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by photons using collimated coherent bremsstrahlung~
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Cross sections for the inclusive processes yP +~ and PX have been measured at the
Stanford Linear Accelerator Center for linearly polarized photons of average energy 10
and 14 GeV. The kinematic range of detected particles was P z =0.15 to 1.0 GeV jc, x =0 to
—0.32 for pions and -0.3 to —0.8 for protons at 10 GeV; the 14-GeV data had measurements
at x=0 for pions and x = —0.3 for protons. The experiment was carried out using collimated
coherent bremsstrahlung from a thin diamond radiator and the SLAC 1.6-GeV/c spectrometer.
The variation of the cross section, as a function of x and P z, shows a marked similarity to
that observed for pion and proton production from PP collisions. Our results show little de-
pendence of the pion invariant cross section on either energy or polarization. The ~+/vr

ratio varies from 1.3 at x=0 to 1.75 at x= —0.32.

I. INTRODUCTION

A prominent feature of multiparticle production
in high-energy collisions has been the approxi-
mate "projectile independence" of the spectra of
particles produced at low energy in the rest frame
of the target proton (the target fragmentation kine-
matical region). Earlier work' ' has shown that
the cross sections for aP- n Xwhere a is p,
n+, K', or y, when integrated over the transverse
momentum, are very similar in the target frag-
mentation region. A scarcity of high-statistics
data' in all but the P-P reaction so far has severely
restricted comparisons of the differential cross
sections.

We report here a measurement of the inclusive
cross section, Edv/d'P(k, x, I'r) for yp-cX where
c is P, m', and m . We have chosen as kinematic
variables the transverse momentum P~, the frac-
tional center-of-mass longitudinal momentum x
calculated in terms of the incoming photon (or pro-
ton) momentum, and the photon energy k. The
mean photon energy was 10 GeV for the bulk of the
data and 14 QeV for the remainder.

The experiment was performed at the Stanford
Linear Accelerator (SLAC) using a novel, effec-
tively monochromatic, high-energy photon beam
produced by tightly collimating a coherent brems-
strahlung beam. This technique was an essential
feature of the experiment. In a conventional
bremsstrahlung photon beam, the yield of low-
energy secondaries which we detected would have
been completely dominated by production from
low-energy photons. This would have made the
extraction of good quality high-energy data quite
difficult. The photon beam was polarized, thus

allowing a measurement of the polarization depen-
dence of the cross sections. The secondary par-
ticles were detected in the SLAC 1.6-GeV/c spec-
trometer, using a threshold Cerenkov counter for
particle identif ication.

We have compared the cross sections for P,
and m production in the target fragmentation re-
gion with the parallel cross sections for P-P re-
actions. These cross sections are remarkably
similar in detail for such different species of pro-
jectiles, even at these relatively low energies.
Our data are consistent with no change in cross
section to within +10% from 10 to 14 GeV at x=0
and with no polarization dependence of the n' cross
section to within -6%. At some points the proton
data show a 10-20% polarization asymmetry The.
n'/w ratio, always &1, increases as x becomes
more negative.

II. DESCRIPTION OF THE EXPERIMENT

A. Experimental arrangement

The experiment was performed in the "A" elec-
tron beam line at SLAC. The design, construc-
tion, and testing of the photon beam were done in
collaboration with members of the SLAC Spec-
trometer Facilities Group; a detailed description
is in preparation. ' The layout of the experimental
apparatus is shown in Fig. 1.

The source of the photon beam was a thin (80 p
thick) diamond crystal inserted in the electron
beam line 95 m upstream of the spectrometer
pivot point in end station A. The primary photon
collimator was a 2-mm-diameter-bore, 70-radia-
tion-length-long tungsten cylinder 91 m downstream
of the diamond. The electron beam transport sys-
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FIG. 1. Schematic plan view of the experimental layout. The electron beam dump was actually below the photon beam.

tern was designed to image (with a demagnification
of 3) a 6 x 6-mm aperture at the end of the accelerator
onto the aperture of the collimator. The central
electron momentum was 19.7 GeV/c, defined by a
slit set for a full width of 0.5%.

The diamond was mounted in a two-axis gonio-
meter and could be oriented by remote control.
The goniometer was originally used in an uncol-
limated coherent bremsstrahlung beam built by a
SLAC-MIT collaboration. ' It allows orientation
of the diamond in steps of 23 p.rad about either
axis. The range of allowed angles is -120 mrad.
Collimators 22 m upstream of the goniometer and
around a bend of 6 were positioned to prevent the
electron beam from striking the diamond holder.
Fine control of the electron beam steering was
provided by two dipole magnets immediately up-
stream of the goniometer. The electron beam
intensity was monitored at two positions near the
goniometer by SLAC "toroids, "' which are well-
understood precision beam monitors.

Dipole magnets 50 m downstream of the diamond
deflected the electron beam down into a beam
dump. The photon beam proceeded on to the pri-
mary collimator. Immediately upstream of the
collimator and housed in the same assembly was
a four-quadrant tungsten-pin shower-emission
detector' used as a beam-position monitor. The
assembly could be rotated about the beam through
180' to allow balancing of opposite quadrants. The
primary collimator was followed by a 6.35-mm-
diameter-bore, 0.38-m-long copper collimator, a
7-ko-m dipole magnet sweeping vertically, and a
12.V-mm-diameter-bore, 0.51-m-long lead col-
limator. The secondary collimation removed
charged particles from the beam and shielded the
hydrogen target and its surrounding structures
from particles originating in the primary colli-
mator.

The hydrogen target was centered on the spec-
trometer pivot point. The target cell was a 1-cm-
diameter, 30-em-long Mylar tube with 0.005-in. —

thick walls and 0.001-in. -thick aluminum end caps.

The full target cell could be replaced by a similar
empty cell by remote control.

Charged particles produced in the hydrogen tar-
get were detected with the SLAC 1.6-GeV/c spec-
trometer. ' We operated the spectrometer over a
range of angles from 18' to 85' and over a mo-
mentum range from 0.5 to 1.5 GeV/c.

The photon beam monitor was a total-absorption
secondary-emission quantameter (SEQ) (see Ref. 6)
50 m downstream of the hydrogen target. Immedi-
ately upstream of the SEQ were two auxiliary beam
monitor s: a thin-foil hydrogen-filled ionization
chamber and a 1-atm air-filled Cerenkov cell.
Dipole magnets 10 m downstream of the hydrogen
target deflected charged particles out of the trans-
mitted photon beam.

B. Beam monitors

The spectrum of the transmitted photon beam
depends sensitively on the centering of the beam
on the collimator aperture. Hence it was neces-
sary to monitor the photon beam on a pulse-by-pulse
basis to be able to reject photon pulses originating
from a missteered beam. The signals from the
three beam-intensity monitors as well as from the
four quadrants of the beam-position monitor were
integrated over the 1.6- p, sec SLAC pulse by means
of charge-sensitive amplifiers. The outputs of
the amplifiers, converted to digital form, were
read into the computer for every pulse.

