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Production of #* Photo-mesons as
a Funetion of Atomic Number

Robert F, Mozley
I Intrcdustion '

A measurement of the cross section for-the production of m* photo-mesons
as a function of atomic number was made possible when Steinbergerl developed
an electronic method for detecting #* mesons produced by the x-ray ﬁeam of the
Berkeley synchrotron, DMcMillan Peterson, and White® had previously carried
on. photo-meson studies with nuclear plates, but this method of study would be
exceedingly laborious to apply to the study of a large group of elements, al-
though it does have the advantage of allowing the study of %~ mesons as well,

Steinberger and Bishop3 investigated the production of u* mesons made

by the x=-rays of the synchrotron on hydrogen and carbon, They examined meson

energies between 35 and 105 Mev and angles between 45° and 135° to the X-ray
beam, In addition to obtaining valuable data on the hydrogen cross section,

they showed the hydrogen cross section to be very much larger than the cross
section per proton in carbon,

Chew and Steinberger4 have suggested that exclusion principle arguments
similar to those used in their paper discussing the w=/a* ratio of mesons pro-
duced in nucleon-nucleon collisions 'can also be used to explain the anomaly
in the cross section of carbon and hydrogen, The reaction producing a ut méson
is considered to-be | .

Y+ P—n+a

In the case of the production of #* mesons from carbon it is felt that only
the protons in the nucleus can enter into the primary reaction, For hydrogen
all of phase space is available to the recoil neutron, while for carbon the
low lgvel neutron states are already oceupiédo Therefore, at all available

energies the cross section per proton in carbon should be much less than that



5=

of hydrogen, Célculations are in progress to obtain more quantitative
estimates of this effect,

In order to obtain more information about this effeect it was
desirable to study the relative cross sections of the lighter elements
to see whether the cross sections per proton of the intermediate elements,

lithium, beryllium, and boron are close to that of carbon, whether there

4 is a gradual transition from carbon, or whether there are large variations

in this ercss section in going from one element to another with slightly
higher stomic number, It is possible that nuclear shell structure can
play an important role in determining the cross section,

At the same time it appeared desirable to evaluate the relative
eross sections of the héavier elements, Any anomalies or geqeral relation-
ships derivable from these relative cross secticns could also have theorsti-
cal significance,

The method of sleztronic detection developed by Steinbexrger is a

5

varistion of that first used by Rassetti™ for the detection of u mesons

- in cosmic rays, The method is elso very closely related to the technique

. used by Alvare26 for the detection of n+rmesons produced by the Berkeley -

184~-in, cyelotron,
The method of electronic detection-used in this experiment and
described below was identical to that developed by Dr, Steinberger,

11 General Deseription of Experiment,

The experiment consisted of comparing the ot meson yields from
various targets placed in the x-ray beam of the synchrotron, The measure-
ment was done on mésons leaving the target at an angle of SQO to the

direction of the x-ray beam,
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The energy of the electron beam of the synechrotron was approxi-
mately 317 Mev in all measurements,

Two meson energy ranges were examined; 42 Mev and 76 Mev with
widths of t 9 Mev and_i 6 Mew respectively, 76 Mev was chosen as the
high energy region since iﬁ the carbon data previously obtained by |
Steinberger, the cross section dropped off rather rapidly above that
energy, while 42 Mev was chosen since below that energy the background
became excessive. - |

The elements investigated were hydrogen (by  subtracting the carbon
cross section from the CH, cross section) lithium, beryllium, boron, carbon,
aluminum, cdpper9 tin, and lead, To investigate more elements or more
than two energy ranges would have greatly increased the synchrotron time
necessary for the experiment and have given little more pertinent informa-
tion, especially since it was felt necessary to treat each day's data
independently, In each run it was desirable that every element be measured

once at both of the meson energies,

III - Discussion of the Method,

1, Use of put Meson Decay for the Detection of the ut Meson,

It is known that u* mesons have a mean life of 2,1 microseconds,
decaying into a positron (plus probably two neutrinos); Such é décay"
time-gan be measﬁred with standard electronic teschniques, Since a w* meson
decays into a wt meson (plus probably one neutrino) it should be possible
under some cifcumstances‘to detect a n* meson by means of the characteristic
2 microsecond decay.of its u* meson,

