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ABSTRACT
The relative yield of 1r+—me sons has been determined for 335-
Mev protons on a number of elements. Specifically, the relative
differential cross-section, dZ,U /dEdQ, was measured at 0° 2 4’0 in the
reaction

1
p+A—>1r++A

for the elements D, Be9, Blo, B(natural), C, Al, Cu, Fe, Ag, and Pb.

The = -meson energies ranged from 35 to 145 Mev.  They were
counted electronically from signals generated in a trans-stilbene
crystal telescope. Identification of the 1-r+-meson depended upon a
fast coicidence in the first two crystals plus the 1'r - . decay in the
third crystal of the telescope..

No special isotope effects were observed for the Be9, _Blo,
B(natural) and C spectra. ‘

For C, Al, Fe, Ag and Pb the relative yield per nucleus can
be explained by proton and meson attenuation within the nucleus. The
attenuation of protons and mesons is consistent with mean free paths
which have been measured in other éxperiments for protons and

mesons in nuclear matter.



-3-
Unclassified-Physics Distribution

CROSS SECTIONS FOR PRODUCTION OF 1r+-MESONS BY 335-MEV
PROTONS AS A FUNCTION OF ATOMIC NUMBER

Jack Merritt

Radiation Labora,tory, Department of Physics,
University of California, Berkeley, California

November, 1953

I INTRODUCTION
‘ The production of mesons by high-energy protons on nuclei has
been investigated actively in the last few years; Of the many que stiohs
concerning the production of mesons, the following two were selected
for study: _ |
1. How does the 1r+—meson spectrum depend upon the type of
nucleus? ' _ | " | | ‘
o 2 What interpretation can be given to the observed meson
spectrum ?‘ |
Some partial answers to the first question are given. As for
interpretation, an extreme»ly‘ crude nuclear model suffices to give the
meson-yield dependence on the atomic number of the struck.-nucleus.
More refined nuclear models could have been used, but such refine-
ments seem unjustified in the present state of meson theory. A more
satisfying interpretation of the data will probably have to wait for a
clearer understanding of the‘,e_lementa,ry pion-nucleon interaction.,
Nevertheless the fact that a crude model, compatiblé with the data,
can be made gives one confidence that he is on the right track. In
the meantime the data will be of use in the design of other meson

experiments and the calculation of corrections for such experiments.
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The following sequence of cyclotron runs was made.

Series  Run- : ‘Target ' ~ Meson Kinetic Energy(Mev)

I 1 C, Al, Fe, Cu, Ag, Pb 53 _
I 2 Be’, B, B(natural)c’® 34, 51, 69, 88, 110, 128
11 3 ¢, .Cu Pb ~ 52and 88
4 C, Cu, Pb 147 o
Iv 5 Deuterium ' ' complete épectrum between

Gas pressure 1, 000 psi 50 and 150

6 Deuterium- complete spectrum between
Gas pressure 2, 000 psi 50 and 150

_ A given run lasted two or three days.
Series I was a general survey.
Series II was to e.s.eertain if there were any special isotope
_ veffects,s From the first two series it appeared that the individual
spectra would not \?a,i'y radically between neighboring nuclei.
In series III the elements and meson energies to be measured

were cut to a minimum in order to get better statistics on individual

. points.

The Tr+-meson spectrum was measured for deuterlum in
series IV. The deuterium nucleus is suff1c1ent1y s1mp1e so that'a
detailed analysis may be pos 51ble

Prior to and during the execution of the above work a good many
| 'e.xperirhents were done v'el.sewhere to determine the dependence .of 'rr%-,
T -, and mo-me son production on the type nuclear species. Both
protons and X-rays were used for exciting the nucleus. Before these
experiments are .discus,sed, some of the concepts useful in the
e.xplana,fion of pion production byvprdtens on 'complex nuclei are listed:

(a) At high energies, the production of mesons probably.
occurs by collision between the incident proton and one nucleon rather
than several nucleons. A justification for this point of view is that

the separation between nucleons, approximately 2.8 x lO'13 cm, is .

large compared to X = 0.2 x ,10_13 cm for the incident 335-Mev proton.
X = de Broglie wave length/2rw. In addition the struck nucleon is to be

thought of as free and having some appropriate momentum distribution.

-
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(b) As the incident protons pass through the nucleus they
are attenuated by competing processes: -)cp = proton mean free path for
all other processes competing with meson production.

(c) The mesons are attenuated by reabsorption as they pass
thrc‘mgh nuclear matter. Km =z mean free path for meson abs'orption.

(d) The exclusion principle forbids collisions that leave the
final nucleons in filled eﬁergy states.

(e) The Coulomb barrier does not inhibit the escape of
mesons that have a kinetic e‘nergy in the range above 50 Mev.

In the limiting case of strong attenuation within the nucleus of
either the incident proton or the escaping meson, the meson production
is proportional to nuclear area. In fact the first interpretations were
based on these ideas.

The earliest work on meson yields as a function of atomic
number was done by R. F. Mozleyl, who bombarded various elements
with 317 Mev x-rays. He measured relative values for dz,o /dE dQ at
900 + 8° for the following elements: H, Li, Be, C, Al, Cu, Sn and Pb.
Two meson energies, 42 + 7 Mev and 76 + 6 Mev, were observed. To

analyse his data it is useful to define the relative yield per proton:

Relative yield per proton = i:lat%vg differential cross section per nucleus
\ omic number of the nucleus

The relative yield per proton is a maximum for hydrogen and decreases
monotonically with Z. The drop in cross section per proton in going
from H to Li was explained by the exclusion principle. The phase
space available to the residual neutron is less for Li than for H. Two
alternate explanations‘ were off.ered for the gradual drop from Li to Pb.
The first assumed that only the surface nucleons participated in the
production, . The second explanation assumed that the mean free path
for meson reabsorption had to be less than 7 x ,10_13cm.

R. M. Littauer and D. Wa,lker2 studied the production of
mesons at 135° by 310 Mév x-ray bombardment of various nuclei.
The meson energy was 65 + 15 Mev. They observed a remarkable
correlation between production cross section and binding energy of
the struck nuclleus. They also observed that the sum of the 7 and n~

production cross sections varied as the geometrical area of the nucleus.



.5,6_

The flrst work to be reported on the productlon of mesons by
| proton bombardment of various nuc1e1 was done by D. L. Clark3a’ b'.
He observed relat1ve values of d O'/dE dS2 for the productlon of 40-Mev
1T+-mesons at 130 to 150° and 7" ‘mesons at 30° to 50° by 240 -Mev
protons on Be, C, Al, Cu, Ag, W and Pb. Clark's cross sections
vary' rodghly a.s the g,eometrical cross section of the struck nucleus,
but with important deviations. He pointeéd out that the production
Cross section varied more nearly as the protori absOrption cross
sectlon namely as A when A is small and as AZ/3 when A is large..
1When he plotted his dlfferentlal cross section d1v1ded by AZ/3 he
found a max1mum for Al in the case of -rr+ productmn and a general
fallmg off at the beginning and end of the per1od1c table. R. E. Marshak
pointed out that thls effect may be correlated with the extra binding
energy avallable 1n the struck nucleus. ' '
Though the statistics wetre poor, the data of series’'I run 15
were cons1stent with a productlon cross sectlon pr0port10nal to the
_ geometmcal area of the struck nucleus. ' ‘
M. M. Block, S. Passman and W.' W. Havens6 have bom- -
barded C, Cu, and Pb with 381-Mev protons and observed the meson _
. spectra coming off at 90 R. Sagane and W. F. Dudziak7a’ b measured
the productlon of 12. 5-, 27=, and 33- Mev w+-mesons at 90 produced
by 340-Mev proton bombardment of Be;, C, Al; Cu, Ag and Pb.
‘ A summary of the data for the experiments above is given in
Fig. 9. The general trend of meson yield plotted against atomic.
mass A is similar for the different experiments.
It is suggested that the reader skip to the section Results and

Interpretation and proceed before considering the intermediate

‘sections déscribing the experimental technique. - Attention is called

to the section, Glossary of Terms.
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II EXPERIMENTAL ARRANGEMENT

A. General

The external beam of the 184-inch cyclotron was steered into
‘the cave where the target and detection .equipment; were located. (See:
Figs: la, 1b). The mesons, coming off at 00, were separated
magnetically from the proton beam.  The mesons then passed through
the copper meson energy degrader, which reduced the meson kinetic
energy-to approximately 21 Mev. To be counted, a meson had to pass
thl:ough the two passing crystals and decay in the third or stopping
crystal. This sequence was observed electronically. The electronic
equipment was located outside the cave at the southeast box. The
meson energy was determined by the amount of copper in the meson
energy degrader.

