot representing one
count. In both (a) and (b), the solid closed curve is the PPB
locus and the other solid curve is the p-d breakup locus as calcu-
lated from kinematics. The dashed curves are the limits within
which events are assigned to the PPB or p-d breakup processes.
The short, straight solid lines near 6 MeV along each axis show
the positions at which windows were placed on the two-energy
spectra.
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openings of the detector slit systems for a single
detector and two detectors, respectively.

X1 max
Fi= [ 7 douda (2)
=X min
and
X2 max
Fa= [ 7 doudnuds, 3)
—X3min

where dQ; is the solid angle subtended by the ith
detector at the target position %, Ximin, and Ximax
are the limits in the target position observed by a
single detector, and Xz min and X; max are the target
position limits seen by a coincident two-detector system.
A numerical integration was carried out over five
parallel beam positions within the envelope of the
actual beam of 1.5 mm in diameter and the average of
these five values was used.

It has been shown®1 that the PPB cross section is
peaked toward coplanar events by the factor f(¢) =
1—(¢/dm)?, where ¢ =¢1+¢; and ¢ is the maximum
kinematically allowed ¢. In the present experiment,
¢m=35.1°, thus the measured cross section must be
increased by 7% to yield the generally calculated
coplanar value.

All detector slit diameters were 2.4020.02 mm as
measured with a traveling microscope. The center of
the chamber to front and back slit distances were
35.44-0.2 mm and 53.2+0.2 mm, respectively. Incor-
porating these uncertainties into the calculation of Fy
and F, produces an 8%, uncertainty in the factor
F=F,/F,. A 5% uncertainty is assigned to the number
of elastically scattered protons monitored, N1, because
of the error in background subtraction. Less than 19,
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F16. 4. The PPB kinematics and data at E,=10 MeV, §=30°.
The dots, each representing one count, show the net effect. The

;_o.lidsand dashed curves and lines have the same meaning as in
ig. 3.
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F16. S. The present and other data at §=30° compared with §=230° calculations. a (Ref. 3), b (Ref. 12), c (Ref. 5), d (Ref. 4),
@ (Ref. 13), + (Ref. 8), X (Ref. 9), A (Ref. 10), ¥ (Ref. 7), and [l (Ref. 6).

error is introduced in F due to a 109, error in the beam
diameter so that this source of uncertainty can be
neglected. Thus the statistical error on Nppg must be
increased by a total of 209% in order to obtain an upper
limit on the coplanar PPB cross section.

Including the 209, increase discussed above and
using 5.5 counts as the upper limit on the yield of PPB
events, the upper limit to the PPB cross section as
given by Eq. (1) is 0.42 ub/sr2

As can be seen from Fig. 5, this upper limit is con-
sistent with the calculation of Pearce and Duck (curve
a) and an extrapolation of Nyman’s (curve b) result to
10 MeV would approach agreement. However, the

result of Signell (curve c) is significantly higher than
this upper limit and an extrapolation of Brown’s
calculation (curve d) also tends to a high value at
10 MeV. It should be emphasized that none of these
calculations can be considered exact at 10 MeV since
Coulomb interactions have not been included. Intro-
ducing the Coulomb interaction would have the effect
of reducing the cross section.?”

Crawley’srecently measured value of 0.3(4-1.0, —0.3)
ub/sr? at 10.5 MeV and 6§=30° is in agreement with
this upper limit of 0.42 ub/sr? at 10 MeV, 6=30°.

17 P, Signell and D. Marker, Phys. Letters 26B, 559 (1968).