In the experiment under discussion it was desired to detect those

n* mesons produced by a beam of x-rays passing through targets of various
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elements,

If a w* meson stops in an anthracene or trans-stilbene crystal, the
meson will lose -energy in the crystal and thus excite molscular eneréy states
which later emit light, The light can bepicked up by a photomultiplier,
converted into electronic energy; and emplified, 1In this energy region the
resultant pulse will be of height proportional to the emergy lost in the
erystal, The light from the erystal and the consequent current in the photo-
multiplier will have a duration of about 10-8 seconds but the pulse from the
amplifier will have a duratipn of approxiﬁately 10=7 gseconds because of the
resolving time of the electronic circuits, - The w* meson ﬁill decay into a
ﬂp* mesonvin about 10-8 seconds, Since the p* meson has an energy of approxi-
mately 4 Mev it will in most cases stop in the erystal, The pulse caused by
it will not be resolved from the pulse of the incident w* meson but will
add. to its .size, With about 2 x 10“6 seconds.mean life the p* meson will
decay into a positron, The positron will in general not be stopped by
the crystal but can lose up tokéeveral Nev in it,

The first pulse can be used to trigger a series of gates, the first
gate starting for example 0,5 microsaebnds after the pulse and lasting until
2,5 microseconds, the secoﬁd starting at 2,5 mieroseconds and lasting until
4,5 miecroseconds, etc, If a second pulse occurs at the same time as one of
these gates, this fact can be recorded by means of a coincidence circuit,
scaler, and register,6 Ifin a series of counts a/gji microsecond mean life
were -recorded, this would be evidence that a* mesons wéré"being stopped in
the crystal, It must however, be proved that there is no other possible cause
for such a mean life, - |

. The @ meson which was defected in this process might not have been
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produced by the decay of a 7" meson which stopped in the crystal, However,
nuclear plate. data (Peterson, White, and Gilbert?) show no evidence of
meéons being.produced‘in a carbon target and set an upper limit for the
. eross section-for this process at 8 percent of the cross section for pro-
duetion of n*.m.esons° Theory predicts a very small cross section and as
a result the possibility of an error due té  mesons from the target has
beqp ignored;

2. Analysis of Error Caused by 7~ and n' Mesons Decaying in Flight,

Another source.of .pu* or w~ mesons.is the. n* or n~ mesons which decay
in flight, In this experiment the distance from the target to the cerystal
was approximately..zo.,cmo Consider the number which would decay at the two -
meson energies which were measured, At 76 Mev B = ,77 and at 42 Mev B = ,64,
Correcting for the relativistic time dilation:

A = Ag? Atpg = 1,5 A .t‘?,% Dty = 1,30 £,

J/i-p2

values were obtained for the time of flight:
tipg ¥ 6 x 10710 sec, t7,5 ¥ 8 x 10710 sec,

If a 1,97 x 10~8 second mean life for n* mesons is used (Martinelli and

'Panofskys) the following relatiohship is obtainéd:

I b
TR-e"" "= g7
(o]

e
T2 | o
e

Therefore at 76 Mev about 3 percent and at 42 Mev about 4 percent of the m*

mesons decayed in flight, Actually absorbers reduced the average energy so
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that about 4 percent of the 76 Mev meéons and 4,5 percent of the 42 Mev mesons
decay -in flight, There is no reason for assuming a different mean 1life for a
a~ than for a nt meson,

A calculation must be made of the percentage of the yu mesons formed
in this way which would have reached the crystal, The evaluation of this can
be assisted by considering a simplified geometry of a point target and a
point crystal, If equal numbefs of mesons are leaving the target in all
directions, the flux through any part of a sphere surrounding the target will
depend only on the number of mesons produced, If some of the W mesons decay
intec p mesons before reaching the sphere, the direction of motion of the u
meson being different from,that of the o the number of mesons crossing the
surface of the sphere will not be changed, Hence, if a crystal is placed
oﬁtside the sphere, it will measure the same flux of mesons regardless of the
decay of the W mesons and the angular directions of the p mesons produced
thereby, Even if some. ¢f the 7 mesons which are heading toward the crystal
decay into p mesons which go in a different direction and miss the crystal,
an equal number of % mesons which-are going to miss the crystal will decay
into 4 mesons which will hit the erystal, Of course the range of the p mesons
produced'will be different from that of the W mesons producing them but this
effect will be compensated for by u mesons from other energy ranges,