B. Cyclotron

The scattered beam was used because it provided a better duty
" cycle than the electrostatically deflected beam. The scattered beam
consists of approximately 350 bursts of protons, each lasting about
10" sec, and separated from each other by the cyclotron RF period,
6.6 x10°° sec.

The scattered beam is believed to arise from the scattering of
protons on the.carbon blocks protecting the dee strﬁcture. " The protons
were scattered into the magnetic deflector of the cyclotron and then
passed through the premagnet collimator. All collimation in the
horizontal plane was accomplished at this point; in the vertical plane
only a partial collimation could be achieved. The final collimation in
the vertical plane was carried out in the brass snout collimator at
the entrance to the cave. The snout collimator is 40 inches long.

The beam size was approximately 3/4 inch vertically and 1/2 inch
horizontally. |

C. Beam Monitoring

" An absolute determination of the proton beam infensity was
not necessary. Only the relative beam intensity had to be measured
during a given day. The reason for not requiring absolute beam
. monitoring was that the efficiency of the detection system had to be

determined every day be means of a standard target configuration.
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Any change's in the beam monitoring efficiency from day to day were
automatically compensated for as a part of the detection-efficiency
correction. '

‘The 'bearri’ intensity was monitored by an‘Argon.;COi ibvn_iz‘aition
chamber. ' The multiplication was approximately 800. The collection
electrode of the ion cfiamber was kept at ground potential by a DC-
feedback amplifier. ‘The charge was accumulated across an
a,c.cﬁratelyVca;liibr‘ated condenser. The voltage across the condenser

"was measured by a Speedomax recorder with an automatic dumping
arrangement. :

' In 'éeneraﬁl the beam level was sef to give-a reasonable
foreground-to-background counting rate. This beam level was
‘usually of the order of 3.5 x 10712 amperes,

D. Targets

The cross-sectional size of all targets was larger than the

' cross-sectional size of the.beam. The target thicknes>s-£o_rv all solid

" targets was chosen so that the 340-Mev protons lost about 10 Mev in
traversing the target. A thicker target was tried in.the case of carbon

butit was found that the beam level had to be correspondingly reduced

to keep the background counting rate down. |

The only exception to the 10-Mev limitation in thickness was
allowed for the high-pressure deuterium target for run No. 5, in
‘which case the pressure, 2000 psi,.corresponded to a proton loss of
17 Mev. Run 4, which was made at pressuré of 1000 psi, corre-
"s:ponding to a 10-Mev proton loss, showed that t'h.e‘-s,hape. of the
‘spectrum would not be distorted by running at the higher pressure.
The high'e'jr pressure gave a higher ratio of mesons from deuterium
to mesons from the target end walls. ,

" The high-pressure -'de'uterium'ta.rget was a modification of
the target originally designed and built by R. S. White. 8 It consists
of a long cylinder surrounded by a liquid-nitrogen jacket in turn
enclosed in a vacuum- system (see Figs. 7 and 8). The maximum

‘operating pressure is 2, 300:psi at liquid-nitrogen temperature
77°K. The important target specifications are: (1) 5.11 g/cm.2 of
deuterium at 2,000 péi,"'(Z) 1, 7 8 'g/cm2 of stainless steel end walls,

(3) 2-inch"diamete? arnd 24-inch length.

¢
¥
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The Blo target was on loan from the USAEC. It had been pre-
pared by electromagnetic separation.

E. Magnetic Channel Design

In order to observe mesons coming off at 0° to the proton beam
it is necessary to separate the mesons and protons magnetically. A
large pair-spectrometer magnet was used to provide the magnetic field.
The gap was reduced to 3.4 inches. The cross-sectional area of the
pole piece was of sufficient size so that a meson orbit of 23-inch radius
could be used. The orbit turned vthroﬁgh approximately 90°. The
meson orbits were defined by brass channeling which was designed
according to the following ideas: |

(2) The primary purpose of the channel is to. prevent those
protons from coming down the channel which have sufficient energy to
penetrate the meson crystal telescope. The meson energy is not deter-
mined by the channel, but by the meson energy degrader.

(b) A meson falling within the energy range to be detected
can start from any point in the target and reach any point of the crystal
telescope. The size of the exit aperture of the meson channel was a
compromise between the conflicting requirements of making the aperture
small to shield against stray charged particles, and of making the
aperture large to provide "poor geometry'. . The ''poorer!' the geometry,
 the smaller is the correction for multiple Coulomb scattering loss.

In order to cover the full range of meson energies, several
channels were constructed. For all channels the mesons left the gap
normally to the edge of the pole piece. The crystal telescope was

“approximately 4 inches beyond the edge of the gap. The solid targets
were located well within the region of uniform magnetic field. With
such a configuration, meson trajectories could be éccurately drawn
from magnetic field plots.

The shape of the high-pressure gas target made. it necessary
to locate it outside the region of uniform field as shown in Fig. lb.

A magnetic shield was used to keep the field negligibly low in the
target region. Meson trajectories were traced by the wire technique.
(a flexible wire carrying a suitable current and placed under the proper
tension takes up the trajectory of a charged particle passing through a
magnetic field). All points of the target could ''see’ all points of the

crystal telescope.
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F. Crystal Telescope, Light Pipes and Phototube

The crystal telescope consisted of 3 trans-stilbene crystals
viewed by 1P21 photomultipliers through lucite light pipes. The lucite
light pipes permitted removal of the photbtubes to a region of a
reasonably small magnetic field. In addition, the phototubes were
magnetically shielded. The phototube efficiencies were essentially .
-constant over the range of magnetic fields used in the experiment.

A gamma-ray source was placed near the crystals. As the magnetic
field lwa.s varied over the operating region of 14, 000 - 7, 000 gauss, the
discriminator level had to be changed one volt in 60 to keep the singles
counting rate constant.

G. Electronics

l. General block diagram and operation.

The: electronics were patterned after the original design of
M. Jakobson, Al Schulz, and J. Steinbérger. 9

were redesigned and built in cooperation with M. Jakobson, A.C. Schulz,

The present electronics

and D. Hamlin (see Fig. 3). ‘

. The two channels, designated m - No. 1 and 7 - p No. 2, following
the fast coincidence, are identical. They are so arranged that back-
ground count can be taken simultaneously with the total count.

The scheme of detection is based.upon the fact that the 1r+—me son

decays into a n-meson: The mean life of the rf-meson is 2.54 x 1(,)"8

seconds,g’10
To be counted as a meson, an event must initiate 3 signals:
two essentially simultaneous signals in crystals No. 1 and No. 2, and
a third signal in crystal No. 3 that occurs during a delayed gate
interval. - Such an event is called a m - p coincidence. A w-meson
that passes through the first two crystals and decays into a p-meson
in crystal No. 3 is counted as a meson provided the w - p decay occurs
during the gate interval. A particle going through all three crystals

is not counted as a meson because its signal in the third crystal occurs

prior-to the gate.
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Electrgnically the above sequence is achieved as follows:

A coincidence (6T ~1 x 10"8 sec.) is required in crystal 1 and 2 by
the fast coincidence circuit. This coincidence triggers the gate

: géhera’ito‘r, which produces a voltage gate starting 2.2 x 10_8 seconds
after the fast coincidence and lasting 10-7 seconds. The signal from
the third phototube is put in coincidence with the gate. The proper
timing is achieved by the use of suitable lengths of RG 63-U cable
between units. In order to obtain workable voltage levels, several
distributed amplifiers have been introduced.

