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=T -PHOTOMESON PRODUCTION
FROM HYDROGEN, DEUTERIUM, HELIUM, AND CARBON

Gordon W. Repp
Radiation Laboratory

University of California
Berkeley, California

April 12, 1955

ABSTRACT

Hydrogen, deuterium, helium, and carbon were bombarded by the
342 +6-Mev bremsstrahlung beam of the Berkeley synchrotron and 1r+—
mesons were observed at 180°+3° to the beam; Tr+-mesons were also ob-
served from hydrogen and deuterium at 143°+6°. At 180° the mesons
were deflected out of the photon beam b.y means of a magnet.

Detection was accomplished by stopping the 1r+—rneson in a scintil-
lator and detecting the positron from the p+»-meson decay by a.éoinci-
dence with a gate triggered by the stopping nt. Absolute cross sections

were obtained by calibrating the scintillation counters with nuclear emul-

sions. The emulsions were exposed to mesons from hydrogen at 180°

and from deuterium at 143°. The 1r_/1r+ ratios were acquired from the
143° emulsion data.

Energy distributions were obtained for 1r+—mesons from the targets
at the angles described above. Excitation functions for 1r+-mes<_)ns from
hydrogen at 180° and 143° are given for photon energies of 196 to 325
Mev. Deuterium-hydrogen ratios are given at 180° and 143°, and heli-
um-hydrogen and carbon-hydrogen ratios are given at 180°.

The hydrogen results are compared to a thec;ry of Chew. The deu-
terium-hydrogen ratios are compared to a phenomenological calculation

by Chew and Lewis.
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17+-PHOTOMESON PRODUCTION
FROM HYDROGEN, DEUTERIUM, HELIUM, AND CARBON

Gordon W. Repp

Radiation Laboratory
University of California
Berkeley, California

April 12, 1955

I.. INTRODUCTION
Since 1949, when McMillan and Peterson1, first produced photo-

mesons artificially, a number of photomeson experiments have been per-
2-317 Of partiéular interest is the photoproduction of mesons in

hydrogen and deuterium, 1‘3—30 because these processes provide a test

formed.

for meson theories of nuclear forces in their simplest form.

This experiment was designed primarily to contribute to the com-
pletion of the expérimental picture of photoproduction from hydrogen and
deuterium. Toward this end, data were obtained for 1T+-mesons_ at
180°+3°% and 143°+6° to the photon beam. Photoproduction was also
obtained at 180°+3° to the photon beam for helium and carbon.

The method used in this experiment was to produce mesons in a tar-
get and to detect the mesons stopping in a nuclear emulsion or a scintil-
lator placed at the given angle to the beam. For the scintillators the
1r+-meson—positron decay was used to detect the mesons. This method
was similar to that used by Steinberger and Bishop. k3

The experimental procedure is described in the next section, the
analysis of data is described in Section III, and the results are given in
Section IV. The results are discussed and compared with theory in

Section V.
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II. EXPERIMENTAL APPARATUS AND PROCEDURE

The 180° and the 143° experimental methods were basically the
same, but there were differences in the targets, the channels, the sc»in_-
tillators, and the electronics. Th’efefore, the experiments at the two
angles are described concurren'ﬁly, with subsections as needed.

The arrangement at _1800 was designed for use at that angle only;
the 143° arrangement was designed for use at all angles between 15° andb
165°. The 143° channel and detectors were mounted on a cart which
pivoted about the target so that the angle could be easily changed With
only a slight modification of the shielding. Data at other angles were
not oBtained_because the low intensity of the synchrotron beam made con-
tinuation of the work impractical at the time of the 143° run. If in- |
creased beam is obtained in the future, it is hoped that the work can be

extended to other angles.

A. General Description of the Experiment

The 342 +6-Mev spread-out bremsstrahiung beam of the Berkeley
synchrotron was used. This maximum energy is higher than the 322 +6
Mev usually quoted in the past. 38 Recent work of Andervson, Kennéy,
and McDonald39 gives this higher value, which is confirmed qualitatively
by this experiment (Sec. IV, A, 3). The beam was spread out so that
each beam pulse was about 4 milleseconds in duration.

1. 1 80O Arrangement

The beam passed through collimators (Fig. 1) and penetrated a
0.001-inch BeCu winaow into a vacuum pipe. The vacuum pipe extended
through the field of the bending magnet. The target was located within
the pipe on the far side of the magnet from the synchrotron. After pass-
ing through the target, the beam left the vacuum pipe and then entered a
thick-walled ionization chamber. Originally, a clearing magnet was lo-
cated immediately behind the beam-entrance window of the vacuum pipe;
however, it was found that the bending magnet provided sufficient clear-
ing of the electrons. The vacuum was necessary because electrons
produced in the air completely masked the meson counts When little or

no absorber was used. The mesons that left the target at 180'0:1: 3° to the

(o

«
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beam with the proper energy to stop in the &etector were bent by the mag-
netic field down the ¢hannel into the detector. In this process the mesons
left the vacuum pipe by means of a 0.005-inch BeCu window.

2. 143° Arrangement ~

The beam passed through the collimators into a vacuum pipe through
a 0.001-inch BeCu window (Fig. 2). The pipe, which extended through a
clearing magnet and a lead wall, was attached to the target vacuum jacket
The beam passed through the target and ovut of the vacuum into a thick-
walled ionization chamber. The mesons left the target at 143°£6° to the
beam and went down the channel into the detectors. In this process the
mesons penetrated a 0.001 -inch aluminum heat shield aﬁnd a 0.0045-inch

vacuum window.

B. Experimental Details

1. Targets" _

Three types of target were used: hi‘gh-pr’essure, low-temperature
gas target"’(hy‘dfvogen, deuterium, or helium) at 180°; solid targets at
180° (carbon and polyethylene); and liquid target (hydrogen or deuteriﬁm)
at 143°,

a. High-pressure gas target. Figure 3 shows a cutaway view of the

high-pressure target. The target proper is a éylindfical vessel 2 inches
in diameter and 24 inches long. It is made of stainless steel_ with end
windows 0.040 inch thick. This is the same target described by White

et al. 16 but it has been modified considerably. Around the target vessel
is. a liquid-nitrogen jacket which is connected to a reservoir. Surround-
ing this jacket and the reservoir is a vacuum jacket. A long evacuated
pipe was atta;hed to this vacuum jacket through which the photon beam
passed. 'I""I.l‘e‘ target 'was ‘operated at 2400 psi gauge pressure and at 77°
K. This pressure was obtained with the pumping system shown in Fig.
4. One pump was used for hydrogen and helium. A separate pump was
used for deuterium to prevent contamination and to permit recovery and
reuse. Mass-spectrograph measurements of t.he deuterium showed

99.21% deuterium, 0.67% air, and 0.11% water. The deuterium is fur-

ther purified by the liquid-nitrogen trap.
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b. Solid targets. A carbon disc and a polyethylene disc 2 inches in

diameter were used at 180°. Both targets had the same amount of car-

bon. The gas target was removed from the vacuum pipe by disconnect-

ing it at the flange marked A in Fig. 3. The targets were mounted in h
styrofoam holders and pushed down the vacuum pipe to the edge of the

magnet pole tips. A thin window was then attached to the flange and the o
tube was evacuated.