Each quadrant of the beam-position monitor had
a sensitive area of 9.0 mm' at a mean radius of
3.3 mm. After each beam pulse the on-line com-
puter calculated the asymmetries for the two pairs
of opposite quadrants. The computer was pro-
grammed to analyze the asymmetry data and, if
necessary, to resteer the beam by altering the
currents in trim windings on the two dipole mag-
nets immediately upstream of the goniometer. We
did not accept data unless the beam was centered
to within 0.15 mm in both planes. During stable
operation of the accelerator virtually all the beam
pulses satisfied this criterion.
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The energy in the photon beam was monitored
by integrating the current from the SEQ with an
integrating digital voltmeter. The charge corre-
sponding to the subset of properly steered pulses
was determined from the summed pulse-by-pulse
readouts of the SEQ. The relation between the
accumulated charge and the energy deposited in
the SEQ was determined by comparing, in cali-
bration runs, the output on the SEQ with that of
the SLAC silver calorimeter. The mean calibra-
tion constant obtained was 3.06x 10 ' pC/GeV.
The measurements of the calibration constant
agreed to within 2% over the course of the experi-
ment.

C. 1.6-GeV/e spectrometer

The spectrometer is a 100-in. -radius, 90'-ver-
ticle-bend, essentially uniform field magnet. ' The
entrance and exit pole faces are canted to produce
a parallel-to-point focus in the nonbend plane
while retaining the point-to-point focus in the bend
plane. Both foci occur in a horizontal plane 100 in.
above the exit of the magnet. The spectrometer
and associated counters are shown in Fig. 2.

The momentum acceptance and the acceptance
in production angle (projected on the horizontal
plane) were defined by hodoscopes designated P
and 8 at the focal plane. The acceptance was 9.9%
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FIG. 2. Schematic view of the SLAC 1.6-GeV/e spectrometer as instrumented for this experiment.
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in the momentum. The vertical extent of the en-
trance aperture limited the acceptance in azi-
muthal angle to a total of 60 mrad. The 6-in.
width of the aperture, together with the full 33.6-
mrad acceptance of the 8 hodoscope, determined
the acceptance in production angle, and also, ex-
cept at the most forward angles, the effective
target length. The hodoscope designated P, 41 in.
above the magnet exit, provided redundant infor-
mation on the azimuthal angle. The resolution of
our hodoscope system was calculated to be about
+0.25% in momentum, +1.1 mrad in production
angle, and +7.5 mrad in azimuthal angle.

We triggered our electronics on a coincidence
between two scintillation counters ("gate" and
"wall" in Fig. 2) located near the focal plane. The
trigger counters were oversize to insure that the
acceptance was set by the P and 8 hodoscopes.
When a trigger occurred we read in all hodoscope
elements as well as the pulse heights of the 0.25-
in. -thick gate counter, the 0.375-in. -thick wall
counter, and the 2-in. -thick Lucite Cerenkov coun-
ter.

The Cerenkov counter provided the principal
means of particle identification. It was observed
to be nearly 100% efficient for 0.8-GeV/c pions
(P=0.91) and almost totally inefficient for 1.5-
GeV/c protons (P=0.85). The calculated thresh-
old velocity, 0.89, gives a kaon threshold of 1.0
GeV/c. Pulse heights from the wall counter and
time-of-flight (TOF) information between the P
hodoscope and the wall counter were useful for
checks at low-momentum settings. The TOF sys-
tem had a flight path of 180 cm and a full width at
half maximum (FWHM) resolution of +1.5 nsec.
A sample TOF distribution is shown in Fig. 3.

III. EXPERIMENTAL METHOD

A. Photon beam

Here we discuss the use of collimated coherent
bremsstrahlung (CCB) to produce an effectively
monochromatic and linearly polarized photon beam.
We first give a short description of the general
principles involved, and then explain the method
used to measure inclusive cross sections with
this beam.

In bremsstrahlung, for high energy of the in-
coming electron, the momentum transfer ~q ~=q
to the radiator material tends to be very small.
As a result it becomes quite probable that the
radiator will not change state, and coherent radi-
ation from a crystal becomes possible. Energy
transfer to the crystal is negligibly small, in that
case, and the equations of momentum and energy
conservation lead to the following approximate
relation:

4
I

I
I

I
I

I
I

TIME OF
FL I GHT D I STR I BUT I ON

SPECTROMETER MOMENTUM =

0.5 GeV/c

P IONS
(A IO
Z'.
LLI

LLI

O

& Io'
Z.'

0 I 0 20 30 40
T I ME (0.3nsec/bin)

50

FIG. 3. Typical time-of- flight distribution; spectro-
meter momentum 0.5 GeV/c.
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Here q, is the component of the momentum transfer
to the crystal along the electron beam direction,
ng the electron mass, E the incoming electron en-
ergy, k the photon energy, and 8 the photon angle
with respect to the incoming electron beam di-
rection. Equation (1) with 8=0 gives the minimum
value of q„which is also the minimum q necessary
if an electron radiates a photon of energy k. For
values typical of our experiment, E =20 GeV and
k = 10 GeV, q, ,„=6 eV/c.

A generalized Bragg relation' connects "recoil-
less" momentum transfer with crystal structure.
The probability for coherent radiation is nonzero
only for q equal to one of the reciprocal lattice
vectors of the crystal. The smallest momentum
transfer that can be taken up coherently by a dia-
mond crystal corresponds, because of some can-
cellations, to 2wv 8 times the reciprocal lattice
constant, or a momentum of 10 keV/c, so the di-
rection of q is very nearly transverse to the elec-
tron beam.

For each reciprocal lattice vector q, Eq. (1)
implies a relation between energy k and angle 8

of the radiated coherent photons, neglecting the
slight angular divergence of the electron beam.
This energy-angle constraint was exploited by
limiting the angle 8 by collimation about the elec-
tron beam direction, producing nearly monochro-
matic spikes in the energy spectrum. The energy
of the leading edge of a particular spike is given
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by Eq. (1), setting 8=0.
At SLAC energies, the co11imation ang1e must

be very small. For the electron beam energy used
in this experiment, 19.7 GeV, m/E is 26x10 '.
The collimation angle was 11x10 ' rad. Actually
the collimation was not sharply defined, but was
effectively smeared out by multiple scattering of
the electron beam in the diamond and electron
beam spot size effects. Some photons with an
angle of m/E or larger were accepted. A detailed
treatment is given in Appendix A.