In the actual geometry used the effect of the collimation must be
considered, In order to calculate this effect the difference in angle bstween
the 7 and p must be evaluated,

Tb compute the maximum angle between the direction of the m meson and
the @ produced by its decay relativistic requations mmst be used,

Let Uy’ and Uy’

°

Let ¥ be the veloecity of the © meson . and B = %
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be the velocity components of the w meson in the c¢oordinates

of a -system in which the W meson is at rest, Let. v be in the X direction,
Then if Uy and U, are the velocity components of the p meson in the laboratory
system, !

... Ux' +v =
s
c? X

The angls © between the direction of the W meson and the 4 meson

will be such that. Tan @ = -2 o
. Ux
' /1 _ a2
- Pang=Vz V1-P
Ul + v

For the maximum angle Uy’ = O,
Tan © max = éggiv/l - p2

B

For the 76 Mev case B =0,77 and U,' = 0,27, Tan @ mex = 0,23,
C

For the 42 Mev case B =0,64 and U,’ = 0,27, Tan @ max = 0,32,

The collimator reduces th;;number of p-mesons which reach the crystai
only if it interferes with % mesons which would send a p meson into the
erystal when they decay in flight, Since the angle between the ® meson and
its p is relatively small, the actual collimator used in this experiment
should have reduced the number of 1 mesons “hitting the crystal by about 2Q
percent, As a"fesult about 3-1/2 percent of the 42 Mev W mesons and about
3-1/4 percent of the ?6~Me§ - megons decayed into p mesons whieh would reaéh
the ecrystal, VIn the case of the n* mesons this means that almost all n*

mesons were counted regardlsss of whether or not they decayed in flight,

Therefore, no error was introduced in this experiment by the u* mesons which
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decayed in flight since only relative cross sections were measured, However
about 3-1/2 percent of the 1~ mesons decayed into p~ mesons which were counted,
From the data of Peterson, White, and Gilbert’ the ratio of 7~/n* photo-mesons
from carbon is about 1,3, If the ratio stays approximately constant for
various eiémentsa thé = mesons which reached the crystal introduced negligible
.error, In the case of hYdrogen, however 6 no 7~ mesons have been observed by
Cook? in his nuclear plate work, Therefore it appears that the hydrogen

cross section should be increased about -4-1/2 percent before comparing it with
other cross gections° It is unlikely that the mn~/u+ ratio will fiuctuate.
greatly in the case of the other elements measured and as a result it is
improbable that any other correction should-be made,

- 3, . .Other-Possible Causes of a 2 Microsecond Mean Life -

Many of the W mesons would stop in nearby materials, The W~ mesons
would produce stars and hence cause no delayed coincidence in the crystal, ' bn
The energy of the p* meson from a decaying wt is about 4 Mev and hence only
a few near the edge could enter the crystal, The circuit bias was such that
these would not be counted although no error would be introduced if they
were, No delayed coincidence eould'bé introduced by the t= mesons which
stopped in the crystal, In the meson studies performed by BradnerlO and the
Berkeley film group an upper limit has been set on the percentage of w~ mesons
which decay into u~ mesons after stopping in a nuélear'plateo This number
is less than 0,1 percent of the 7~ mesons, Even these can probably be
accounted for as due to other effects,
There is the possibilit& of having produced an induced radiocaetivity
with the same half-life as the p* decay, A particle which produced a pulse

on entering the crystal could also have produced a nuclear transformation



]2~

resulting in a 2 microsecond mean life, Since the crystals are camposed of
hydrogen and carbon, it must be a radioactive element produced in some way
from these elements, No such activity is known, Morsover, the delayed counts
" disappeared when the peak energy of the synchrotron dropped below the thres-
hold energy for meson production,