The short-delay operation, in which the gate starts 2. 2x10'8
s?conds after the fast coincidence, permits accidental events, also,
to be counted as mesons. For example a knock-on proton may pass
through the first two crystals and a second knock -on proton may
pass through the third crystal during the gate interval. The
accidental counting rate can be measured in a long-delay operation,
in which the gate (though still of the same duration) is delayed
19 x 10'“,8 sec. after the fast coincidence. By this timie any meson
that could have tripped the fast coincidence will have decayed and
therefore all counts are accidental. The true meson count is given
by the difference between the short-delay count and the long-delay
count. ‘

For any given measurement, w - u channel No. 1 is operated
on long delay while m - |1 channel No. 2 is operated on short delay,
the delays are then interchanged for the same amount of integrated
proton beam. The primary advantage of this mode of operation is
that fluctuations in the accidental counting rate caused by beam-
intensity fluctuations are canceled out. If the beam intensity
suddenly increases during a measurement the accidental rate in-
creases equally for both the short-delay and long-delay counts.

The net or true meson count is unaffected.
The meson and gate output are fed to standard UCRL linear

amplifiers and then to scalers.
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2. Fast coincidence chassis.

This unit is built on one chassis (Fig. 4). It consists of two
separate distributed amplifiers A and B and a distributed coincidence
of the type designed by Dr. C. Wiegand. 1 The distributed amplifiers

-have a measured gain of abbut 40 and calculated band width of 175
melgacyclesﬂ With a 1/4-volt input the output is 10 volts. With a
1/8-volt input to amplifiers A and B the coincidence output is
4 Volf.:s_° With 1/8-volt input to one amplifier the output of the
coincidence is 0. 4 volts.

. 3. 7w -puchassis.

. VThe m - u chassis consist of: w-amplifier, gate generator,
p amplifier, w - p‘ coincidence, output discriminator (Fig. 5). The
gate generator is a cathode c,ouple.dvur'l‘ivibrator which also acts as .
a discriminator. It is fired by a 6-volt pulse lasting "10-8 sec.
The gate amplitude is approximately 10 volts and lasts ~ 1077 sec.
The tubes for the gate generator must be selected for satisfactory.
length, amplitude, and shape of gate. In general the 6AN5 must have
a high transconductance.

4. Critical grid biases and voltages.

There are several critical grid levels whose action must be
understood. G, of the 7 - p coincidence controls the level of the p
signal to make a w .- p coincidence. High voltage No. 3 controls the
level of the p signal input to both w - p chassis. The w amplifier
bias determines the level of the signal required to fire the gate

generator,
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II1 EXPERIMENTAL PROCEDURE

A. Original Setting of Phototube Voltages and Bias Levels

1. High-voltage plateuas for phototubes No. 1 and No. 2.

First the gate counting rate for each w - p chassis was
equalized by adjusting the w amplifier bias, which sets the level of
signal from the fast coincidence required to fire the gate generator.

Platfaaus for HV No. 1 and No. 2 were obtained for meson
counting rates (Fig. 6). HV No. 1 and No. 2 were set to 1, 200 volts.

2. Lack of plateaus for phototube No. 3.

It had been hoped that a plateau for HV No. 3 might.lbe obtained

because the p meson has a fixed kinetic energy of 4.2 Mev. Extensive
exploration failed to reveal any such clear-cut plateau. There was a
region of reasonable slope, but it was followed by an increasing
slope with no clear distinction between the two regions. In fact, at
the highest setting of HV No. 3, the counting rate exceeded the rate
calculated for 100 % efficiency of the crystal telescope. Three
problems immediately arose: ‘

- (a) why is there no plateau and why does the counting rate
increase indefinitely?

| (b} what is a reasonable setting for HV No. 3?
(c) how can the counting efficiency be determined?

For the first pair of questions, a number of factors may have
contributed. The range of a 4.2-Mev p-meson is 1.2 mm in the trans-
stilbene and is to be compared with the 8.8-mm thickness of the third
crystal. At best any observed plateua would therefore have a finite
slope. The light-collection efficiency can vary over different portions
of the crystal. Further, long light pipes cause greater statistical
fluctuations in phototube pulse height. 12 In addition, knock-on
protohs arising from the general neutron background can cause large
pulses in the crystal telescope. If HV No. 3 is increased, these
pulses may saturate the distributed amplifiers and broaden the
pulses sufficiently so that the tail of the broadened pulse falls into
the short-delay gate starting 2.2 x 10—8 sec. later. The long-delay
gate, of course, would not be sensitive to such an event, because
the broadened pulse would have disappeared. Such an effect could

account for the indefinite increase of meson counting rate.
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The question of where to set HV No. 3 was settled as follows:
A thick polyethylene target was used to produce a large number of
n' -mesons from the reactionp +p =D + n'. The magnetic field was
set for the kinetic energy of these mesons, 62 Mev., The meson
energy degraders which normally would have slowed these mesons to
21 Mev were removed. This allowed a large number of high-energy
mesons and protons to penetrate the crystal telescope. Except for
mesons scattered off the walls of the channel, there should have been
no 21-Mev mesons coming down the channel. Hence most pions
should have passed right through the telescope before decaying. The
' -éountin‘g rate was v’theh measured as a function of HV No. 3. The
counting rate was observed to increase slowly and then suddenly in-
crease rapidly at about 1400 volts. The .countinlg rate below the
break was consistent with the number of mesons that might scatter
from the channel walls. The operating voltage was set below the
break at an arbitrary value of 1300 volts. This procedure was
admittedly ad hoc. The justification is discussed under 'Validity of
Detection! in thewnext sub-section. |

-~ “As for the problem of determining the counting efficiency, a

standard .ta,r‘get' configuration was used.
B. Validity of Detection.

The criterion for setting HV No. 3 provided no proof that

only mesons were being counted. ‘To further justify the setting of
HV No. 3 a number of tests were made.

In the first place a half-life for the w meson was determined
by varying the gate delay. The value so obtained agreed with
previoﬁ.s measurement, 9,10

The TI'+ spike in the reactionp +p - D + -rrJr was clearly
observed in a .CHZ-ca,rbon subtraction experiment, Furthermore
the CH

spike.

-carbon difference was statistically zero above the 1T+
1233., b
The ratio of hydrogen yield of 11-+ to the carbon yield agreed
with nuclear plate data. ’
The carbon spectra measured at 0° and 90° agreed with the
spectra obtained by plate data. 14, 15
From deuterium no mesons were observed 'a,bove the maxi-

mum energy allowed by kinematics.
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It seems reasonable to conclude that the equipment counted
only mesons within the statistics so far obté.ined, which are of the
order of 5 to 10 percent. It is possible that there may be a 5 percent
background, for example saturation pr:)ton pulses, which was counted
with the true meson count.

C. Setup Procedure.

At the beginning of each run the standard target configuration
was set up. HV No. 3, G, for m - p No. 1 and G, for m - p No. 2
were adjusted so that '
(a) Both m - w No. 1 and w - u No, 2 counted within 20 per-
cent of the same rate. '
(b) The over-all counting rate agreed with 20 percent of the
standard rate. .
The beam level was set so that the net meson count was at
least equal to or greater than the background rate.

‘D. Efficiency Control.

The maintenance of counting efficiency was critical. The
‘significant grid biases were monitored approximately every 5 hours.
HV No. 3 was controlled to within 3 volts at all times by means of an
electrostatic voltmeter. With these precautions the efficiency was
never observed to change during a given day, although it did shift
from day to day. By appropriate cycling of targets and meson energies.
during each day any efficiency changes could have been detected. The
actual counting efficiency from day to day and from run to run was
measured by the standard targets or by other repeated target condi-

tions. (See subsectibn, Normalization of Data from Day to Day)

E. Absolute Detection Efficiency.

The absolute detection efficiency was calculated from absolute
cross sections, derived from nuclear emulsion data. The efficiency
was approximately 13 percent, that is, only 13 percent of the mesons
decaying in the stopping crystal were counted. It should be noted,

60 percént ovf the mesons decay prior to the start of the ga_te. It the
system had been 100 percent efficient only 40 percent of the mesons
decaying in the third crystal could have been counted anyway. - The

decrease from 40 percent ot 13 percent is the measure of efficiency

of the system of crystals, light pipes, phototubes, etc.
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IV DATA REDUCTION

A. General

The direct exp_erimehtal data consisted of net meson counts
per unit of integrated beam intensity. Three steps were required to
obtain absolute differential cross sections.

Step 1. Normalization. The relative counting effici.enc;}” was

measured and the data were normalized accordingly. The deuterium
data presented a special problem.

Step 2. Corrections. 1) Decay in flight, 2) Multiple Coulomb

scattering losses, 3) Variation of energy resolution of detector, .
. 4) Meson and proton attenuation losses in the target and meson-
energy degraders.