Reciprocal lattice vectors with the smallest
indices h, k, l and hence the smallest q are the
most important in the bremsstrahlung process.
Of these, only ones nearly perpendicular to the
initial beam direction and therefore having small
q, give prominent spikes, For a nonsimple lattice
such as diamond, certain reciprocal lattice vec-
tors give zero contribution because of a cancella-
tion of the bremsstrahlung amplitude within each
unit cell. In diamond the general rule for allowed
reciprocal lattice vectors (k, k, l } with k = 0 is the
following: k, l even, k+I divisible by 4. The smal-
lest allowed reciprocal lattice vectors are the
following: (0, 2, 2), (0, 0, 4), (0, 2, 6), (0, 0, 8),
(0, 6, 6), . . . , where lattice vectors symmetrically
located about the (1, 0, 0) direction are naturally
included, that is, (0, +4, 0) and (0, 0, —4) as well as
(0, 0, 4), for example. Generally only the (0, 2, 2),
(0, 4, 4}, (0, 6, 6), and (0, 8, 8) reciprocal lattice
vectors were needed to approximate the coherent
spectrum, with the most prominent contribution
coming from the (0, 2, 2).

A calculated spectrum is shown in Fig. 4 for the
parameters of the 10-GeV measurements. Fig-
ures 5(a) and 5(b) show spectra measured at low
beam intensity for roughly the conditions of the
10- and 14-GeV measurements reported here.

These spectra measurements, carried out with a
pair spectrometer as discussed in Bef. 4, were
difficult owing to the poor duty cycle of the SLAC
beam, which makes coincidence measurements
troublesome. This ruled out continuous monitor-
ing of the spectra in this way.

The diamond was heM in the SLAG goniometer
as illustrated schematically in Fig. 6. The angu-
lar orientation is parametrized by two small rota-
tion angles L90 and 0„. For simplicity in the dis-
cussion we assume that (1, 0, 0) is precisely in the
z direction and (0, 1, 1) in the y direction when 8„
and 8~ are zero.

For a particular reciprocal lattice vector (0, k, l),
q, is zero when (l +k) 8z=(l —k) 8~. For such an
orientation of the diamond the coherent radiation
consists of a large number of soft photons, and the
ratio of the number flux of produced photons to
their energy flux shows a pronounced maximum.
This maximum lies along a line in 8„, 8~ space;
it would be a ridge on a contour map. Experi-
mentally these ridges are mapped out by the "thin/
thick" method" using two photon beam monitors,
one sensitve to the number of photons above some
threshold ("thin") and the other to the total energy
("thick"). Control of the goniometer was channeled
through the on-line computer, which enabled these
otherwise laborious thin/thick ridge maps to be
made automatically by the computer. The pro-
cedure was to fix either 8~ or t9~ at a value as
large as the goniometer would allow and take a
series of short beam monitor runs while varying
the other angle. Ridge profile curves were used
to determine the precise alignment of the diamond.
The position of the maximum could be located to
an accuracy of one goniometer motor step or 23
grad. In addition, the width of the curves was
an important indicator of diamond quality, which
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was being continously degraded by radiation dam-
age during the experiment. Examples of ridge
profiles are shown in Fig. 7.

The diamond orientations used in this experi-
ment are shown in Fig. 6. For the coherent set-
tings, the angular distance from the (0, 2, 2) ridges
determines the main spike energy. The linear
polarization (the E vector) of the coherent radia-
tion tends to be in the direction of the momentum
transfer q. The (0», gv) settings near the (0, 2, 2)
ridge give vertical polarization of the coherent
radiation spike, and those near the (0, —2, 2) ridge
give horizontal polarization. A run with either of
these settings is denoted by the term "spike in. "

When the goniometer setting was such that the
angular distance from the strongest ridges was
large, the spectrum consisted mainly of incoher-
ent radiation, which is very similar to ordinary
bremsstrahlung from an amorphous or polycrys-
talline radiator; this setting was called "spike
out. " For the spike out, nominally incoherent
setting used in the experiment, the remnant co-
herent radiation was quite small. However, we
did find some indir ect exper imental evidence for
small coherent contributions from the (0, 4, 0) and

(0, 18, 2) ridges.

B. CCB subtraction method

To obtain the cross section for photons with the
energy of the coherent spike one must subtract the
measured yields from spike-in and spike-out runs
with suitable relative normalization. Experimen-
tally, what is available is (a) "spike in, " the total

FIG. 6. Angular map of diamond settings. Oz ——0~= 0
corresponds to (1, 0, 0) in thea direction, (0, 1, 1) in the
y direction.

yield Y;„ from coherent plus incoherent radiation
and corresponding integrated incident energy flux
I,„, and (b) "spike out, " the yield from incoherent
radiation Y,„, and corresponding incident energy,
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FIG. 7. Examples of "thin/thick" profiles —intensity-
ratio curves which established crystal orientation. The
maximum of the curve corresponds to q (0, 2, +2) perpen-
dicular to the average electron-beam direction. One
motor step is 23.2 grad. The rates IONand CM arepro-
portional to the number of incident photons and the SEQ
rate is proportional to the energy of the incident pho-
tons. The peak corresponds to the production of a high
intensity of low-energy photons.
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(SEQ/toroid)
(SEQ/toroid), „,

(2)

The validity of an SEQ/toroid measurement de-
pended upon its reproducibility; we required that
either two spike-out values repeated, bracketing

I,„,. To subtract the incoherent contribution we
need (c) the experimentally determined quantity a,
roughly the ratio of coherent energy to incoherent
energy in the beam with spike in, as explained be-
low. Finally, to compute a cross section per inci-
dent photon we need (d) the average energy K, a
calculated quantity referring to the effective en-
ergy spectrum after subtraction.

The basis of the method used to subtract the in-
coherent yield was the assumption that the inco-
herent part of the energy spectrum was independent
of crystal orientation. This reasonable expectation
(the angular range involves only a few mrad) was
verified to a certain extent by the measurements
described in Ref. 4. With this assumption, the
number of incoherent photons produced is exactly
proportional to the number of electrons incident
on the diamond. Thus, yields from spike-in and
spike-out runs, normalized to equal numbers of
incident electrons and subtracted, give the yield
from an effective, entirely coherent spectrum.

As noted above, very precise monitors of the
primary electron beam intensity were available
at SLAG, the "toroids. " Toroids could not be
directly used for beam normalization because
only some fraction (about 70%) of the electron
beam actually passed through the diamond and this
fraction was not perfectly stable. The electron
beam optics were such that the beam was large at
the position of the diamond and converged toward
a small spot at the 2-mm primary collimator, thus
effectively focusing the bremsstrahlung on the
collimator. At times, use of the highest possible
intensity of the electron beam was necessary to
provide adequate photon beam intensities. The
large power levels ruled out collimation of the
electron beam to the size of the diamond, aside
from aone-sided collimation to shadow the dia-
mond's support structure. At reduced electron
beam intensities it was possible to collimate the
electron beam closely, and this was occasionally
done as part of the special measurements de-
scribed below.