c. Liquid target. In Fig. 5 is a cutaway view of the liquid-deuterium

target. The target vessel is a cylinder 3 inches in diameter with ver-
tical axis and with 0.003 -inch BeCu walls. The heat exchanger was lo-
cated above the target. It consists of (from the center out) the hydrogen
reservoir, the heat-exchanger coils (in vacuum), the liquid-nitrogen
reserveir, and the vacuum jacket. The heat-exchanger coil is a helix
of two copper tubes soldered together. Liquid hydrogen passes up through
one tube of the helix and deuterium gas is fed down through the other.
This latter tube is wound tightly around the liquid hydrogeﬁ reser-
voir before it empties into the liquid-deuterium reservoir. '. The liquid
level in the target is determined by measuring the capacity of capacitors
at the top and the bottom of the target. The capacity changes about 4ppf
when the dielectric changes from gas tb liquid. Figure 6 shows a sche-
“matic drawing of the target and the recovery system. Each of the two
tanks shown has a capacity" of 2,00‘0 liters. Mass-spect.rogr.aph meas -
, and 3. 27% He in the storage
tank and 98.03% D, and 1. 97% HD at the condenser vent.

For use with hydrogen, the deuterium tanks were disconnected and ’

‘urements of the deuterium showed 9. 73% D

liquid hydrogen was fed directly into the deuterium tube of the heat ex-
changer. '

2. Colhmators

‘Three lead colhmators were used for both arrangements (Figs. 1
and 2). The primary collimator was a lead piece 9.5 inches long. The
collimating hole was 0.5 inch in diameter at the side near the synchro-
tron and increased in diameter toward the far side. The collimator was
located 56 inches from the synchrotron target.

The secondary collimators also had inversely tapered holes. They
were placed to just clear the beam. All the collimators were carefully

aligned with a transit and were checked with x-ray film.
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3. Channels

The channel and shielding were designed primarily to cut down elec-

tron background.

a. 180° channel. Lead was used on the synchrotron side of the magnet

to shield the detectors from high-energy electrons. Aluminum and brass
were used on the other side to minimize scattering (Fig. 1). The meson
channel had a 14-inch radius, and the field was set at a value to allow
mesons of the proper energy to stop in the detector. The energy width
of the channel was wide compared to that of the detector. The angular
resolution was also determined by the detector and not by the channel.
Figure 7 shows the shape of angular resolution. The +3° quoted is the
width at half intgnsity.

b. 143° channel. The channel was essentially a lead house around the

detector with an opening on one side. (See Fig. 2.) The back of the en-
closure was lined with aluminum and was one foot away from the detec-
tor. Electron backscattering into the detector was therefore minimized.
The angular resolution of the system was determined by the detector

and not by the channel. The angular resolution curve was a regular
trapezoid with half width of 6° at half intensity and total half width of 11°,
4. Absorbers

The absorbers used with the scintillation counters were placed
immediately in front of the 'scintillators. The absorbers determined the
energy of the mesons which stopped in the scintillator and thus deter- '
mined the energy of the mesons detected. The absorbers were pulled
in and out of the channel with wires and they could be varied in 1/32-inch
steps from 0 to 1-1/4 inches for 180° or to 1-15/32 inches for 143°.
Brass was used as absorber material at 180° while copper was used at
143°.

5. Detectors

Scintillation counters and nuclear emulsions were used to detect the
+ e s . .
™ -mesons. Scintillators were the primary detection system. Nuclear
emulsions were used to determine the absolute efficiency of the counters.

a. Scintillation counters. (1) Scintillators. At 180° two stilbene scin-

tillator crystals were used. The detected mesons passed through the
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first and stopped in the second crystal. The first crystal was 3.5 by
3.5 by 3/8 inches, and the second was 2.5 by 2.5 by 0.75 inches. These
crystals were mounted on lucite light pipes, each of which was viewed by
a 1P21 photomultiplier tube located outside the magnetic field.

At 143°% a single plastic scintillator was used. This scintillator was
2 by 2 by 0.75 iﬁches, and it was made of terphenyl in polystyrene. It
was viewed directly by two 1P21 photomultiplier tubes. The detected
mesons stopped in this scintillator.

{2) Electronics. Figure 8 shows a block diagram of the electronics.
The units below the dashed line are the primary detection system, and
these units were the same at both angles except for the scintillators and
the photomultipliers. Consider the operation at 1800_(for this, ignore
broken-line connections in Fig. 8). The meson passed fhrough the first
scintillator and stopped in the second. Each of the two pulses was fed
through attenuators into distributed amplifiers, and each of the two
pulses was then sent to multivibrators. The signal from the second
scintillator was split after the amplifier and was fed to two multivibra-
tors. Two of the multivibrator outputs -- one from each scintillator --
were fed into a coincidelnce circuit. The coincidence output triggered
four tandem gates each 2 microseconds long. Each of these gates was
fed to a coincidence circuit which had the third multivibrator output as
the other input. The output of each of these four coincidences was
scaled. Thus, a particle which passed through the first scintillator and
passed through or stopped in the second scintillator triggerea the gates.
The first gate was delayed enough so that the signa:l from the particle
passing through the third multivibrator did not form a coincidence with
the first gate. If the particle stopped in the second scintillator and de-
cayéd during one of the gates, then the signal from the decay particle
formed a coincidence and was scaled. The resolution of the electronics
was not fast enough to detect the m-p decay, but could detect the positron
of the u-B decay. Thus, if the particles were 1r+-rnesons, the character-
istic decay time of the u-f decay appeared. :

All the electronic circuits were fairly standard. The distributed
amplifiers had four stages of amplification. The last of these acted as

a limiter by being driven to cutoff by large signals. Thus, the multi-
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vibrators were prevented from double pulsing, The multivibrators were
of the ringing type {(in which a tuned circuit is allowed to ring for a half
cycle). The multivibrators provided a uniform pulse regardless of in-
put; by this means the operation of the tandem gate unit was made stable.
The coincidence units were of the Rossi type. The tandem gate lengths -
were determined by delay line, and the trailing edge of each pulse trig-
gered the following gate. The scalers were gated by the synchrotron,
thus permitting counting only during the beam pulse.