Step 3. Transformation from relative to absolute cross sections.

Actually, relative cross sections were measured. Absolute cross
sections were determined by comparison with carbon data, for which
Dudziak has measured the absolute cross section by nuclear emulsion
techniques. 15 See subsection IV E, Errors for Dudziak's data, used
in this analysis. ' |
More épecif_ically the direct experimental data consisted of:
~ S, = short-delay count from m - p No. 1
L. = long-delay count from w - u No. 1
S, = short-delay count from 7 - p No. 2
L,= long-delay count from w - p No. 2

The above were combined to yield:

Net coupt = S1 +S2 - Ll - LZ iVsl +S2 + Ll + L2

- B. Normalization of Data from Day to Day

Shifts in counting efficiency were determined as follows.
Consider two days, A and B, in which identical points (1), (2), (3) etc.

are measured.

Experimental Observed‘net meson counting rate
points ' Day A Day B
(1) n, Nl
(2) n, NZ
C(3) | ny N3
(1) n, N.
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Assume: Efficiency Day A =1
Efficiency Day B = k
' Then aside from statistical fluctuation
_(nl) (k) should equal Nl
(nz) (k) should equal N2 etc. )

By least squares the function % (nik _—Ni) is minimized as a
function of k.

The value of k usually lay between 0.85 and 1.15. A standard
deviation for k was also calculated. Freq{lently such calculations gave
a value k = 1.10 £ 0. 10 so that it was debatable whether k was
statistically different from 1. Whether 1 or 1.1 is used makes little
difference, because all points of a spectrum were covered during each
day; the shape of the spectrum would not be affected regardless of
whether k was set to 1 or 1. 1. The only exception was run No. 4.

In this fashion a given run was internally normalized; that is,
the data from different days of a given run were normalized together.
Then different runs were normalized together in the same way. The
normalization of the deuterium gas data, discussed in the following
subsection, was more complicated because two diffefent gas pressures
were used.

C. Normalization of Deuterium Data

Runs 5 and 6 were each normalized internally first. The data
at this point could not be combined because run No. 5 was made at
1, 000 psi and run -No. 6 was made at 2, 000 psi. Proton and meson-
attenuation factors were different for the two runs. The mean
prbton and meson energies were different in the two cases by virtue
of the difference in energy loss by ionization in the target.

Proton attenuation in the deuteriums was calculated using a
total interaction cross section of 58 mb. This cross section was
.vestimated., Experimental data at 400 Mev and at 90 Mev indicated
that the total interaction cross section for protons on deuterium
could be adequately calculated by taking the sum of the total inter-
action for protons on protons plus the total interaction for neutrons
on protons. The same procedure was assumed to be valid for

340-Mev protons.
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Energy Process Total interaction ...
400 Mev P4+p . 24 mb measured'®
P+ N 33 mb mea,.s'ured17
57 mb sum of above
P+D 55.6 measured16
90 ‘ P+P 24 mb measured18
: S " P+N 76 mb measured]‘9
100 mb sum of above
P +D 92 £ 7 measuredzo
| N+D 117 + 5 measured”’
340 , P+P 24 mea.sured18
P+N " 34 measured mean of
260 Mev22 and
400 Mev17
P+D . 58 sum of above

The cross section for the attenuation of mesons in deuterium
was taken to be 110 mb. This is the average of
36 mb for T-rr 60 Mev23

24, 25

<190 mb for T‘1r 140 Mev

) The mu1t1p11cat1on factor for correcting run No. 5 to run No. 6
for both meson and proton attenuation was 0. 94 :(that is, run No. 5
corrected to run No. 6 = 0.94 - run No. 5).
- The mean proton energy was different for the two targets.

The difference in excitation was estimated in two ways. The first .
was to assume the excitation would -be the same as that for the
P+ P—->D+ 1-r+ measured by Schulz, 13a, b This calculation gave
‘a correction factor of 0.90 for run No. 5. The second estimate was
determined by calculating the normalization factor required to bring
the two spectra into agreement after all other corrections had been
made. This calculation gave a correction factor of 0.86. The 0.86
correction was used. _

The 1r+-spectrum was appropriately shifted along the T axis
to account for the dlfference in mean meson energy in the target for
runs No. 5 and No. 6.

Lastly the d1fference in the number of nuclel/cm2 was

accounted for.



-19-

With the above correction run No. 5 was normalized to run
No. 6. 'A smooth curve was then run through all the points by eye.

(See Fig. 13. Note all corrections have been applied.)

To a first approximation the net deuterium contribution course
is given by the target full-target empty difference. But it is not so
simple as this. When the target is full, the number of mesons produced
in the end walls is less then when the target is empty. Mesons pro-
duced in the front end wall are attenuated in passing through the deu-
terium. At the same time, the number of mesons produced in the rear
end walls of a full target is smaller because the proton beam is atten-
uated by nuclear interactions with the deuterium, and the protons them-
selves lose energy in ionizing deuterium. Thus the correction for
target-empty conditions is not so great as might at first be expected.

Appropriate cross sections previously discussed were used
to calculate the above attenuation effect. It was assumed that the ex-
citation for steel would be the same as the excitation measured by D.

E Hamlin14 for carbon at 90°. In total the net target-empty counting

rate was multiplied by 0. 68 to account for the effects of the proton
attenuation and degradation in energy, plus meson attenuation. A smooth
curve was run through the points by eye. See Fig. 13.

The net deuterium difference was then read off the graph to
give the relative ot yield as a function of meson kinetic energy.

The absolute deuterium cross section was determined by meas-
uring the yield from a carbon target relative to the deuterium yield
~and using the absolute carbon cross section measured by W. Dudziak. 15
The carbon target consisted of six slices of carbon spread out to sim-
ulate the geometry and thickness, in terms of proton energy loss, of
the gas target. Corrections were made for proton absorption in carbon
based on the total interaction cross section measured by Kirschbaum26
and for meson absorption based on nuclear area.

D. Corrections

1. 1Introduction.

The data now having been normalized to compensate for shifts
in detection efficiency, it remains to apply a number of corrections
to obtain the true relative value of dzo/dE dQ2. All these corrections

are a function of the meson kinetic energy. The corrections are:
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(a) Variation of energy resolution of detector.
- (b) Loss of mesons due to multiple Coulomb scattering
of mesons out of the crystal telescope.
(c) ‘MeSOn loss due to nuclear interactions in the meson
energy degraders.
(d) Decay of mesons in flight.
Except for run No. 6, Series IV, the attenuation of protons

and mesons. in the target was negligible. For this run see the subsection

IV C, ‘Normalization of Deuterium Data for a full discussion of the

correction made.

2. Energy Resolution of Detector.

The crystal telescope detects mesons whose kinetic energy
is 21 £ 2.5 Mev. Copper meson-energy. degraders were used to degraéie
the higher energy mesons so that they could be detected. The range-
energy relations are such that the effective ‘energy resolution is com-
pressed as higher energy mesons are observed. The energy of a meson

may be expressed as the range, in g/cm2 of material required to stop

it.
E = E(R) : E = kinetic energy of meson -
o R = range in g/cm
, EO = E(Ro) = 21 Mev. Mean detection energy with no meson

energy degrader

Ro‘ = range in copper corresponding

to E
o
Suppose an amount of copper R is placed in front of the detector
. _ . * r
ER = E(RO + R) ER is the mean energy of meson

that will be detected if R gm/cm‘2
are placed in front of the crystals
Actually the detector will detect mesons in a range of energy
+ A EO about Eo. For no copper
E, A E =2l=%2. 5 Mev
' E(RO, + AR ) A Ro is determined by A'Eo'

i [0

o

AlEO =,[<g-g ROJ_ ‘:A Ro:\
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If R grns/cm2 of copper are now added,

ER+AER=E(RO+R+ARO)

srn- [, J[on]

' AE '
dE dE

Therefore ° - [_} ] [__} }

A ER dR Ro , dR R0+R

A Ep
meson energy ER = E(R0 +R).

is the effective energy resolution corresponding to the

+ 3. Meson Loss Due to Nuclear Interactions in Meson Energy

Degraders.
The interaction cross section for loss of mesons in the meson
energy degraders was taken as a constant given by nuclear area
1/3.2 -26 2
)T x 10 cm

There are two types of nuclear interactions in the copper meson-

o(geometric) = 7 (1.40 A

energy degraders which can result in the loss of mesons. The predom-
inant loss comes from inelastic nuclear scattering, The second mode
of loss is diffraction scattering, which can scatter mesons out of the
crystal telescope. D. H, Stork's'27 data were used to calculate o{(in-
elastic. ) | )

The loss from o(diffraction) can be estimated by comparison
with the loss of multiple Coulomb scattering which is calculated later.
Roughly speaking, the angular distribution is the sarﬁe for diffraction
scattering and multiple Coulomb scattering. For equal half angles,
the loss should be the same in both cases. The o{geometric) gives
the effective total loss of mesons due to diffraction and inelastic scat-
tering to within 10 percent for mesons whose energies are in the range
50-150 Mev. Below 50 Mev the error in usihg o(geometric) may become
as much as 30 percent but the total correction is less than 15 percent.
The error in the total correction is of the order of 5 percent in this

case. Specifically the number of pions lost is given by
-1 o-N.o/M

intensity of incident pions

intensity of pions getting through

number of nuclei/cm2

q 2 HOH
1l

"

cross section
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4. Multiple Coulomb Scattering Loss.