Since the toroid was not a valid long-term mon-
itor of the photon beam, we used a special mea-
surement to relate the toroid to the SEQ, our
primary beam monitor, and to determine the sub-
traction parameter n. Measurement of n consisted
of a series of short beam monitor runs with the
goniometer alternating rapidly back and forth be-
tween spike-in and spike-out settings:

The right-hand side of the above. equation, involv-
ing the parameter a, is obtained from the left-
hand side using the definition of n, Eq. (2).

The measurements reported here utilized an
80- pthick diamond. This diamond was used for
approximately 2 x10" incident electrons and was
then reused after an annealing process to remove
radiation damage. n had the value 2.07+0.08 for
the 10-GeV goniometer setting and 0.58+0.02 for
the 14-GeV setting.

The complete formula for the measured cross
section per incident photon involves the average
energy k defined by

k= k '-dk
dk dk (4)

Here dN, «/dk is the effective photon spectrum
after subtraction:

dNeff dNjIt deut
dk dk dk

where (dN,„,„,/dk)dk is the . number of photons in
energy range dk per incident electron for the
spike-in and spike-out crystal orientations, re-
spectively.

The formula for the cross section is

(6)

In terms of the effective energy spectrum and the
actual cross section v(k) as a function of energy
at fixed laboratory momentum and angle, o',„~ is
given as follows:

o,„,= &x(k) „'"dk eff

dk (7)

the spike-in measurement, or vice versa.
Measurements of n were also made with a small

electron beam constrained to intercept the dia-
mond, produced by close collimation of the elec-
tron beam at greatly reduced power levels. These
measurements repeated very well and generally
agreed with those obtained by the first procedure
above. However, the fir st procedure was less
susceptible to systematic errors arising from
possible nonuniformity of the diamond and was
adopted as standard.

The formula for the yield per incident energy
after subtraction of the incoherent part is easily
written down if we first assume that a monitor of
the electron beam is available. Letting T stand
for the number of incident electrons, the result is

(Y/T) —(Y/T) , „(Y/I) /(Y/I) —
1)

(&/T);. —(I/7')-( A
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Thus, for a linear dependence of o(k) on k, o,„~ is
exactly o(k). For the single-particle inclusive
process measured in this experiment, the effect
of nonlinear energy dependence was estimated
to be of the order of 1%.

k was calculated using the formulas for the co-
herent spectrum given in Appendix A. This re-
quires some attention to higher-order spikes in
the spectrum, even for the nominal spike-out set-
ting. We calculated the spike energy and approxi-
mate spike intensity from all reciprocal lattice
vectors (0, 0, l) with 0 and f in the range +50. The
result was that higher-order spikes contribute to
the spectrum an amount of energy 0.08"~'~ times
the incoherent energy. However, all of the higher-
order spikes occur near the end-point energy. The
results for k were 9.85+0.10 GeV and 13.8+0.4
GeV for the nominal 10- and 14-GeV spectra.

From Eq. (6), the sensitivity of the subtracted
cross section to errors in e depends on the ratio
of spike-out yield per incident energy, (Y/I),„„
to the spike-in yield per incident energy, (Y/I);„.
The yield ratio was in the range 1-1.5 for the bulk
of our 10-GeV data. For our low-momentum
(0.5 GeV/c) w+ runs we were sensitive to incident

y rays with energies as low as 0.6 GeV. For these
runs the yield ratio climbed into the range 1.5-2.
In the worst case of a yield ratio of 2, the uncer-
tainty in our measurement of u produced only a
+3.6% uncertainty in the value of the subtracted
cross section. This uncertainty has been added
in quadrature to the error in our final result.

IV. DATA ANALYSIS

For each accumulation of event data for a par-
ticular spectrometer and goniometer setting (run),
a yield per unit incident energy was calculated
using the integrated photon beam intensity as nor-
malization. The normalized yields from full-tar-
get and empty-target runs were subtracted (empty-
target rates from 1% to 8%) and the spike-in and
spike-out results then combined to produce the
final cross section using Eq. (6).

Good events were required to have an unambi-
guous pattern in the P, 8, and P hodoscopes and

to have the initial vertical projected angle P,
within a certain range, slightly larger than the
60-mrad angular opening of the spectrometer
entrance slits. Partic1e-s-c-Ounting in the Cerenkov
counter were called pions and those not counting
were called protons. The yield was corrected for
detection inefficiencies, decay losses (for pions),
absorption and scattering in the counters, and a
background to be discussed below.

Particle identification with the Cerenkov counter
was based on the assumption that the number of

kaons could be neglected. The assumption of a
small kaon contribution is based on the following
arguments. Previous measurements of particle
production from PP collisions' show that the K/s
ratio is on the order of 5% at these energies, and
because of the short lifetime of the kaon only about
one-half of the kaons, at most, survive to reach
the spectrometer detectors. For momenta of
0.9 GeV/c and below, kaons should be discernible
in our experiment at the few-percent level, using
TQF and mall-counter pulse-height information
together with that from the Cerenkov counter; no

signal was seen. By looking at the Cerenkov coun-
ter inefficiency as a function of angle for negative
polarity momentum settings, assuming that the
number of P's is negligible, we had an independent
check that the K signal was small.

Corrections for losses due to computer logging
deadtime (less than 15%), ambiguous hodoscope
patterns (typically 6%), and fast-electronics dead-
time (typically 1% or less) were made on a run-
to-run basis. The other corrections were mo-
mentum- ependent but otherwise applied uniformly
to all the data.

The corrections for decay loss, absorption, and
scattering were calculated using a Monte Carlo
simulation of the spectrometer. The correction
for the loss of particles by interactions in the
counters was tested by a set of runs with and with-
out an additional 1-in. thickness of Lucite at the

P hodoscope. The Monte Carlo program agreed
well with these measurements.

The background was discovered by studying the
distributions of reconstructed initial vertical angle.
These were expected to reflect the 60-mrad open-
ing of the slits, broadened slightly by the effects
of finite resolution, decay, and scattering. The
measured distributions were found to have tails
not present in the Monte Carlo simulations. The
apparent source of these tails was scattering and
secondary production in the aluminum walls of
the spectrometer vacuum chamber. These tails
were extrapolated smoothly through the P, dis-
tributions to estimate the background contribu-
tion. In this way a correction was obtained, vary-
ing from 6% at 1.5 GeV/c momentum to 99O at 0.5

GeV/c momentum. The uncertainty in this cor-
rection was taken to be one-half the value of the
correction.

For the pion data the over-all momentum-de-
pendent correction was approximately constant due
to the opposite momentum dependence of the com-
ponent factors. Its value was approximately 1.15
with an estimated uncertainty of 0.04 to 0.06.

Additional nonstatistical uncertainties were as-
signed to the data because of the errors in e and

0, the spectrum parameters appearing in Eq. (6).
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These were propagated in a straightforward way
and added in quadrature with the statistical errors.