At 143° the method was identical except that the front scintillator
was eliminated. The operation was kept the same, however, by feeding
the output from the one scintillator through a distributed amplifier and
then splitting the signal and feeding all three multivibrators. (The 143°
scintillator is above the dashed line in Fig. 8, and now, broken lines are
connections. The lines with dots are to be ignored.) At 143° an attempt
was made to measure low-energy mesons. The energy of the stopped
mesons was measured by pulse height. No absorber was used. The
circuits for this purpose are shown above the dashed line in Fig. 8. This
system measured all meson pulses which had decay particles coincident
with the first gate of the primary detection system. The output of the
{irst gate coincidence was split, and half was used to trigger the pulse-
height analyzer through a standard UCRL variable gate and delay. This
signal also triggered the f cancellation circuit, which suppressed the B
pulse and allowed only the w pulse to be analyzed. This circuit, designed
by William Ganz, is shown in Fig. 9. The signal to be analyzed was
taken off the anode of the photomultiplier, whereas the signal to operate
the primary detection system came from the last dynode. The signal
t0 be analyzed was fed through a pulse stretcher, a fixed delay, a stand-
ard UCRL linear amplifier, and the ﬁ{cancell.ation circuit to the pulse-
height analyzer. The pulse-height analyzer consisted of a timing—puise
generator, pulse stretcher, and a standard UCRL scaler for each chan-

nel. The pulse-height analyzer is described in a report by Bowman and

~Thomas. 40 Figure 10 shows the basic operation of the pulse-height

analyzer. Channel 1 scales maximum pulse height.
Several precautions were taken to maintain stability in the elec-

tronics. All _B+ supplies and filament power were regulated. All the
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electronics units were kept in a constant-temperature rack. The pulse-
height channels were calibrated periodically.

b. Nuclear emulsions. Nuclear emulsions were exposed in the positions

that were previously occupied by scintillators in Figs. ! and 2. The ab- *
sorbers previously described were removed and were replaced by an
aluminum absorber block containing four Ilford C.2 emulsions 1 by 3 in- ¢
ches by 400 microns.. The absorber block is shown in F1g 11. Two '
emulsions were placed in;ea‘ch--slofo The slbts were inclined to the meson
beam by ;.8380. . Thi.s:"a'i‘ra_hgerr;ént"gave an energy distribution of mesons
along the emulsion. B B

6. Beam monitor

The beam was monitored with a thick-walled ionization chamber
behind the experime:nt; ) (SeevFigs"o 1 and 2.) This chamber was a dupli-
cate of oné used at Cornéﬂ. The Cornell calibra’cion41 was checked by
the method of Blocker, Kenney, ‘and Panofsky, 42 and agreed within the
10-percent accuracy claimed for this method. A thin-walled chamber
was also used in front of the experiment as a check; however, it was not
very reliable, as its cé.libi"a‘,ti;bn depended on.certain synchrotron operating

parameters.-

C. Proc.edufé -

1. At 180° :
The appaiatus was set up with the scintillation counters and poly-
ethylene target. Plateaus were run by changing photomultiplier voltages
and the output attenuators on the distributed afnplifiers. . Indication of a
plateau was found for the first scintillator and for the w pulses in the
second scintillator. The statistics were not very good on these plateaus,
‘and it was decided not to try to improve on them, since emulsions were
to be used for calibration. Next the absorbers were changed while the
- magnetic field was held constant. By this means the magnetic channel v
was shown to be wide cofnpared fo. the:energy width of"'the detéctora
Each run for data consisted of a certain amount of integrated beam
which required about one-half hour. At the end of each run, absorber
and magnetic field were changed. Each absorber was run several times

throughout the course of the experiment. A standard point was run
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- MUL-579

Fig. 11. Emulsion abéorber block. Four emulsions were placed
in the slots and the block was placed in the meson channel.
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several times a day as a check on the efficiency of the detection system.

The polyethylene and carbon targets were alternated several times dur-

ing this part of the experimént.

The gas target was installed and hydrogen, deuterium, helium, and

the empty target were run, following the same procedure as above. Dur-
"ing this phase of the experiment, Tr+-mesons from hydrogen at 47 Mev

were used as a check point. The next phase was to expose emulsion to

the mesons from hydrogen. The last phase was to check the beam cali-

bration (Sec. II, B, 6). The complete run required three weeks with a

running time of 16 hours per day for 5 days per week.
2. At 143° |

The procedure followed the same general pattern as for 180° except
that the entire run was with the liquid tai‘get. The synchrotron beam
intensity was quite low during this period. The complete run required
5 weeks at 16 hours per day and 6 days per week plus 3 weeks of 24 hours
per day, 6 days per week. During this time there were 32 days when
beam intensity was high enough to give usable data. Because of low
beam, individual runs were several hours long, which made it impossible
to run a check point several times a day. The data, howéver, appear to
be fairly cor:lsisteht«from day to day except for a definite change in the
middle of the run when a photomultiplie-i' shorted and had to be replaced.
Different efficiencies weré éstablishéd for each part of the run,

At the end of the run the emulsions were exposed to mesons from

deuterium and the beam calibration was checked.

IV. ANALYSIS OF DATA
A. Raw Data and Accidental Background

1. Counters

Figures 12 to 17 show the raw data as they were taken, with only .
the accidental-coincidence background subtracted. The ordinate on these
graphs was actually the number of counts per microcoulomb of charge on
the thick-walled beam—n.)_onitorv chamber. The efnpty—target data also
appear on the graphs except for Fig. 15, which shows the solid-target
data from both carbon and polyethylene.
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Fig. 12. Raw data for 1r+—mesons from hydrogen at 180°. These
data have been corrected only for accidental coincidence back-
ground. The errors shown are standard deviations. The back-
ground from the end walls of the gas target is shown. :
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Fig. 13. Raw data from 'rr+—rheson's from deuterium at 180 . These
data have been corrected only for accidental coincidence background.
The errors shown are standard deviations. The background from the

end walls of the gas target is shown.
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Fig. 14. Raw data for n -mesons from helium at 180°. These data
have been corrected -only for accidental coincidence background.
The errors shown are standard deviations.
the end walls of the gas target is shown.

The background from
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Fig. 15, Raw data for 1r+-mesons from polyethylene and carbon at
180°.. These data have been corrected only for accidental coinci-
dence background. Both targets had the sarmhe amount of carbon.
The errors shown are standard deviations.
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Fig. 16. Raw data for n' -mesons from hydrogen at 143°. These
data have been corrected only for accidental coincidence back-
ground. The errors shown are standard deviations. The back-
ground from the walls of the liquid target is shown.
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Fig. 17. Raw daia for 'rr+—mesons from deuterium at 143°. These data
have been corrected only for accidental coincidence background.
The errors shown are standard deviations. The background from
the end walls of the liquid target is shown. .
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The accidental-coincidence background .was determined by using the
half life of the p-B decay. 43 When this half life was used, it was possible
to calculate the number of mesons that should occur in any gate from the
number in any preceding gate. A background due to particles' forming
accidental coincidences with the gates appears as a uniform number of
particles in each gate superimposed on the decay distribution. The back-
ground calc.ulation was accomplished by taking the number of counts in
any two gates. The expected number of counts in Gate One was calcu-
lated from the actual number of counts in Gate Two. The difference be-
tween the actual and the expected counts was identified as the background.
Since the background is uniform in both gates, it must be subtracted from
the first gate. The subtraction changes the number of counts in the
first gate. The new number is then used to calculate a new background
by the same process. With successive approximations of the above
type, the background quite rapidly converges to a value. This process
was carried out with several combinations of gates and an average was
taken. The values of background from the various gates agreed quite
well with one another, indicating that the proper half life was used and
that Tr+—rnesons were being counted.