Due to multiple Coulomb scattering in the meson energy de-
grader, some mesons are scattered out of the stopping.crystal, See
Appendix I for the details of the calculation. The method of Eyges'28
is followed to calculate the correction. Very briefly, he derives a
distribution fﬁnction that includes the effect of energy loss of the scat-
tered particle as it pasées th'rou‘gh.materia;'l,

F(t,.y, 9)

t = distance traveled through material measured

‘distribution function

in radiation lengths .. )

0 = angle between direction of incident particle
and final direction of tfavel. projected on to
and -any plane.containing the original direction
of travel '

0 = distance measured perpendicular to original
direction of travel and projectéd on the. same
plane as for 6.

The third stopping cryéta-l was then divided into a number of
zonies. By means of the distribution function F (t, vy, .60) the number,
of mesons lost to each zone was calculated. The losses in all the .zones
were numerically integrated to give the total loss.

5. Dec;ay in Flight.

A correction must be made for mesons lost by decay in flight.
The proper time elapsed in the meson frame is

dt

dr= y d v = proper time™ -~ %

' dt = lab. time
Yy = 1/‘11 - B2
‘=% . | ~ ds = distance

v = velocity of meson

M :

= -?o'ds : Mo = rest mass

' P = meson relativistic

momentum
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By numerical integration of the above expression of the range
energy. curQes for cop]‘;)erz,9 and trans-stilbene it can be shown that the
loss of mesons by decay in the copper absorber and the f1rst two crystals
is negligible. The fraction of mesons decaying in fllght between the
taréet and crystal telescope is calculated. In the case of t_hevdeuterlum
gas target, the target was divided into 4 zones and the correction cal-
culated for each zone. ’ | |

The value used for the mean life at the 'rr+-rneson was 2. 54 x 10 -8

secondsg’ 10

Ty'plcal values for the corrections are glven in the follow1ng
table. For a given T the total correction is the product of the indi-
vidual corrections.. The normahzed data are multlplled by the total

.correction to give the corrected relatlve d cr/dE de.

Table

.- Tq . Energy - Mesonlossin Decay in Multiple Coulomb
Channel Resolution Meson Energy Flight Scattering Loss
Degraders :

35 1.36 1.04 1.19 1.10
45.8 1.06 - ' 1.08 1.16 1.13
64.5 1.90 1.17 1.13 1.11
83.8 2.09 - 1.29 1.11 1.15
106. 2 2.26 1.45 1.10 1.21
124.9 2.34 1.61 1.09 1.26
143 2.39 1.79 1.08 1.29

E. Errors

| The errors shown in all cases are the statistical errors arising
from counting. The errors are expressed in standard deviations. For

a given meson energy the errors of the relative cross sections should

be ccrrectly given by the statistical counting errors because all the
correction factors are fixed for a given meson energy. The comparison
of differential cross sections at different meson energies is another
matter. In this case there may be systematic errors in the correction
for multiple coylomb scattering losses and for meson loss due to nuclear
interactions in the copper meson-energy degraders. It is estimated

that the systematic error of these corrections is not greater than:
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-+ Estimated Maximum
Systematic Error in
the Correction Factor

Meson Energy S 65 Mev 105 0 7T 145 ¢
‘ Meson Nuclear 1nteract1ons_.y 1 o | . | iR
'in meson energy degraders‘ e 5% L 10% - 15%
) Mult1ple Coulomb . AU EEE N R
scattering losses 2% N A 4.%_ A 6% :

The absolute values assignéd to the production oross section
are normahzed to w. Dudz1ak' 15 nuclear emulsion analysis of the -
reaction T N o l o

P +Cr +A"

Thus any absolute error in his~ measurements appear ‘also in the ab-
solute values glven here the rat1os, however are still va11d no mat-
ter what absolute values they are derived from. His experimental

values are

T Mev _"jj o ' d o/dE dQ x 10 -30 crn2 Me]v-.1 steradia_n_1
56 12,16 £0.92
72 S -15.71 £ 0.93

90. 1 L : 20,77 £ 1.33
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V RESULTS AND INTERPRETATION T

A. General

The results of th1s experiment and of related work are sum-

marized in the follow1ng tables and flgures

Type of Meson
Experiment/targets ‘cross Tp Mev angle to Table Figure
v . : section *+ beam .
Series 15 5 o
C,Al,Cu,Fe, Ag,Pb d“c¢ /dE dQ =53 . 0 1 9
" © Series II d2¢ /dE dQ - 34,51, 69, o
Be9 BlO0, Bl cl2 do /dQ 88, 110, 129 0 2 9
Series III . d2¢/dE do . o 10, 11
G,Cu,Pb . do/de 52,88, 147 0 3 9
Series IV - d o/dE a2, o 14, 13
_Deuterium . . . do/d@ \ 40-140 . 0 4,5 9
C oy 3b ; ' . ) :
D. Clark 2 o :
Be, C, Al, Cu, Ag, W, pp 9°0/dE 42 40 1407 9
" Block® - 'd%¢ /dE d©,  Complete 90° 9
.C,Cu,Pb - . . . de/aQ spectra
- o7b UL -
Sagane a2 /dE d@ 33 90° 9

Be, C, Al,Cu, Ag,Pb

‘ F1gure 9 gives a general summary of exper1menta1 work on
nucleOn productmn of pions. Note it is the shape of the curves, not
the absolute ordinate, wh1ch is 1mportant In several cases the absolute
ordmate is arbltrary In F1g 9 the d1fferent1a1 cross 'sections, '
d a/dE aqQ, of Series II and III, and of Block Passman, and Havens
- have been integrated over meson energy. This 4procedure seems rea-
sonable because the A dependence of the differential cross section is
weakly deoendenf on Ameson energy (see Fig. 10).. The only startling
discrepancy is C}a.rk's Be point, ‘which seems'unre’asonably low. Other-
wise the generalltrend is similar within statistics for all experiments.
, | _ The data of Series I indicated a smooth variation of meson
y1e1d as a functlon of atomic number. The same conolusmn was borne

out by the work of_ others (See Flg. 9). The data of Series II implied
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that the yield of mesons did not alter radically between neighboring
isotopes. It was decided, therefore, to reduce the number of elements
and meson energies observed in order to achieve better statistics.
In Series III the yield was measured from only C, Cu, and Pb and for
only the three meson ene_réies 52, 88, and 147 Mev.