V. RESULTS

Our results are given in Table I, for 10 GeV
photon energy„and Table II, a 10- and 14-GeV

comparison. A.s already discussed, the stated
errors include other sources of error besides
counting statistics, In Tables I and II and through-
out this paper, the cross section is measured in
units of the total photon-proton hadronic cross
section, 0'«, , taken as 1.2 x10 cm' for both 10

TABLE I. Single-particle production by 9.85-GeV linearly polarized photons (polarization= 60%) incident on hydrogen„
snd z refer to the beam polarization being parallel or perpendicular to the production plane. Entries are the invari-

ant cross section, averaged over polarization, divided by o z ——0.12 mb, and multiplied by 100.

Particle
type

P~
x (GeV/c)

100 Edo

(Gev-')

+Il

o ii+o ~
(%)

Particle
type

P~
(GeV/c)

100 Edo

(Gev-')
otl+oi

(%)

-0.32

-0.24

1.017
0.866
0.706
0.589
0.458

0.938
0.795
o.646
0.539
0.422

0.328 + 0.016 ~

0.944 + 0.045
2.63 + 0.15
5.32 + 0.29 ~

10 47+0 74

0,700 + 0.031
1.821 ~ 0.086
4.53 + 0.25
8.33 ~ 0.48
17.8 + 1.3

0.4~ 2.5
-0.1+2.5

-0.7+ 2.3
—0.3+ 2.4

0.9 ~ 2.6
-5.3 + 2.3

-0.32

-0.24

1.017
0.866
0.706
0.589
0.458

0.936
0.795
0.645
0.539
0.422

0.178 +0.008
0.533 + 0.026
1.534 + 0.085
3.14 + 0.18
5.90 +0.38

0.429 + 0.020
1.119+0.055
3.09 + 0.18
5.63 + 0.32

10.57 + 0.69

0.8 + 2.7
2.6 + 2.5
6.2 + 3.0

-1.8 & 2.9

—1.7 + 2.8

2.7 + 2.9
-1.5 + 2,6

0.8 + 2.8
-0.16

-0.08

0.843
0.710
0.571
0.474
0.369

0.734
0.605
0.476
0,385
0,292

1.500+ 0.073
3.79 + 0.18
9.40 + 0.52
17.4 + 1.0
32.4+ 2.2
3.4v+ o.l v

8.41 + Q.40
19.5+ 1.1
37.7 + 2.1
63.2 ~ 4.1

—0,1 + 2.7
-1.2 + 2.2
1.6 ~ 2.4
3.4+ 2.8

—3.7+ 2.5
—0.4+ 2.5
-3.8 ~ 2.2
-2.9 + 2.7

0.2 ~ 2.6
-0.8 ~ 2.Q

-0.16

-0.08

0.843
0.710
0.571
0.474
0.369

0.734
0.605
0.476
0.386
0.292

0.987
2.42
6.83

11.61
22.2
2.46
6.08

14.37
25.2
44.2

+o.o44 ~

+ 0.12
+ 0.36
~ o.64
+ 1.4
+0.11 ~

+0.28
+ 0.74
+ 1.4
+ 2.8

1.5 + 2.5
2.6 + 2.0
4.0 + 2.4
2.7+ 2.7

2.4 + 2.0
1.7 + 1.5
3.1 + 2.4
2.0 + 2.7

0.00 0.593
0.469
0.341
0.253
0.157

9.50 + 0.45
22.6+ 1.0
53.5*2.9
98.0 + 5.2

156.0 + 9,9

-3.5 + 2.4
3.6 + 1.9
0.6 + 2.0

—0.3+ 1.9
0.2 ~ 2.6

0.00 0.593
0.469
0.341
0.253
0.157

7.21
17.80
39.1
80.2

119.6

+ 0.32
+ 0.80
+ 2.1
+ 4.2
yv 4

4.2 + 1.9
2.1+1.9
3.7 6 2.1

-0.6 + 2.5
0.04
0.06

-0.60
-0.52
-o.44
—0.36
-0.28
-0.22

-0.65
-0.57
-0,49
-0.41
—0.33
-0.29

-0,73
—0.65
—0.57
-0.49
—Q, 41

0.371
0.463

1.017
0.938
0.843
0.734
0.593
0.463

0.866
0.795
0.710
0.605
0.469
0.371
Q. 706
0.646
Q.571
o.4v6
0.341

45.4~ 2.1
25.1 + 1.2

1.O66+ O.O69 '
1.92 ~ 0.12 '
3.18+ 0.21
5.31+ 0.36
9.05 + 0.63

12.61 ~ 0.92

2.54 + 0.17
4.01 + 0.27
6.64 + 0.45

10.73 + 0.74
16.2 ~ 1.2
21.1 + 1.6
5.31+0.36
8.48 ~ 0.59

13.34+ 0.96
18.5 + 1.5
30.4*2.4

—1.0*2.0
-1.0+ 2.1

—3.6 + 1.9
—0.3*2.0
0.3 + 2.4

-0.1 + 3.0
0.2 ~ 1.6

—3.7 + 1.8
-2.4 + 1.9
0.8 + 2.2

—0.1 + 2.6
-1.8 ~ 3.6
-0.5 + 2.2

1.6 ~ 2.3
—0.5+ 2.5
-0.1 + 3.5

0.6 + 3.6

0.04
0.06

—0.81
-0.73
—0.65
-0.57
-Q.49

-0.82
-0.74
-0.66
-0.58

0.371
O.463

0.589
0.539
0 474
0.385
0.253

0.422
0.369
0.292
0.157

12.02
15.1
22.8
29.8
43.5

+ 0.81
6 1.1
+ 1.9
+ 2.7
+ 4.1

34.2 +2.5
43.4 + 3.5
59.4 + 5.8
85.0 + 11.0

36.5 + 1.6
18 47+0 85 ~

5.3 + 1.7

-0.9 + 2.7
—6.6 & 3.6

—10.5+ 4.5
-2.5+ 4.8
-0.2 + 2.5

1.3 + 3.1
—12.3 ~ 3.8
—1.8 + 7,3

'& polarization only. bx =PI, /P0, where Po is the initial c,m. momentum.



INCLUSIVE CROSS SECTIONS FOB PION AND PROTON. . . 487

TABLE II. Dependence of inclusive cross section on photon beam energy.

Particle
type

PT
(Ge V/c) k =13.8 GeVk = 9.85 GeV

(GeV )
a

OIOI d P
Ratio

—0.28
—0.33

0.5
p 4
0.3

0.5
0.4
0.3

0.5
0.4

0.1856 + 0.0080
0.339 + 0.017
0.710 + 0.039

p.1489 + 0.0065
0.292 + 0.015
0.517 + 0.026

0.133 + 0.008
0.204 + 0.015

0.182 + 0.011
0.368 + 0.024
0,670 + 0.048

0,1440 + 0.0087
0.261+ 0.017
0.518+ 0.035

0.1146+0.0098
0.180+ 0.019

0.98 + 0.07
1.09 + 0.09
0.94+0.08

0.97 + 0.07
0.90 + 0.07
1.00 + 0.08

0.86 +0.09
0.88+ 0.11

a 0, = 1.2 x 10 cm

2--

Po = 2.1I GeV/c

' 7T'& MEASUREMENT

p MEASUREMENT

and 14 GeV. The single-particle inclusive cross
section expressed in this way, when integrated
over invariant phase space, gives the multiplicity
or average number of particles of that type pro-
duc ed.