2. Emulsions

All emulsion areas were scanned by two observers. The resulting
efficiency is estimated to be better than 95%. The mesons were identi-
fied by their track endings. Meson endings of the w-pu, p, and o types
were observed. The scanning was done with a standard Bausch and Lomb
binocular microscope with 53 x oil-immersion objectives and 5x eye-
pieces. Higher power was used for close examination of the endings.

Angular distributions of the mesons were measured, and both the
horizontal and the vertical distributions peaked as expected in the target
direction. Endings were found to be distributed uniformly with depth in
the emulsion except near the surfaces. For this reason, mesons that
stopped in the 20 microns of émulsion (before development) next to each
surface were discarded. Measurements were made of the emulsion
shrinkage during development; a shrinkage factor of 1.975 was found.

At 180° the areas scanned all corresponded to but one energy inter-

val. These emulsions had been exposed to mesons from hydrogen.
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At 143° three energy intervals were scanned, and mesons from deu-

terium were Qbserved, Table I shows the emulsion raw data.

Three ¢ events are shown at 180° from the hydrogen target, It is

possible that m -mesons formed in the ends of the target can scatter

down the channel into the emulsion.

charge exchange of a 11+ takes place in the absorbers.

Table I

Emulsion raw data

Another possibility is that double

Angle 180° 143° 143° 143°
Meson ‘

energy (Mev) 46 13 25 40
Target hydrogen deuterium deutérium deuterium
Units of

integrated

photon beam 263 208 208 208

‘T-u events 332 50 54 70

o -events 3 43 47 72
Volume :
scanned (cm) 0.2283 0.0764 0.0795 0.1457
- events

per cm 1454+ 79 654+93 679+93 482 +57
T-u events

per cm” unit

of integrated .

beam ‘ 5.50+0.30 3.14x+0.45 3.26 £0.45 2.31+0.27

B. Corrections

Tables II and III show the corrections at 180° and at 143° respec-

tively.

The numbers given are the fraction of the total number of mesons,

out of those leaving the mean position of the target, that arrive at the

detector.

1. Decay in Flight

The corrections are as follows:

The fraction of mesons reaching the detector (out of all those that

leave the target) is e

. + -
meson frame and 7 = the mean life of the m -mesons = 2,54 x 10

-

, where: t = the time of flight of the meson in the

8
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Table II
Corrections at 180°

The numbers in the table are the fraction of mesons reaching the de-

tector out of all those that leave the center of the target at mean energy.

Meson

1]:4[:::;, Nuvc\leafulri.t;eraction Erflgigy

for Gas | Decay ) ‘ . Carbon

Target in Multiple | Target

{(Mev) Flight| Scattering H D He C - (Mev)
34 0.874 | ----- 0.867 10.861 10.871 [ 0.995 25
38 0.886 0.995 0.874 {0.867 |0.878 | 0.989 29
42 0.893 | 0.984 0.875 [ 0.868 |0.876 | ----- --
47 0.903 0.973 0.877 | 0.867 [0.874 {0.974 39
50 0.907 0.984 0.873 }0.863 |0.871 | -~~~- --
54 0.913 0.972 0.867 {0.859 [0.864 | 0.956 47
57 0.916 0.962 0.862 | 0.854 [0.859 | --~-- --
63 0.921 0.918 0.851 |0.842 |0.845 | 0.933 56
68 0.925 0.924 0.837 |10.828 |0.831 | 0.916 62
72 0.927 0.920 0.826 | 0.816 {0.819 | 0.903 66
75 0.929 0.915 0.814 [ 0.804 [0.806 | ----- -~
81 0.932 0.912 0.796 | 0.786 [ 0.788 | 0.871 75
.- 0.960 | 0.914 | emomo | oo |aoaes 0.830 85
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- Table III
Corrections at 143°

The numbers in the table are the fraction of mesons reaching the de-

tector out of all those that leave the. center of the target at mean energy.

[Meson Decay - ' : Nuclear Interaction

Energy in. . Multiple -

- (Mev) Flight Scattering ' H D
18 0.932 1.000 1.000 0.999
21 0.940 0.966 0.998 0.997
24 0.946 0.984 0.995 0.994
29 0.954 0.969 0.990 0.988
37 0.964 0.961 0.978 0.976
51 0.973 0.933 0.949 0.946
57 10.976 0.927 0.933 | 0.930
63 0.980 0.909 0.915 0.912
68 0.984 0.894 0.896 0.893
74 0.989 0.893 0.876 0.873
79 0.994 .0.885 0.855 0.851
84 1.000 0.892 0.833 0.829
91 1.000 0.891 0.810 0.806
93 1.000 0.938 0.792 0.788
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second. 44 .Using time dilation and the relativistic equation for total
energy, we find that the time of transit in the meson frame between
points a and b in the laboratory frame becomes
b
i Eo / e
¢ JVTiTezE,)

a.

It

where E
o
T

rest energy of the m mesons,

kinetic energy of the w meson.

This formula can be written

¢ = Eo A%
c e 2
\/T-i(Ti+2EO)

where the Ax;'s extend from a to b and the change in T is small over
each Axi° This formula was used to determine t and thus the decay
correction. The calculation was done by dividing the front part of the
target, the absorbers, and the first scintillator into small segments and
considering the air path as one segment.

Some o:f:L the w-mesons from the decay of the w-mesons of all energies
get to the scintillator and decay. At ‘1v43° this correction was calculated.
It was a 1% correction at the low energies and 3% at the high energies.
The decay-in-flight correction listed in Table III includes a correction
for this effect. The p-meson contribution correction was neglected at
180°. A detailed calculation at 180° of this effect would be greatly com-
plicated By the magnetic field; however, a comparison of the 180° and
the 143° geometries indicated that the p contribution would be smaller
at 180° than at 143°. In addition, the calibration emulsions were not
subject to this effect; consequently, only the relative change with energy
is important. The correction for p contribution at 180° is therefore
negligible.

2. Nuclear Interaction

Mesons are lost before reaching the detector by interaction in the

target, the absorbers, and the first scintillator. The number reaching

the detector is given by e-ENUAX s
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atoms per cm3 of the material the meson is passing tvhrough,

H

where N

Ax = thickness of segment of the material,

o = cross section for interaction in that segment,

The segments had to be kept small, as @ varies with energy. The 0's
45 ; + .
The o's for m in

46-49 The o's for

for 7 in carbon and copper were those of Stork.
hydrogen were based on the work of several authors.
1r+ in helium were taken as a straight line through the one 1r+ point of
Fowler et al. 46 with the same slope as the two m~ points of the same
authors. The 0's for deuterium were based on the same data as for
hydrogen. The values used were the sum of the o's for 'rr+ on p and 7
on p. The assumption was made that m on p is the same as ¥ on n,
which appears to be a fairly reasonable assumption if Coulomb effects
are neglected.