The deuterium spectrum of Series IV is exhibited in Fig. 14.
Within statistics the curve agrees with the maximum kinetic energy
allowed by kinematics, 136 Mev. THe curve was located by eye to give
the best fit to the data irrespective of the 136-Mev cutoff. The curve,
as drawn, cuts off at a slightly higher energy than 136 Mev. The curve
of Fig. 14 is the difference between the two curves exhibited in Fig. 13:
target full and target empty.
B. Modei for Complex Nuclei, C, Cu, and Pb

The data of Series III can be interpreted by means of the fol-

lowing nuclear model, which, though crude, is adequate:

(a) The nucleus is considered to consist of freé nucleons
having an appropriate momentum distribution. This momentum distri-
~ bution, whatever it may be, is taken to be the same for C, Cu, and
.Pb. For a specific incident-proton energy the production of mesons
within the nucleus should therefore be the same in C, Cu, and Pb except
for the differences in the numbers of protons and neutrons. Exclusion
effects on final-state nucleons are neglected. The qualitative effect
of considering exclusion effects should be to enhance the production
in the higher-Z elements relative to the lower-z elements, because .
‘there is a higher density of excited states for the higher-Z nuclei.

| (b) Mesons are produced solely in collisions between
the bombarding proton and pr'otons within the nucleus. Proton-neutron
collisions are ignored inthe production of 'rr+-mesons. The justification
for this neglect of P + N collisions is the large 'rr+/1'r- production ratio
observed in proton bombardment of carboné" 15 in which both P + P
‘and P + N collisioﬁs occur. If relatively few 1~ are produced in P + N
collision it is reasonable to assume by symmetry fhat very few 1T+ will
be produced in these same P + N collisions. The large 1r+/1r- ratio
therefore implies a large ratio of nt produced in P + P collisions com-
pared to P + N collisions. The production of n within the nucleus

should therefore be proportional to the number of protons, Z.
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(c) Some mesons produced within the nucleus are:
reabsorbed; A, S meson mean free path for absorption.

(d) Bombarding protons are attenuated by competing
processes as the protons pass through the nucleus; )‘p Z mean free path
for proton absorption by competing processes in nuclear matter.. ..

‘ (e) Elastic scattering of mesons within the.nucleus
-'is ignored.. ; '

(f) Coulomb barrier effects are considered negligible.

An attenuation factor F was calc¢ulated such that
F = Actual meson yield with proton and meson attenuatmn o
' Hypothet1ca1 meson y1e1d for no attenuation of protons :
and mesons

See Appendix II for details of the calculation of F. The production cross
section is expected to vary as
yield ~(Z) (F) .
.. The problem in calculating F was to assign the proton and meson
meadn free paths )\p and‘)\n'0 respectively.

Three sets of )\p were considered:

-G Cu - Lo o Pbh o L .+ Set

D306 3.6 . - 3.6x1072 em 1.
4, 6.25 - . 8.3 . 2
4 5 6 3.

Set 1 was used by R. Hales " in his analysis of the yield of
"7° ‘mesons from proton bombardment as a finction of atomic numbers.
The value 3.6 x 107> cm is based on taking the average of the experi-
" fnental value for elastic séatfe'ring' cross section for P +Pand N+P
collisions. _ ' o

Set 2 is based c;n the experimental réesults of A. Kirschbaum26
who measured the total ‘att'e"nﬁation cross section for 340-Mev protons
on C, Cu, and Pb, from which he was able to calculate a mean free
path for protons in nuclear matter. His mean free paths are expected
to be too large because he counted all protons falhng within the energy
' range 320 to 340 Mev as be1ng unattenuated. As a matter of fact a 320-

Mev proton would have suffered a slight nuclear interaction. A 320-Mev
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proton is less effective in producing mesons than a 340 -Mev proton
and, for calculating )\p, shquld be considered as having had a nuclear
interaction. Stated in other words, if Kirschbaum had counted only
those protons falling within the range of, say 335 to 340 Mev, his cal- .
culated )\p would have been smaller and more realistic for the purposes
.of this analysis. _

Set 3 of ')\p is arbitrarily chosen to fall between -sets 1and 2.
When combined with a reasonable )‘m" ‘the data are better fitted by the
)\p -of-set 3.than by the other two sets of )\p.

A single set of values for the meson mean free path in nuclear

. matter was taken from D. H. S‘t'ork‘s thesisezj.‘ He determined a best
value for A as a function of meson kinetic energy. - His analysis in-
cluded all 11' ‘ scatterlng data. avallable as well as his own measurements.

T A

™ m

52 7.0x10° B cm
88 | 2.8
147 1

¢ .In Fig. 12+(d O'/dE dQ)/ZF is -exhibited. F is: calculated using

Stork's xm and the )‘p of set 3. ' The points should lie on a horizontal
line. ' '

The m' yield is consistent with the chosen values of \_ and
)\m' It should be emphasiz.ed, however, that the data could also be
fitted with other sets of \_ and A\ in which \_ is increased and )\

P m o) m

decreased, or vice versa.

C. Interpretation of \m

It is possible to interpret )\m in terms of the sc»att,ering cross
sections of 1r+ and m -mesons on protons.. As a ! -meson passes through
a carbon nucleus and interacts with individual nucieons, several pro-

cesses may take place:

(a) 1r+ +p > 1T+ +p  elastic
(b) TI’+ +tN->p -vl-,'rro, cha;’ge exchange
(c) »" +N >N+ elastic

N : :

» _ (d) T+ N - p +y .inelastic -
Reactlon (a) has been observed as a function of angle for T =
.. 53, 78, 110, and 135 Mev. 25 As a first approximation one might assume

. that any meson scattered through an angle greater than 90° is lost with
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respect to p‘roducti({'gn'at‘Oo. About 68 percent of the mesons in the
energy range 53 to 5135 Mev are ‘scattered through an angle greater
than 90° for process (a)2'5 ((rlote that center-of-mass values were taken
as equal to the laboratory. values). The 68 -percentv fs.ctor has been
applied to o (a) values taken‘from a number of exper’imentszg"vz5’>32-34
to determine the loss by i)r.o'ces‘s (a).
The next three processes, {b), {c}, and (d), must now be con-
sidered. By the assumption of charge independence of nuclear force
one can say that processes (b), (c), and (d) should be equivalent to
the following processes which haue been observed experimentally:
(b)) " 4p >N +1°
(c') 7- +p—>p+ 7
(d') 7 +p >N +y
Process (d') can be shown to be negligible by a detailed balance
argument from the inverse reaction2
In process (c') the mesons are scattered predominantlyfor-
wardz5 a;ndiare riot lost., Of the three processes, (b'), {c¢'), and ‘(d‘),
process {b') is the 'prrmary process for losing mesons. Unfortunately
to date {b') has not been directly observed except for two meson energies,

T = 12 0 and 140 Mev. 2‘5 For these two energies

!

o (b) 2 20 (c)

Furthermore the sum of cross sections for (b') and (c') agrees with
total attenuatlon cross section measurements 25 A rough measure:
of (b') at other T'rr can'}therefore be estimated by taking 2/3 of the total

attenuation cross section of 7~ on protons. The total attenuation cross

23 35

section has been measured for Tf‘rr = 60 Mev ~, 89 Mev and 112 Mev

Withthese values it is possible to calculate

o (b') =2/3 o (total attenuation)

Comblnlng re sults )

o (total absorb) do

Io (a) dQ-

(]

| 180
'a‘ (total, b")"+ X
: 90
. - =2/3 o (total attenuatlon) + 0.68 o (a)
In the followmg table the factors Z/A and (A - _Z)/A give the

relative number of protons and neutrons in the carbon nucleus. From
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the ¢ (total absorption) it is possible to calculate the mean free path,

X\ (calc), which is to be compared with L Stor.k?.s‘ experimental value. 21

T Mev 52 88 147
(z/A) 2/3 o(a)  6.1x100%% em® | 18,5 | 55
%E (.68) d(fotai attenuation) 6. 0__)411—10'28 cm2 7.0 | 17
o(total absorption) 12.1x10°%8 cm? | 25.5 | 72
Meale. ) - 89 x103 cm? | a2 1.5
A, (Stork) | 7.0 x 10712 cm? 2.8 1.1

The agreement between the last two lines is rough. It would
aPpea.r that )‘m can be interpreted in terms of the observed interaction
cross section of mesons with nucleons. Some caution is required be-

cause the A\ for the mesons under consideration is not short compared
-13

to the inter -nucleon distance, 2.8 x 10 cm. For w-mesons:
T =45 85 150 Mev
T ' -13
A = 1.59 1.1 0.76 x159 x 10

(x = de Broglie wave length/2m)
The above approach may explain:the discrepancy observed

by S. Leonard, 36 who measured the differential production cross section
at 180° for the reaction

P+C-~ o+ A _
His observed yields were 4 to 30 times larger than his calculated yields,
depending uiaonvhis assumptions for the internal momentum distribution
for nucleons in carbon and the excitation function for the reaction P + P —»