In Table I the polarization asymmetry (o,
~

—o'~)/
(&x„+a~) refers to the asymmetry actually observed
as the linear polarization was changed from being
predominantly parallel to the particle production
plane (II) to being perpendicular to it (&). The true
asymmetry of the cross section would be obtained
by dividing this quantity by the beam polarization
P =(N~,,

—N~)/(%~~+ X~) Using the .formulas given
in Appendix A the average beam polarization was
calculated to be 0.60 for the 10-GeV spectrum.

Figure 8 shows the location of the 10-GeV data
points in x- I'~ space or equivalently in c.m. mo-
mentum. The photon can be thought of as incident
from the left and the target proton from the right.
Our measurements were at negative x, the target
fragmentation region„and at x = 0. The 14-GeV
points were at x=0 only. Data for both particle

signs were obtained in all cases.
The data points in Fig. 8 represent a set of spec-

trometer measurements for laboratory momenta
of 1.5, 1.2, 0.9, 0.7, and 0. 5 GeV/c and laboratory
scattering angle such that x for a detected pion
was equal to -0.32, —0.24, —0.16, —0.08, and 0.
For each such spectrometer setting, the x value
for a detected proton is shifted toward more nega-
tive values.

The lines shown in Fig. 8 represent the domains
of one-dimensional interpolating fits that were
made to the data. For pions, these lines corre-
spond to constant x; for protons, to constant lab-
oratory momentum. In both cases the fitting func-
tion was a three-parameter function of the form
exp(A —BPr —CPr'). For pions these constant-x
fits are shown in Figs. S and 10. By a linear in-
terpolation (in x for example) of the fitted value of
log(Edo/d'p) from lin'e to line, Edo/d'p was ob-

x=O
lO

0

IO

b a
QJ

O

b
IO

- I.O -0,5
0I

0 0.5 I.O

FIG. 8. Spectrometer settings for which data was
obtained, plotted as x-Pz points (or equivalently, c.m.
momentum), for 10-GeV photons. Only points at x = 0
were obtained for 14-GeV photons. Data were obtained
for both particle signs in all. cases. x =-PL /P p

where
P

p
is the initial c.m. momentum.

IO s i I i i i i I

0.5 I.O
PT (GeV/C)

FIG. 9. Results of fitting the data with a smooth func-
tion of P~, at each x, for ~ .
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1.0

yp-~-X x= 0

0.7— ~ T H I S EX P ER I MENT
& Moffeit et al.

P& (GeV/c)
0.50.5—

I
I

I
I

I
I

~
I

I

DISTRIBUTION OF
I 5 POLAR I ZAT ION ASYMMETR I ES

FROM TABLE I

10—

OJ
I

04

b 0&—
LLJ

O
b

0.2—

O. I

5
I

10
k (GeV)

I5

(/)

O
CL

O~
I—~ IO-
Cj

5—
LLJ
CQ

IO—

Y///EA'

FIG. 13. Energy variation of the ~ cross section.
The points at 2.8, 4.7, and 9.3 GeV are obtained from
Bef. 2 by interpolation. Straight lines, horizontal in the
case of our experiment, have been added to guide the
eye.

metry listed in Table I is consistent with no polar-
ization effect to about 3%, for the pions. The bulk
of the proton data is also consistent with no polar-
ization effect. However, in the kinematical region
corresponding to a missing mass of -2.3 GeV,
the polarization asymmetry is (20+6)'%%up (using 0.6
for the beam polarization). Recoil protons from
photons with polarization perpendicular to the
production plane are favored. This effect is sim-
ilar to the observed asymmetry in the photopro-
duction of pseudoscalar mesons. "

In order to contrast the size of the proton asym-
metry with the fluctuations of our measurements,
we have made histograms of the asymmetry for
P, m', and w (see Fig. 14). The w'and m dis-
tributions are good approximations of Gaussians
centered about zero asymmetry while part of the
proton data shows a distinct asymmetry.

Comparison avid p-p reactions. We have com-
pared our measured cross sections for P, m', and
m production with those from P-P reactions at
12.5 GeV jc beam momentum'4 as functions of x
and P~. These cross sections, normalized by
their respective total cross sections, are displayed
in Figs. 15, 16, and 17. There are strong sim-
ilarities in the shape and normalization of all the
curves. The similarity is particularly striking
in the case of P production, where there is a com-
plicated dependence on x and P~ rather than the
simple exponential falloff observed for m' pro-

I s I I

-O.I2 -0.06 0 O.O6 O. l 2

(~ll ~J.)~ (~II ~J.)

FIG. 14. Histogram of observed asymmetries,
(o

I~

—o~)/(o. II+ o~), not corrected for the incomplete
polarization of the beam, for pions and protons from
10-GeV photons.

IO
I

'
I

'
I ~I I

'
I

'
I

COMPAR I SON OF
yp-m X pp-v X

~ yp —7r+X, THIS EXP ~ yp-m. -X, THIS EXP
k=10 GeV k= IO GeV

o pp —m+X, Akerlof et ol. o pp-m. -X, Akerlof et ol.
l2.5 GeV/c

O
b

P&(GeV
10

- 0.469

- 0.656

PT (G

0.45

IO0-a
-0.4

I

-0.2

( )
0.640

I

g I & I i I

0 -0.4 -0.2 0

FIG. 15. Comparison of inclusive + production from
photons (this experiment) and from protons (Bef. 14) as
a function of x. The invariant cross section is divided
by the total cross section in each case. (a) ~+ production;
(b) ~ production. The curves are added to guide the
eye.
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0.4

0.5

b
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b a.
QJ D IQ

O
b

—0.7

THIS EXP
k= IO GeV

IO~ ' ' ' ' I ' ' ' ' I

0 0.5 I.O
P (GeV/c)
T

FIG. 16. Comparison of ~' production from photons
and protons, as in Fig. 15, but as a function of Pz. The
curves are fits, to the actual data in the pp case, to
interpolations in our case.

~ THIS EXP., k= IOGeV

0 pp-pX, Akerlof et al.
k = I2.5 GeV/c

IO~ I I I I

-I.O -0.8 -0.6 -0.4 -0.2 0
X

FIG. 17. Same as Fig. 15, for proton production.

duction.
The photoproduced hadrons always have a larger

normalized cross section than the proton-produced
hadrons. Roughly, the n+ is 20/0 higher, the m is
70% higher, and P is 10%%uo higher. The value as-
sumed here for the ratio of the total cross sections
is 325.