3. Multiple Scattering in the Absorbers

Many workers have calculated this type of multiple-scattering cor-
_rection; therefore it is not presented in detail here. (Sece References
50-52). The calculations are based on the work of Eygess3 and Foldy.54
A gaussian distribution function results with rms displacement
- 2 2 '
T -_\/z, (AZ + 2LA, + L°A )

whér‘e L = the distance from the absorber to the detector,

t
a = [ & g
n 2
o W-{n

w=2vP/E_,

v = velocity of meson,

P = momentum of meson; '
Es = 21,2 Mev,

t

[l

distance in radiation lengths of absorber material,

H

7 = integration variable in radiation lengths of absorber material.
The A's were calculated by numerical integration. The calculation
of the actual correction consisted of dividing the channel into segments
in both vertical and horizontal directions. [Then the fraction of mesons
from each segment that passed through the detector was calculated.
This fractibn was erf ;(-W—/o_—z—-}i)- + erfn-(-\—ﬁ—%"ﬂ ; where w is width of de-
tector and x is the distance of the éente‘r of the segment from the center-

of the channel. These fractions were summed and normalized for the
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number of segments in order to find the correction for one direction.
The product of the two directions gave the total correction.

4, Other Corrections

Several other corrections were considered, but all appeared to be
small. One of these was the change in counting efficiency of the B's at
180° because of the /change in magnetic field. At high magnetic fields
the radius of curvature of the § is smaller than at normal fields; there-
fore, B-particles near the edge of the scintillator have a higher proba-
bility of being counted than they would have at low magnetic fields. This
efficiency change was calculated, using both curvature and scattering in
the magnetic field, and was found to be negligible.

Another correction to be considered is multiple scattering in the
channel and the target walls. This correction is believed to be very
small. The effect is largest for particles incident to and leaving the
walls at small angles. The emulsion area scanned was small and far
away from the channel walls. Thus the correction to the emulsion data
should be negligible. The scintillators were smaller than the channel,
but were not as far away from the channel walls as was the emulsion.
Since emulsions were used to calibrate the counters, the wall scattering
. would be automatically compensated for at the calibration energy and the
correction would be reduced to its variation with energy. This scatter-
ing correction is expected to be small. A Monte Carlo type calculation

is planned for the future when calculator time becomes available.

C. Calculation of Energies

The energies were calculated using range-energy curves for the
t-meson that were derived from the range-energy curves of Aron, Hoff-

man, and Willia,ms55 using

_ ™ MpE
R imeson!®) = mp Rproton <m_ﬂ_ ) ’

where R's are ranges, m's are masses, and E is the meson energy.
Here m_ = 273.3, 56 The ranges in various materials were erhployed to
calculate the energy of the mesons which originated in various parts of

the target and which stopped in various positions in the detector.
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With the gas target at 180° the energy resolution was quite poor,
owing to the long target. There was also a tendency to favor the lower
‘energies, since the meson contribution was larger from the end of the
target nearer the detector. The meson energy increases along the tar-
get from the near to the far end. The solid angle subtended' by the de-
tectors decreases, whereas the decay-in-flight and the nuclear-absorp-
tion corrections increase with target position from the near to the far
end. The mean energies were calculated by weighting the energies by
the three factors just mentioned and averaging over the target length.
This method gave a mean energy corresponding to the energy of a meson
originating 10 inches from the detector end of the target. The entire
width of the meson energy distribution due to this target was 23 Mev at
the lowest energy and 15 Mev at the highest energy. The energy-resolu-
.tion curve is shown in Fig. 18.

The other targets were relatively thin; therefore, the mean energy
used is the énergy of a meson originating at the center of the target and
‘stopping in the middle of the detector. The energy width of the carbon

‘target varied from 5 Mev at low energies to 3 .Mev at high energies.
The liquid-target energy width varied from 7 to 3 Mev. '

The energy width of the scintillation detector varied from 13 Mev to

5 Mev at 143° and from 8 to 5 Mev at 180°, The energy width of the

. areas of emulsions scanned was about 8 Mev.

D. Calculation of Cross Sections

Two types of cross section were calculated. They might be termed
the first and second differential cross sections (i.e., dO‘/dQ and
dZG /dEdQ). Since the first differential cross sections were calculated
from the second differential cross sections, the second differential cross
sections are considered first,

1. The Second Differential Cross Section

The second differential cross section is given basically by

dza _ N ..

aJEda 0 . I dE
- RAC EW-hARfEAaR dt
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Fig. 18. Energy-resolution curve for the gas iarget.
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where N = mesons per unit of integrated photon beam,
¢ = efficiency,
n = protons per cm3_,
xC " equivalent quanta per unit of integrated beam,
w = width of detector in c¢m,
h = height of detector in cm,
AR = depth of detector in cm, .
t = thickness of target in cm,
I5 ~ solid angle subtended at a position in the tparget by the de-
tector in units of l/cmz,
%—g = energy spread of meson leaving a point in the target per
spread in range of the mesons at the detector in units of
Mev/fcfn. | .

a. From 180° Data. At 180° the basic formula was modified to the

"form

d%e N ‘
JEde 7Ye)

o dE

dA dR

where t = the thiig_kne,ssof‘a segment of the targét in crn. The summa-
tion is over the i's_é_gm;qts ‘i'rfl_tgl kyhi;c_}i‘ fhe target is ‘divided,

(1) Emulsioﬁé, f‘or the '.emuvlsion, the efficiency, f, was nearly
one; therefore, absolute values could be calculated. The number of
mesons found was corrected for decay in flight, nuclear absorption, and
empty-target background. The empty-target correction was determined
by the counter data. The volume scanned was corrected for shrinkage.
The resulting numger was the corrected number of m-mesons detected
per unit of integrated beam per unit volume of emulsion. This is
N/whAR in the ébove formula. )The number 4of protons per cm3, n, was
determined from the temperature and pressure, from the data of John-
ston et al. >17 The Cornell calibration of the beam mentioned in section
I, B, 6 was -%%— , which is given in units of equivalent quanta per unit
of integrated beamm. The equivalent quantum is the total energy in the
beam divided by the maximum ehergy of the bremsstrahlung. The tar-

get was divided into 8 segments with t = 3 inches = 7.62 cm.
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o S ‘ o
: _HK; (A+p 7) ~pSing+ACOS@} _

where A = distance from target to Zadge of pole tip in ¢m, -

radius of meson channel in cm, -

©
H

=
n

central angle subtended by channel from the edge of the pole
tip to the center of the detector.

(See Reference 58, Appendix A, for der1vat10n ) ‘

Particle traJectory measurements by the current- carrymg -wire method
| have shown that the above formula is apphcable because the target was
placed in & magnetic shield. The fringing field at the target was small..
The remaining term dE/dR is defined above and is determined from the
_.euergy resolution of the detector '(Sectionf III, C).

(2) Counters. For the counters at 180° the basic formula may be

written o
d?a _ 1 o N -C N
dEdSZ AQ . - dﬂ
where AE = the energy width of the detector for a particle originating
at a g1ven point in the target,
C = , which is a constant for all meson energies

KC EwhAt

“with a given target material.