‘rr+ +-.A,. The ratio for m' yields at 0° and 180° from P + C - 'n'+ is

do (0°)/dn 21

do (1809)/dg  1.77 -9
It would take a small amount of backscattering of mesons produced at
0° to augment the yield at 180° by a factor of 4 to 10'.‘* Specifically the
yield at 180° could be increased from I. 7/4 to 1.7 by a backscattering
of Eﬁzli—l-—z)— =6 percent' of the 0° mesons. The mean free path for
elastic backscattering of mesons is not inconsistent with this percentage.
D. Calculation of Total Producti(')n Cross Section for Carbon

- The do /dQ has been measured for P +C — ' + A at the three

. angles
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6 do /dQ ' . . Reference
0° 21.0 x 10 28‘_c‘m2/ste1_'adian_ | 15

90° . 3.35 S

180° 1.77 L 36

From these data it is possible to calculate the total cross section ex-
vper1menta11y observed. . .
Theoretically, the yield from carbon can be éaléuiéted with
the following assumptions: o _ ‘
(2a) The production aris'e”é‘“fvrorh only p + p. éoflisions
within the carbon nucleus. =~ - : “ :
' B . {b) The internal momentum distribution within the
‘carbon‘hucleus is ‘given by a gauésian function such that the probability
falis to i/e for a nucleon of energy 16 Mev. Such a distribution is sug-
'gested by the work' of Cladls37"'0n the energy spectrum of protons scat-

3/2 ”

and

‘tered from carbon.
(c) Two excitation functions were tried, T

TTrZ. The data of Schulzl3a’b: and Durbin, Loar, and Steinberger38
were fitted by the two forms of the excitation function. The T3/2 ex-
citation is the energy dependence predicted by PS theory with PV coupling.
The T“_2 excitation gives a better fit to the experimental data of Passman,
Block and Havens, 39 who observed the excitation for P + P —- D + 'rr+
at 900

. (d) The angular distribution measured by Stevenson40
was used' for the éngular integration.

{(e) Thirty percent was added to the 1-r+' yield for non-
deuteron formation. :
| P+P—->P+N+m'

The total production of mesons within the nucleus was calcu-
lated in three steps: (i) transformation to the center-of-mass system
for the incident proton and particular nucleon, (ii) calculation of the -
energy available, (iii) and determination of yield by the excitation
function. Next the effect of attenuation of protons and mesons was
estimated in a manner similar to the calculation in Appendix II.

The results of the calculation are summarized:
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Excitation function T

Calculated relative cross section per proton ‘
- (compared to hydrogen = 1) in carbon, no 8.3 3.8
attenuation of protons and mesons

‘Calculated relative cross section per proton
(compared to hydrogen = 1) with proton and 2.7 1.2
meson attenuation

Experimehtal relative cross section per
~proton (compared to hydrogen = 1) 2.7 2.7

The above calculation is uncertain for a number of reasons.
The excitation function is being extrapolated far beyond experimental
values. The internal-momentum distribution is uncertain for the high-
momentum components. The model may be bad. A number of rough
estimates were made.. The remarkable fact is that the calculated and
observed total cross section per proton are of the same order of mag-

nitudé.
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VIl CONCLUSIONS

1. The yield of 7" mesons is a smooth function of afomic
nurrvmber‘ } . ' _
2. No special isotope effects were observed for the Tr+‘—meson
yield from Beg, Blo, B(natural) and Clz.
| 3.. The yield as a function of atomic number can be explained
in terms of
" {a) Production of w1 only from P + P collisions

(b) Attenuation of mesons and protdns with reasonable

mean free paths given by

T Meson Mean Free Path ‘A
T 4 m
55 Mev 7 x 10_137“cm
' -13
. 85 Mev _ 2.8 x10 cm -
' . -13
145 Mev‘ % 1.1 x10 cm
Element Proton Mean Free Path )\p
C ) ‘ 4 x 10-1'3 cm
Cu 5x10 -13 cm
Pb . ‘ 6 x 10-13 cm

4. The experimental values for xm can be interpreted in terms
of the observed interaction cross sections between mesons and free
protons. Furthermore )\m is of the right order of magnitude to account
for sufficient attenuation of mesons to explain the total production cross

section for m' -mesons produced by proton bombardment of carbon.
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GLOSSARY OF TERMS

Equipment and Operating Terms

"Crystal Telescope--consists of crystals No. 1, No. 2 and No. 3

-Passing Crystals--crystals No. 1 and No. 2

Stopping Crystal--crystal No. 3

Meson Energy Degraders--copper absorbers which degrade the
meson kinetic energy to Y21 Mev, the mean detection energy of the
crystal telescope.

Fast Coincidence--coincidence of events in crystals No. 1 and

‘No. 2, such as the passage of a T-meson.

Gate - -voltage pillse lasting approximately 10“7 sec. which is
produced by the gate generator when triggered by the fast coincidence.
The gate is 10_7 sec. long irrespective of whether the circuit is on
"short'" or "long' delay. ‘

T - Coincidence--coincidence of the gate and an event in the

stopping crystal such as would be caused by the passage of a 7 in
crystals No. 1 and No. 2 and its decay in crystal No. 3.
Short Delay--gate starts 2.2 x 10_8 sec, after fast coincidence.
Long Delay--gate starts 19 x 10_8 sec. after fast coincidence.

Short-Delay Count--m - p coincidence on short delay. This

may be either a true w-meson count or an accidental event.

Long-Delay Count--w - p coincidence on long delay. This can

be only an accidental event.

Meson Count--short-delay count minus long-delay count.

m - . No. 1 Chassis--consists of gate generator, m - . coincidence

and associated distributed amplifiers for channel 1, m - p. No. 2 chassis
is a similar chassis for channel 2.

Fast-Coincidence Chassis--consists of two distributed amplifiers

A and B and the fast coincidence.
HV No. 1, No. 2, and No. 3--high voltage on the phototubes

viewing crystals 1, 2 and 3 respectively.
E_l——the first control grid of the = - p coincidence. G1 controls

the level of the p signal required to make a m - p coincidence.

™ Amplifier Bias--determines the level of the fast-coincidence

output required to fire the gate generator.



-36-

" Units, Constants

All energies are in Mev

T_ = Meson kinetic energy in Mev.

A = Nuclear mass, also ""A'" used as symbol for
nucleus in general.

Z = Nuclear charge‘°

R = Nuclear radius = 1.4A1/3 10713 cm.

)‘m = Meson mean free path for absorption in nuclear
matter.

N = Proton mean free path in nuclear matter for all

p processes competing with mesonvprodliction,.v

F = Combined attenuation factor for protons and mesons,

also

= Number of mesons produced/divided by the number
of mesons that would have been produced if there
had been no attenuation of protons and mesons in
the nucleus.

6 = Angle between incident proton and emerging meson
in the lab system.

Range= g/cm2 of material required to stop a charged particle.

x = de Broglie wave length/2m.
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APPENDIX

I. Multiple Coulomb Scattering Loss of Mesons

A correction must be made for mesons scattered out of the
crystal telescope by multiple Coulomb scattering in the copper meson-
energy degraders. This correction has been calculated on the basis
of the distribution formulas derived by Eygeszs. Eyges has extended
the theory of Rossi and Greissen42 to include the effect of energy
loss of the scattered particle as it passes through the degrader. He

&
derives the distribution function:

' 2 2
. -A YT +2A,y 6 - A0
F(t,y, 6) = 5= €Xp_ Z
4 l/.X.OAZ-Al 4(AA, - A
where: t 0
A (1) = f St_z"l)_ dn n=0,1,2
o w(n)

w =2 v.P/Es

v = velocity of particle
P = momentum of particle

Esz 21.2 Mev

t = distance travelled in the absorber

@ = that angle which is the projection on any plane con-
taining the original direction of travel, of the angle
between the direction of the incident particle and its
final direction of travel.

y = distance projected on the same plane as for § and
measured perpendicular to the original line of flight.

(Note: distances are measured in radiation lengths for the
degrader used.)

* Note some of the numerical factors were misprinted in ref. 28.
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The constants Ao’ A-1 and A2 were determined by numerical

integration of the range-energy curves for mesons in copper. The

range-energy curves were derived from the usual formula:

: M
- Rm T M 'Rp(h"p)
"where:: : R(E) = range of pai‘ticle with energy E
oM
?p. - MTr Em

M = mass
Mrnc2 = 276 Mev
E = kinetic energy
subscripts: m = meson; p = proton

The range-energy curves for protons in copper were taken from ref 29.