The relative cross sections are closer in value
if the cross sections are normalized by their in-
elastic cross sections rather than the total cross
sections. The inelastic cross section in P-P col-
lisions at this energy is about —,

' of the total cross
section. When inelastic cross sections rather than
total cross sections are used for normalization,
the P-P and y-P cross sections generally differ
by less than 25/0

These similarities are expected in the context of

projectile independence of target fragmentation";
it is notable that they occur so strongly at an en-
ergy as low as 10 GeV.

Comparison with. earli er measurements. In
Table III we compare the x and P~ dependence of
our results for m with those of the bubble cham-
ber experiment of Moffeit et al. ' In our kinema-
tical region, the differential cross sections mea-
sured by the bubble chamber represent averages
over two large x bins (actually x'; see Appendix
8), from to —0.1 and from —0.1 to —0.3, each
divided into small P~ bins. The P~ dependence
of the bubble chamber data for fixed x, the center
of the bin, was fitted by our standard three-param-
eter function exp(A —BPr —CPr') to smooth the
data and reduce fluctuations. Our data for com-
parison were interpolated to the same x value,

TABLE III. Comparison of this experiment (A) to the bubble-chamber experiment of Moffeit
@ al. and (B) for yp 7r+x. The quantities shown are 10 x (1/0„„)Eda./d P. The bubble-
chamber data are for 9.3 GeV photon beam energy and our data are for 10 GeV.

P~
(GeV/c)

A
(GeV-2)

x = -0.049

B
(Gev-') A/B

A

(GeV )

x = -0.197

B
(GeV ) A/B

0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

827.0 + 58.0
465.0 + 16.0
251.3 + 5.4
130.7 + 3.0
65.4+ 1.7
31.5 + 1.3

710.0 + 30
422.2 + 9.9
241.6 + 6.9
133.1 + 4.7

70.6+ 2.8
36.0+ 1.9

1.16+0.09
1.10+0.05
1.04 ~ 0.04
0.98+ 0.04
0.93+ 0.04
0.88+ 0.06

151.1 + 6.0
85.4 ~ 2.1
46.4+ 1.2

24.31+ 0.61
12.26+ 0.29
5.96 + 0.24

117.9 ~ 3.6
74.5+ 2.8
44.2 ~ 1.8
24.6 + 1.2

12.91+ 0.93
6.35 + 0.72

1.28 + 0.06
1.15 + 0.05
1.05 + 0.05
0.99 *0.05
0.95 ~ 0.07
0.94 ~ 0.11
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using the procedure described above. The large
bin size of the bubble chamber data in the variable
x is estimated to make their result anomalously
high by about 6/q at x = —0.2 and a lesser amount
at x= —0.05.

Broadly speaking, there is good agreement be-
tween the two experiments. However, it is evident
that our results are systematically higher than
those from the bubble chamber for lower P~ and

more negative x. We were unable to explain this
difference in terms of additional systematic errors
in our measurement.

Comparison arith the 7t'and v distributions in
the projectile fragme-ntation region. A DESY ex-
periment" has measured the single-particle dis-
tributions in the projectile-fragmentation region
in yP-m X at k=6 GeV. The distributions in this
experiment have similarities to the ones found in

our experiment and are consistent with a smooth
variation between the target- and projectile-frag-
mentation regions.

(a) The ratio of m' to m Production. The v' pro-
duction is always larger than the n production
for both experiments. For x=0.24 in the DESY
experiment, the m'/v ratio varies from 1.1 at
Pr =0.1 GeV/c to 1.3 at Pr =1.0 GeV/c This ra. tio
is slightly smaller than our measured v'/v ratio
at x = 0, and has the same P~ dependence. This
ratio is consistent with the observed rise in the
V'/z ratio as x becomes more negative. (See
Fig. 11.)

(b) The Pz, distribution at various x. For Pr
in the interval 0.4 to 1.0 GeV/c, the invariant
cross section falls off like exp(- Pr/0. 15 GeV/c)
for all the x observed in both the target and the
projectile fragmentation regions. The falloff is
always less steep at Pr &0.4 GeV/c.

VII. CONCLUSION

sections with those measured in PP collisions,
when scaled by the total inelastic cross sections.
Our measurements of the pion production cross
section show essentially no dependence on energy
between 10 and 14 GeV, and no effect of beam po-
larization. Cross sections for proton production,
on the other hand, show a discernible energy and

polar ization dependence.
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APPENDIX A

Here, for reference, we state the formulas used
to compute the CCB energy spectrum.

The most striking aspects of the data are (a) the
close similarity in form between the differential
cross section for particle production by photons
and by protons, and (b) the quantitative agreement
(to about 25%) of the m', z, and p production cross

Coherent and incoherent bremsstrahlung

The number of coherent photons produced in a
crystal of thickness t, having energy in the range
dx and azimuthal angle in the range dP, is given

by the following formula:

4 IS(qs) I I
1 —&(8;) I exp( —&8g )

t

x. ..1(1+8')'[(1—x)'+1]—88'(1 —x) cos'p) .x' 1+8' ' (A1)

The notation is changed from that of the body of
the paper: x refers to the energy of the photon in

units of the electron beam energy E, and 8 is the
photon's angle with respect to the electron beam
direction in units of m/E, with m the electron mass.

n is,37 Z is the atomic number, and V, is the
volume of a unit cell of the crystal. For diamond

V, = a' with a = 3.56 X 10 ' cm.
For each term in the sum over reciprocal lattice

vectors q; the azimuthal angle is measured with



492 KAUNE, MILLER, OLIVER, WILLIAMS, AND YOUNG

respect to q;~, the part of q; transverse to the
electron beam direction; and ther e is an ener gy-
angle constraint depending on q;:

m'x(1+ 8')
2E(1 —x)

(A2)

where q;, is the component of q; along the electron
beam direction.

S(q;) is the structure factor defined by S(q)
=Q exp(iq a), where the sum extends over the v

atomic positions in a unit cell. For diamond,
@=8.

F(q) is the atomic form factor. Values of F(q)
were obtained from a nine-parameter analytic
function given in Ref. 1'l.

The factor exp(-Aq ) is the probability that no

phonons are emitted or absorbed during the brems-
strahlung process, that is, the probability that
the crystal does not change its state of internal
motion. Calculations are made using the Debye
model of a simple isotropic crystal with the fol-
lowing result:

3
2M 8,' + m/ T 20 de

3 T 7T1+4 ——+ ~ ~ ~

4MB O, 6

where 8D is the Debye temperature, T is the tem-

N„- -', (1+1—x)'(1+ 8')'- 88'(1 —x) cos'p

—88'(1 —x) cos'p sin'p,

N& -2x'(1+ 8')'+68'(1 —x) cos'p sin'p .
(A4)

After integration over the angle p, the polariza-
tion (N~~ —N~)/(N„~+N, ) is

2(1 —x)
(1+8')'I(1 —x)'+1] —48'(1 —x)

(A5)

in agreement with a formula given in Ref. 9, the
standard reference for coherent bremsstrahlung.