Comparing the cross section formula for counters_ and emulsion, we

find that ’
C =

(dzo /dEdQ) emulsion

(N/ 2(d2/dA) AE)counters

at the cahbrat1on energy with the same target material (hydrogen). The

N, here, has been corrected for decay in flight, nuclear interaction,
multiple scattering in abserbers, ‘accidental coincidente background,
and empty target background 'For other target materials it is 1mmed1-
ately seen that '

c=5c

if the geometry is not changed. (Primes refer to new_target material.)

With the carbon target,
At n
| .
Crma C
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since the target thickness was different. The values of the n's for hydro-
gen and deuterium are from Reference 57; the values for helium are
) from Reference 50. The second differential cross section for the

counter data and the appropriate constant is obtained using
- d
N <_Ja% AE) » and the appropriate constant.

b. From 143° Data

At 143o the calculation was similar to 1800, but the summation over

the target was not required as the target was relatively thin. For emul-

sions and counters, the basic formulas become, respectively,

2 2

d o = l _N | (e.mulsions)
dEdQ T AQ ¢ dE v ’
nx= 2 I® t whAR
ate  _ r? N _ N
ra - ~—xg—— — -C =xp . {counters)
2 .
_ (d“0/dEdQ) emulsion
where C = (N7/AE) counters at same energy and target,
r = distance from target center to detector center,
t = weighted mean thickness of target.

Here g—% has been replaced with_l/z"2 since there is no magnetic field,
and again

Cc'= =

C.
n’

Two emulsion points were obtained in the counter-data range so that two
values of C were calculated. Thé coﬁnter data were fitted to these
points. (

The weighted mean value of t was obtained by weighting the target
thickness at each point in the photon b‘ea‘.m by the beam intensity at that
point and integrating over the beam areas. The ar{gula_.r distribution of
the photon beam used for this calculation was measured by Anderson,

39

Kenney, and McDonald. The values of n for liquid hydrogen and deu-

59

terium were calculated from the densities™ ’ of liquid hydrogen and deu-
terium at the liquid hydrogen boiling point. Other values in the formula

were obtained by the method described in the 180° section.
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2. The First Différential Cross Section

The basic formula for the differential cross section in the laboratory

system at a given photon energy is’

AC dA dE dR "k

where ko = maximum energy of bremsstrahlung beam in Mev (342),

(c_lz) ; N
Qb 122 ¢ wnar Ko fdsz dk dE I(K}
area |

area = the area under the bremsstrahlung curve, (in arbitrary

units x Mev)

—g% = the rate of change of photon energy with meson energy,

k = energy of the photbn producing the meson of energy E
in the target,
f(k)

ordinate of bremsstrahlung curve, i.e. number of
» photons of energy k x k, in arbitrary units.
All other quantities are the same as previously defined. These formu-

las become, at 180° and 143° respectively,

do) _ N ,
\dQ2 o) ko dQ dk (k)
Ulab n ¢ whAt — T5 AE 3 1

(do) _ r? N
ds2 - ko dk 1(k)
lab ZT E wht area dE k AE

If these formulas are compared with the second differential cross

sections, it follows immediately, for 180° and 143° respectively, that

dQ2

(da) _ area dA AE dza
. . - o 0 - dk fX) dEdn
lab IA AE IF

(é:f.) : ! d%o

&) Ko dk (&) JEID

area dE k

Since they require that the photon energy be known, these formulas
are used with hydrogen only. In the two-body reaction y + p -—91r+ + n,

conservation of momentum and energy allow k to be calculated from E.
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The value dk/dE is also calculable from the abo.ve relations. The quanti-
ties f(k) and area are determined from the br,emsstrahlung curve calcu-
lated by Terwilliger and Jones. 60 The center-of-mass cross sections
(do/dQ)C. _ were calculated using the transformations éf Malmberg and
Koester.?l

IV. RESULTS

A. 180° Position

1. dZ(r/dEdQ for Hydrogen, Deuterium, Helium, and Carbon

The dzo/dEdQ for 'n'+—mésons from hydrogen, deutérium, ‘helium,
and carbon were calculated as described in section III, D, 1. The re-
sults are given in Table IV. The errors shown are standard deviations
of the relative errors only., They do not include the 10% error in the
absolute monitoring of the beam. The absolute value of the carbon data
is probably good to only 30%. The absolute calibration of the carbon
data depended on the fact that the efficiency of the scintillation counters
had to remain constant while solid targets were remox}ed and the gas
target was set up. Approximately a day elapsed from the time the stand-
ard point on solid targets was run until the time the standard point was
run con the gas target. The dzo/dEdQ for hydrogen from the CHZ—C data
agreed reasonably well with the gas-target data but the statistics were
poor. Figures 19 to 22 show the energy distributions at 180°.

2. Deutefium—Hydrogen, Helium-Hydrogen, and Carbon-Hydrogen Ratios

Ratios of the second differential cross section for 1r+—mesons from
deuterium, helium, and carbon to the second differential cross section
for hydrogen are given in Table V and Fig. 23. The data are presented
in this manner since the photon energy responsible for the reaction is
not known for D, He, and C.

The carbon-hydrogen ratios were taken from the C - QHZ subtrac-
tion and do not depend on the efficiency's being constant as described
above. |
3. do/dQ for Hydrogen

. ; . +
The differential cross sections for m -mesons from hydrogen at

180° are given in Table VI. Both the laboratory and the center-of-mass
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Table IV

dZO'/dEdQ at 180° for 1r+-mesons from hydrogen, deuterium, helium

and carbon.

the error of absolute calibration.

table have units of

2

Cm

Mev Steradian Proton Equivalent Quantum

The errors given are standard deviations and do not include

The numbers given in the body of the

Mean d%c /dEdE Mean | d%c/dEdSQ
Meson v Meson
Energy Hydrogen | Deuterium Helium Energy Carbon
(Mev) (Mev)
x 10-32 X 10_32 x 10"32 X 10-32'
34 4.63 £+ 0.44| 5.25 £ 0.29} 3.80 £ 0.47 25 3.49 + 0.22
38 5.18 £ 0.36 | 4.65 + 0.26 30 2.89 +£0.19
42 5.20 +0.27 | 5.64£0.29| 2.92+0.40 || 39 | 3.30 +0.21
47 6.94 + 0.16 | 6.22 + 0.23 47 3.69 + 0.23
50 6.19 £ 0.271 5.70 £ 0.25| 3.42 £ 0.34 56 3.47 + 0.20
54 5.79 £ 0.26 | 5.82 £ 0.29 66 3.05 £ 0.20
57 459 +0.25| 4.81 £0.29| 2.52 £0.34 75 1.94 = 0.21
63 3.45 £ 0.22| 4.29 £0.29| 2.40 £ 0.34 85 1.13 £ 0.15
68 2.68 £ 0.24} 3.09 +0.29| 1.06 +0.31
72 1.57 £0.20 | 2.42 = 0.25
76 2.08 £0.29| 2.27 £0.32
81 0.41 £ 0.22} 1.27 £0.25
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F'ig. 19. Energy distribution of # -mesons from hydrogen at 180°.
Errors shown are standard deviations and do not mclude error in
absolute calibraticn of the beam.
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Fig. 20. Energy distribution of m -mesons from deuterium at 180°.
Errors shown arée standard deviations and do not include error in
absolute calibration of the beam.
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Fig. 22. Energy distribution of m -mesons from carbon at 180". ‘
Errors shown arz standard deviations and do hot include error in

absolute calibration of the beam.
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Table V

d<o
dEdS

)