The distribution function gives the probability that the particle
will have the coordinates § and y after traversing a thickness t of
degrader | ’

Prob(t, 6, y) dody = F(t, 6, y) dody.

The above distribution function can be generalized to the
experimental situation in which fhe distribution at a dist.ance L from
the back of the degrader is required. |

Dégra.der

B C

Meson

Path

A

The desired distribution is obtained by making the substitution

Y=y -L0
vy =Y + Lo

Fc(t’ Y, 6) = FB(ty VE 6)

The wvalidity of the above depends upon the fact that there is no change

in the angular part of the distribution over the region B to C.
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The plane C is taken as the midplane of the stopping crystal.
The planes A and B defined the position of the copper degrader.
Scattering in the first two crystals is negligible and has been Iignored.

If the meson beam, meson-energy degraders, and first two
crystals were infinite in the plané perpendicular to the original meson
path, the geometry would be '"bad' and there would be no correction
required. There would be as many mesons scattered into the stopping
crystal as scattered out. The dimensions of the system make for
neither good nor bad, but for what might' be called ."mediocre"' geometry.

The dimensions of the crystals and the meson beam apertures

e - Beam Aperture Crystal Dimensions ,

No. 1 No. 2 No. 3
Height 2. 9 in. Height 1.950in. 2.014 in. 1. 844 in.
Width 2.6 in. Width 1.983 in. 2.013 in. 1.857 in.

Thickness 0.306.in. 0.202 in. 0. 344 in.

In plan view the relative positions of the crystals and meson-
energy degraders are shown in Fig. 2. For the moment assume that
the apertures, meson-energy degraders, ' crystals, etc. ére of infinite
extent in the dimension perpendicular to the plane of Fig. 2, so that
multiple -scattering losses need to be calculated in only one plane.

The distribution function F(f, 6, Y) can fbe applied directly to this
situation. The stopping crystal is divided into a number of zones
which become progressively smaller near the edges of the crystal
where the correction is largest. The aperture is also divided into a
number of zones. The contribution of each zone of the aperture to
each zone of the stopping crystal is calculated with the provision that
no meson is allowed to be in the excluded angle a. A meson whose
trajectory lies in the excluded angle a can not fire the gate because

it misses crystal No. 1. The angle a of course depends upon the zone
in the 3rd crystal under consideration.

For each zone in the stopping crystal the fraction of mesons,
H, arriving in the zone is calculated; 1 - H is the fraction lost to each
zone. In the limit H may be thought of as a distribution function where
"H(Z) is the fraction of mesons arriving in the strip dZ, Z units from

the center of the. crystal.



~40-

Now consider the actual case where the geometry is finite in
the other dimension. Call this dimention X. The mesons actually

arriving in the stopping crystal can then be written as

f F(z) F(X) dX dYy ( = integrate over crystal
S : S

The jusfification for this step can be seen as follows. The form
of F(t, 9, Z) after integration over g is given by

2
F(t, Z) = e_aZ
Now let us guess what the disfribution f(t, Z, X) might be where f(t, Z, X)

is the two-dimensional distribution function giving the density of

- particles falling in dXdZ at the coordinate X, Z.

Assume 2 2
f(t, 7, X) dzdX = e 23X+ Z7) gzax

Clearly
ff(t, X,Z)dX = F(t, 2)

2 2 2 '
fe_a(x *27) dx ~e.a'Z = F(t, &)
The assumed two-dimensional distribution formula, integrated over
X, gives the correct one-dimensional distribution formula in Z.
By means of the distribution function-

F(Z) F(X) dZdX

the number of mesons scattered out of the stopping crystal is calculated.

II. Attenuation of Protons and Mesons in the Nucleus

le— 28 —J
| l

|
— X |
l |

| v
A proton path m meson path B

) nuclear radius

1.4 Al/310-B¢m
Consider a proton passing through the nucleus along the line AB,

o)
non

and assume that the proton produces a meson at a distance x from the
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surface of the nucleus. The meson continues along the line AB.

Define
I0 = Intensity of incident protons
B = Number of mesons produced/cnn3 in . nuclear matter
by unit intensity of protons
)\p = Proton mean free path in nucleus
A, = Meson mean free path in nucleus

»Io exp(-x/\_) B exp(-2s + x)/)\m = number of rnesons/cm2
' P getting out of nucleus which
-were formed at x.

Now integrate from 0 to 2s to get contribution throughout nucleus along

line AB. :
. ZS .
Io B \ exp [- Zs/)\'m - x(l/)\p - l/)\m)] dx

Io' ,B)\l [exp (-Z-S/)\m) - exp (—Zs/)\p)] WASTE 1/)‘P - 1/\m

Now integrate over the entire nucleus. The differential unit of volume

is the annular cylinder of radius r and height 2s

I, BN [exp (—Zs/)\m) - exp (-sz/Xp)] 27r dr

I Br
0

2 _
| R B(xm,xp,R) : (1)

—

where

B\ Mo R) = 1/200_/R)% - [exp(-2R/ )] [ M /R + A 2 /2R?]

1/2(xp/R)2 + [exp(-ZR/)\m)] [xpv'/R +'>\p2/2R'ZJ

If there had been no proton or meson attenuation, the production of

mesons would have been

4/3 ¢ r3 I.B (2)

The attenuation factor, F, is therefore factor . (1) divided by factor (2)

F =3/4 xl/R B\ » xp,R)
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Table 1. ‘Series I

Table II

11,

T =53 Mev
LR T

15,
21.
50.
42.
60.
50.

O O O O N W h
‘H H H H H K OH
. .

Series II

3.
7.
15.
13.
13.
7.

10

B

N O a9 O o0 ;m

+ 1.
+ 2.
+ 2.
+ 3.
+ 4,
+ 4.

d%¢ /dE 49 cm® x 10°

4
1
9
2
0
8

16.7 2.2

Mev

N O ok W
O O O O Ul N o

12.

B(Natural)

4.3 + 1,
8.1=%2,
14.6 £ 3,
15.4 + 3.
10.3 = 3.
3.6 3.

21.0x 2,

4

3
1
8
6
6

3

do /dQ cm® x 10728 steradian”!

_((Rélative) dza/dE o

1 stera.dian—l

7

11.
15.
16.
. 14,
11.

12

1+ 1,
9 + 2,
4 £ 3,
0+ 4.
8 + 4.
2+ 4,

02,

oy =1 W o~ Ut
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Table III Series III

dzo/dE 49 cm? x 1073% Mev™! steradian”!

T_n_ C _ Cu Pb

52 9.7+ 1.6 21.8 £2.9 46.7 £ 7. 4
65 15.0 £ 2.2

88 19.7 + 1.7 32.4 £ 4.5 73.7+9.8
147 11.4% 1.5 23.6 4+ 4.7 40.8 £9.5

Table IV Deuterium Data of Series IV

All Corrections Prior to Subtraction Have Been Made.
Relative dza/dE_dQ are Plotted.

Target. Full, Run No. 4,.1000 psi

T1r 43 Mev 52 70 89 111 130

10.1£2.7 19.0+3.1 28.4+3.2 24.6 £ 2.5 12.4+2.7 13.1x2.7

‘Target. Full, Run No. 5, 2000 psi

T'rr 47 Mev 56 66 74 82 92 104 114 132
20.4 £ 2.0 28.4 £ 3.3 22.7+2.3 15, 1 £2.3 7.4+2.1
24.9 £ 2.2 27.9 +£1.7 21.5+2.5 10.6£2.6

Target. Empty - (Normalized for Subtraction)

T_ 35 Mev 45 65 85 106 125 148
3.61 % 0. 66 3.82+ 1.0  1.92 + 0. 69 -0.53 + 1.8
2.17 +0.66 3.2+£1.2 2.5+ 0.6
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Table V

Deuterium Spectrum
2 -30 -1

d%0 /dE d2 = cm® x 10730 Mev™! steradian™

T 42 50 60

T
d%c 1.77 2.81 4.0
dEdD

70 80 90 100 110 120 130
4.41 4.04 3.36 2.73 2.10 1.50 0.90

140
.45
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target.
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Fig. 8 High pressure deuterium target.
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