Equations (A1), (A2), (A4), and (A5) are valid
as long as E, E(1 —x)» m, 8«E/m, and q « m'.

There is also an incoherent contribution to the
radiation. The number of incoherent photons pro-
duced in energy range dx and angular range d0
is given by

perature, and M is the mass of the atoms making
up the crystal. Although diamond is a nonsimple
anisotropic crystal, the values of I9D are obtained
by a fit to experimental data for the specific heat, "
so this formula probably holds in some average
sense. Equation (A3) gives the value 0.5xl0 'eV '
for diamond.

The relative numbers of produced photons with
linear polarization parallel to q;~ and perpendicular
to it are

dN;„, 2 vtZ(Z+ f) a 1+(1—x)' 48'(1 —x) Z 168 (1 —x) (1+1 —x)2

dxd8 V, m'x (1+8')~ (1+8')4 ' Z+g (1+8')~ (1+8')'

(A6)

When & and & are set equal to zero, this formula
is identical to that given by Schiff. "
g =log(1440Z '~3)/log(183Z '~') is a correction
for the contribution to bremsstrahlung from the
atomic electrons, necessary to get agreement with
the standard radiation length formula

term for diamond is a uniform reduction of the
incoherent radiation by about 15%.

The requirement g'&&m' must be satisfied for
the & term to be valid. That is, 1/A«m . There
is, in addition, the requirement of complete
screening:

1 4vZ(Z+g) o. (163 $/3)
X V, m' (A7)

m'x(1+ 8'),
2E(1 —x)

~ is the correction for coherence effects, de-
fined by

—
I

1 —F(q) I' exp(-Aq')
Q'

= —,
' le"(1 +u) I 1n(1/u) —0.577 + u + ~ ~ ] —lj,

u =A/a' . (A8)

Here and in Schiff's calculation, the atomic form
factor is assumed to be of the form F(q) = 1/
]1+(pq)'], with p equal to 111Z '~'/m. For dia-
mond, Eq. (A8) gives 1.02. The effect of the 6

The quantity M(x, 8) as given by Schiff is
~Q

M(x, 8) 2E(1 —x) Pm(1+ 8') (A 10)

Effect of collimation

Collimation to extremely small angles (of order
m/E) is required if one is to improve the photon
energy spectrum. The characteristic multiple
scattering angle and beam divergence angle are
in practice comparable to the collimation angle.
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o„' + D've' = (d/2)',

gO'„Oe =A .
(A11)

The overall smearing function p(8) was calcu-
lated as a convolution of Gaussian beam spot size
smearing, having standard deviation o', = o„/D(E/m)'
and smearing due to multiple scattering in the
crystal. The latter took into account multiple
scattering only if it occurred before radiation,
assuming that the photons were produced uniformly
throughout the thickness of the diamond. The re-
sulting smearing function is

As a result, collimation does not sharply limit
the photon's angle with respect to the electron
beam direction. The collimator aperture is in
effect smeared out by the multiple scattering of
the incident beam in the crystal before radiation,
and by the nonzero spot size of the electron beam
at the position of the collimator.

For the purposes of calculation the electron
beam spot at the collimator was assumed to have
a circular shape with a Gaussian intensity dis-
tribution. The projected standard deviation o'„

was related to the electron beam optics, the size
of the diamond, and the phase space of the electron
beam.

The electron beam optics produced an effective
focus at the collimator. At the position of the
diamond, a distance D upstream, the beam had a
horizontal and vertical size d, roughly correspond-
ing to the size of the diamond. In this situation
o„ is determined from the phase space of the elec-
tron beam, A, by solution of the following two
equations:

Ei(x) =-

-t
dt . (A12)

OO c 2

A(8)d8'= d8'= 8 '.
0 0

(A14)

The function A(8) was evaluated by numerically
integrating the following:

o is the standard deviation in projected angle (in
units of +E) produced by multiple scattering in the
entire thickness of the crystal. Multiple scattering
was the greatest source of collimator smearing.

The usual expression for multiple scattering
gives o' =2~t/nX„where t is the thickness of the
crystal and X, the radiation length. Substituting
for X, using (A7), this can be written as

n2Z2t
o2 = ln(183g ~~3) (A13)m'y.

where the logarithmic term has the numerical
value 4.6. An exact calculation of multiple scat-
tering was made using specific expressions for
carbon of the atomic and nuclear form factors.
The result was to replace the logarithmic factor
in (A13) by 4.2. This value was used in the collim-
ation calculations.

Smearing converts the collimation effect from a
sharp cutoff in angular integrals at the collimation
angle 8, to a weighting by an acceptance function
A(8) in an integral over all angles. Since the
smearing means physically that sometimes the
collimator hole appears to the photons to be dis-
placed, but its area is always the same, we must
have

0
(Al 5)

A graph of the acceptance function is shown in
Fig. 18 for the parameter values 8, =0.42, o, =0.3,
and o =0.51 and 0.65.

Expressed in terms of the collimator acceptance
function A(8), the CCB energy spectrum dN/dx is
as follows:

dN = &(8co~
dx

0.3

—0.2

O. I

ION
= 2lhm

SS

The coherent bremsstrahlung probability given
by Eq. (Al) is easily integrated over azimuthal
angle, since this involves only J cos'@dQ=m. For
the coherent part, with x and a particular recip-
rocal lattice vector given, the angle 6&,j, is ob-
tained from relation (A2) and the acceptance cal-

0 0.5 I.O l.5
e (m/E = 2.6x I0 radian)

2.0

. FIG. 18. Acceptance function for bremsstrahlung a~

the collimator, using the parameters of Appendix A.
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culated for that value of 8. The incoherent part
was evaluated by numerical integration using Eq.
(A6).

APPENDIX 8

Our choice of definition of the Feynman variable
x used in this paper was motivated mainly by sim-
plicity; it differs from a frequently used definition
(x' below). All the various proposed "scaling
variables" are equivalent in the high-energy limit
and the difference, of order 1/s, is usually ne-
glected in Regge-Muller-type theories. However,
at less than extreme high energy, particle produc-
tion ratios and energy dependence can be substan-
tially affected by choosing one or the other of
these variables to hold constant. Here we show
(to order 1/s) the relation of two natural scaling
variables describing the inclusive reaction ab —cX

with particle masses ~„~„and ~, . As usual,
Pp denotes the initial c.m. momentum, s —4Pp',
while Pp „,„, , is the maximum momentum available
to the observed particle:

x = PI*/P, ,

where ~~ is the minimum allowed mass of the par-
ticle (or particles) X. Thus, if the 1/s term is
negligible, holding either of these variables fixed
(along with Pr) amounts to the same thing. How-
ever, for the energies involved in this experiment
the 1/s term is not negligible. For example, for
& production in pp collisions at 12 GeV/c, x' and
x differ by almost 10/o.
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