Ratios at 180°

Errors are standard deviations

Mean Mean

Meson Meson

Energy ‘ Energy

(Mev) D/H He/H © (Mev) C/H
34 1.124 £ 0.113 0.82 +£0.13 25 0.78 %= 0.15
38 0.877 = 0.077 30 0.454 + 0.066
42 1.063 £ 0.077 0.562 = 0.084 39 0.453 = 0.061
47 0.875 + 0.038 47 0.522 + 0.079
50 0.897 + 0.056 0.554 + 0.058 56 0.346 + 0.043
54 0.974 + 0.065 66 1.12 +0.35
57 1.011 +£ 0,083 0.549 + 0.080 75 0.85 =+ 0.36
63 1.21 +0.11 0.69 =+0.11
72 1.561 +0.25
81 31 %1.8
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Fig. 23. Deuterium-hydrogen, helium-hydrogen, and carbon-hydro-
gen ratios for m -mesons at 180°. Standard deviations are shown.
The ratios are per proton.
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Differential cross sections for 1r-+-me.sons at 180° from hydrogen,

Standard deviations are shown, which do nof include error in

absolute calibration.

Meaﬁ Mean (da/dmlab (da/dﬂ)c.m.

Meson | Photon 2

Energy |[Energy cr cm

(Mev) | (Mev) _Steradian Proton Photon | Steradian Proton Photon

_ x 16730“ x 10'30

34 237 5.07 £ 0.44 9.49 + 0.82
38 246 5.88 + 0.40 10.99 % 0.75
42 252 6.00 £ 0.33 11.24 + 0.62
47 268 8.33 = 0.20 15,66 + 0.38
50 276 7.56 + 0.33 14.26 + 0.62
54 288 7.30 £ 0.35 13.88 £ 0.67
57 296 5.98 £ 0.33 11.41 £ 0.63
63 311 33 10.13 + 0.64

5_.26 + 0.
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cross sections are shown., The errors are standard deviations and do
not include absolute calibration error. Figure 24 shows the excitation
function at 180°. Two more points were obtained, but are not shown
because they fall on the steep part of the bremsstrahlung just before cut-
off. The absolute values of these points are extremely sensitive to a
slight variation in maximum photon energy; these points are expe'ri'-
mentally slighfly higher than the éxtrapolated curve through the other
points. This fact suggests that the maximum energy is slightly low. The
143° data also confirm this result and the result is in agreement with the

9

value kmax = 342 £ 6 Mev of Anderson, Kenney, and McDonald3 rather

than the old value of 322 = 6 Mev. 38 -

B. 143° Position

1. dZO'/dEdQ for Hydrogen and Deuterium
The dzo/dEdQ for m -mesons from hydrogen at 143o and deuterium

are shown in Table VII. Standard deviations are shown which do not in-
clude the error in the absolute calibration. Figures 25 and 26 show the
energy distribution for w+-mesdns at 143°,

2. Deuterium-Hydrogen Ratios

Table VII and Fig. 27 give the ratio

\dEdS2 D

[N

d” o
éEdQ H
for m -mesons. {

3. 11'-/'rr+ Ratio from Deuterium

When the caIibra,tionE;mulsi_ons were scanned at 143° the ¢ endings

. -, + . .
. were recorded. A w /m ratio was calculated using

The 1.37 comes from the fact that the zero-prong stars are not seen.
This result was determined by Adelman and Jones. 63 The 1r_/1r+ ratios
were 1.18 £ 0.24 at 13 Mev, 1.19 % 0.25 at 25 Mev, and 1.41 + 0.24 at
40 Mev.
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Fig. 24. Excitation function for -rr+—mes0ns from hydrogen at 1 80°.
- Standard deviations are shown., The curve_is from Chew's cutoff
theory. 2 Th_rge points from Walker et alT” and two points from -
Jenkins et al.%® are shown.
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Fig. 25. Energy disiributicn of 7 -mesons from hydrogen at 143°,
Errors shown are standard deviations and.do not include error in
absolute calibration of the beam.
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T able VII

and deuterium - hydrogen ratio.

at 143° for ‘IT+ -mesons from hydrogen and deuterium,

Standard deviations are shown and do not include the error in

absolute calibration.

dza/dEdQ
poan Cm® (a% /dE4D)
Energy Mev Steradian Proton Equivalent Quantum (dzo-/dEdQ)
(Mev) " Hydrogen Deuterium H
x 10732 x 10732
137 | 3.23 + 0.46
18 4.95 £ 0.21 3.98 + 0.20 0.811 + 0.053
21 5.58 + 0.34 4.16 + 0,27 0.753 = 0.067
24 6.38 + 0.33 4.83 +0.27 0.764 + 0.058
25" | 4.67 £ 0.73
29 6.14 + 0.35 4.25 + 0.38 0.699 + 0.074
37 5.09 + 0.33
40* 4.63 + 0.64
51 8.35 + 0.50 5.98 = 0.50 0.724 + 0.075
57 8.45 + 0.49 4.84 % 0.47 0.572 + 0.065
63 ' 7.97 £ 0.62 5.65 + 0.49 0.709 + 0.083
68 6.73 + 0.67 5.32 % 0.47 0.786 + 0.105
74 4.02 £ 0.55 3.27 + 0.42 0.82 =+ 0.15
79 1.35 % 0.55 1.97 + 0.34 1.47 + 0.65
84 0.21 + 0.26 1.10 + 0.27 5.46 + 0.69
91 0.80 = 0.25
93 0.0 +0.19

* . Y
Indicates emulsion point
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Fig. 27. Deuterium-hydrogen ratio for -n'+-mesons at 143°. Stand-
ard deviations are given. ‘{16 curves are from a phenomenological
theory of Chew and Lewis.~* The yz = 0 is the all-spin inter-
action case and yz = 1 is the no-spin interaction case.
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4. do/dQ for Hydrogen

The differential cross sections for 1r+-mesons at 143° laboratory

angle are given in Table VIII. Both laboratory and center-of-mass cross
sections are given, Standard deviations are given which do not include
the error for absolute calibration. The center-of-mass angle for all
these points is between 153° and 152°. Figure 28 shows the excitation

function for 143° lé.boratory angle.

V. DISCUSSION

The 1r+—mes\on from hydrogen results are compared with other ex-
periments in Fig. 24 and 28 - 34. Data from Cornell, Illinois, and
California Institute of Technology are showﬁo 21,22, 24,26,27,30 The
agreement appears to be good. |

The hydrogen data have been compared with the theory of Chew‘,65
This theory uses a moderately weak coupling and has two arbitrary par-
ameters. These parameters are the coupling constant for the meson
field to the nucleon, and the energy cutoff. The nucleon is considered
as a finite source in phase space and it is normalized by integrating a
source function over phase space. Chew has used a step function for
this source function, which is zero for values greater than a certain
energy value. This energy value is the energy-cutoff parameter. The
theory is limited in that S-wave meson-nucleon scattering has been
neglected. (Only P-wave scattering phase shifts are used.) In the curves
shown the two arbitrary parameters were determined from the P-wave
phase shifts. of the m-meson-nucleon scattering experiments.

The formula62 used to calculate the differential cross sections from
Chew's theory is
<d0'> _ Zezfz q/v {( w )2 _ pz stinZB 4+

)

AT (1 +5; M 202 (1-veos 0)

2
v 2

2 2 7 sin 6 2

[M,-E, |“cos“6 - 2Re (M| -E,) \l- f———p |cos 6+ [2M; | +

1/2 M+ E, [ + v Re(M1+E2)}si‘nz 6} ,
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Table VIII

Differential cross sections for n+—mesons at 143°
laboratory angle or .1520 - 153° center-of-mass angle
v from hydrogen.
Standard deviations are shown, which do not include error

in absolute calibration.

/
Mean Mean (do/dmlab (do, dQ)c.m.
Meson Photon 2 2
. cm © cm
Ensrgy Energy
{Mev) {Mev) Steradian Proton Photon |Steradian Proton Phcton
x 10730 x 10739
18 196 512 %0.22 9.00 + 0.39
21 203 5.97 + 0.36 ~10.28 + 0.62
24 209 7.04 £ 0.36 11.99 £ 0.61
29 219 7.02 % 0.40 11.83 + 0.67
51 - 267 10.99 + 0.65 18.49 + 1.10
57 282 11.48 + 0.66 | 19.45 £ 1.13
63 296 11.21 + 0.87 19.15 = 1.50
68 310 10.07 £ 1.01 17.36 £ 1.75
74 325 7.81 £1.06 13.60 + 1.85
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Fig.: 29. Deuterium-hydrogen ratio for wf—me:sons at 180°. Stand-
ard deviations are given. The curves are from a phenomenological
theory of Chew and Lewis. -The \{‘2 = 0"is the all-spin interaction
case and yz = 1 is the no-spin interaction case. A point obtained
by Jenkins et al. 26 (JLPW Cornell) is shown.
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Fig. 30. Angular distribution for 11'+—mesons from hydrogen for
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White et al. 6 and Jarmie et al. 19 are shown. Solid curve is a
least-squares fit of A+B cos 8 + C sin? 6 to the White and Jarmie
data. The broken curve is from Chew's®2 cutoff theory.
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Fig. 32. Angular distribution for 1f+—mesons from hydrogen for 235-
Mev photons. The data of Bernardini and Goldwasser (Illinois), 24
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Fig. 33. Angular distribution forv‘nf—meson‘s from hydrogen for
265-Mev photons. The data of Walker et al. (C.I.T., Magnet), 22
Tollestrup et al. (C.I.T., Counter), 21 g'eterson and Henry (C.I.T.,
Emulsion), Jenkins et al. (Cornell), 26§ eiss and Robinson
(Il1linois Counter), and this experiment are shown. The curve
is from Chew's cutoff theory.
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where all momenta and energies are in the center -of-mass system, and
mass and momentum are in Mev;

charge of the electron, el = 1/137;

e =
f = coupling cohstant, £2 = 0.073;
B = W meson mass;
M = proton mass;
v = photon center-of-mass energy;
- 2
w - \l + q »
g = m-meson momentum;
v = meson velocity in units of c¢;
M; = m; (pv/qz) 1033 4in O35 7
= e, (uv/ 2) 933 gins.. ;
2 #v/4q | 337 |
633 = meson-nucleon scattering phase shift for the 3/2,3/2 state;
m, = 0.96; '
e, = 0.16.

This formula contains nucleon recoil corrections which do not appear in
Reference 65.‘ Sée F‘igs. 24, 28, and 30 - 34 for the comparison of the
theory with experimental results. |
The '_IT‘+ angular distributions from hydrogen are usually analyzed in’

the form (do/dﬂ)c_‘m_ = A+ Bcosf8 +C sin®6. These coefficients can
then be related to the m-meson-nucleon scattering phase shifts by use of
a phenomenological approach. The pfesent data have not been analyzed
in this form, since only two angles were obtained. This type of analysis
has been applied.-by other workers to their data. Some of these data are
shown in Fiés.’ 30 - 34. An analysis of this type is shown in Fig. 30 for
old Berkeley da.ta_lé’ 19_ for.275-Mev photon. Points from this experiment
A have been added. |

" The déutérium-hydro.éeh ‘ratio’slhav.,e been co{'npaLred: to a phenoméno—
logical treatment by Chew and Lewis. 64 Their work is equivalent to
that done by Lax and Feshbach, 66 and Saito, Watanabe, and Yarna.guchi.67
The treatment used here is the Method 2 described by White, Jakobson,
and Schultz. 16 The basis of the calculation is as follows: Consider the
reaction y +d ——=2n + 7', The deuteron is initially in the 3S state
(96%); therefore, if the proton does not flip its spin relative to the neu-

tron in the production of a meson, then the resulting two-neutron system
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can be only in a 1_S, 3P . . state. Other states are excluded by the

Pauli exclusion principle. This effect reduces the available phase space
relative to that for production of a meson on'a free neutron or proton.
This reduction in phase space in turn reduces the corresponding cross
sections. Furthermore, the binding energy of the‘deAuteronralso reduces
the available phase ,spacé, with like reductions in cross sections. Chew
and Lewis use these principles to calculate cross sections for the all-
spin-flip and the no-spin-flip cases. The calculation uses the Hulthén
wave function for the deuteron with = 6a and plane waves for the neu-
trons in the final state. The results of these calculations in the form of
deuterium-hydrogen ratios for 1r+—mesons are shown in Fig. 27 and 29
along with experimental points. The yz = 0.curve is for all-spin inter-
action, and the yz = 1 curve is for no-spin interaction. The curves turn
upward at high energy because the hydrogen cross sections go to zero
at the bremsstrahlung cutoff while there is still a small contribution
from deuterium.

Gell-Mann and Watson®® give ~rr_/1r-‘F = (1 -I%I)Z- = 1.32 {where u and
M are the masses of the m=meson and nucleon respectively) for the ratio
of the differential cross sections for m - and 'n'+-mesons from deuterium
at low energy. This formula is derived from spin and isotopic spin
arguments. This theoretical value agrees with the three experimental
values given by this experiment within the experimental error. These
values are also compatible with t_hé values of Sands at 140°, 29

The carbon-hydrogen, helium-hydrogen, and deuterium-hydrogen
ratios shown in Fig. 23 indicate that the unbound proton in hydrogen is
more effective in producing 1r+—mesons than the bound proton in the
other three materials. The tightly bound protons in helium and carbon
are less effective than the weakly bound proton of deuterium. Pcssibly,
this effect is due to the recoil neutron's having less phase space avail-
able in the higher-Z elements because low-energy neutron states are

already occupied.
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