If a 2 microsecond activity was detected, it therefore should have
been due primarily to #* mesons-with about 4-1/2 percent of the counting
rate being caused by the ™ mesons,  The 1™ mesons cause-an error of 4-1/2
percent in thé cross sections only if the w~/n+* ratio varies more than a
factor of 2 in the various elements measured or if the u-= =p--mean life is

mich shorter than the n' -u+ mean life obtained by Martinelli and Panofsky,

IV Experimental Details,

1, Methods for Reducing Béckground,

The actual problem of counting mesons was complicated by a large
background of accidental counts due to other ionizing radiations from the
target, from the x-ray beam and from the synchrotron. itself,

A large part of the background c¢ould be eliminated by shielding the
erystal with lead, At least 6 in, of lead was placed on all sides of the -
crystal except for a channel to the target.. See Fig, 1 and 2, This channel
acted as a collimator and gave an angular resolution of % 8 degrees, In
this chanpel aluminum absorbers were placed to select the correct energy range
of meson,

To explain how thg background was further reduced :equires a descrip-
tion of some details of synchrotron operation, It is assumed that the reader
understandsthe general principles of the synehrotron,

During the time that the electron beam is accelerated the niagnetic
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field at the orbit varies in time as shown in Fig, 3., Since during most of
the time the electrons sre travelling at nearly the velocity of light the
energy of an electron varies linearly with the magnetic field, - Electrons

are injected at time a and accelerated by betatron operation until time b,

At this time the flux bars saturate and the oscillator is turned on, The
acceleration is continued until time ¢, the oscillator is turned off, and the
orbit of the beam contracts until the beam hits-the target, X-rays aré
emitted from the target in a very narrow forward cone, The total time during
which the beam of X-rays exists is 10 microseconds per cycle of operation,
This cycle is repeated 6 times a seeond, It is this beam of x-rays which
was used to produce the mesons, Since the x-ray beam exists only 60 micro-
seconds per second the-accidental rate in a coincidence circuit should be
very high, If Nl and Nz are the numbers of counts’ in the two channels put
“in coincidence9 T-is the resolving time (total time during which coincidence
can occur), and "duty cycle" means the ratio of the time the x-ray beam
exists to the total time, the number of accidental coincidence counts in

an interval of time are given by the following formula:

N Nog T

Accidental counts =
Time x Duty Cyecle

In another type of synchrotron operation, the electron beam can be made to
collapse into the target in about 2000 microseconds by turning thé oscil~
lator off slowly, It can be seen that this will increase the duty cycle and
therefore reduce the-accidental coincidence rate by a factor of 200,

2, X-ray Spectrum,

Since the beam was spread out in time, the energy of the electrons

hitting the target was spread out to some extent, As the beam of x-rays
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came out at a time corresponding to the top of the sine wave of magnetié
field, the energy of the electrons causing the x-rays did not changé very
rapidly with time, The change of intensity of the x-ray beam with time
could be studied by placing a scintillation counter in the beam, and put-
ting the output on an oscilloscope, Fig, 3 shows the usual plot of in-
tensity vs, time which was obtained, The shape of this intensity distribu-
tion changed very little,

The timing of the beam with respeet to the peak magnetic field could
be continuously monitored by placing the beam picture and & pip occuring at
the peak magnetic field on the same oscilloscope sweep, The peak of the
beam intensity occurred approximately 1200 mieroseconds before the peak mag-
netic field, with a maximum variation of about 200 microseconds, The actual
peak megnetic field was such that the corresponding electron energy was about
326 Mev, The real peak energy was not known to better than * 10 Mev due to
a drift of synchrotron energy. This beam was spread approximately.so Mev
iﬁ_the type of operation used,

The x-rays produced by the synchrotroﬁ beam should have an energy
distribution much like the theoretical Bremstrahlung speetrum, Modifications
mﬁst be made because of the energy loss of the generating electrons in the
synchrotron target, the scattering and intensity loss of x-rays in this target,
© and the>effect of the collimator used, These theoretical corrections have been
. made by Mr, Christian and the curves are shown'in Fig, 4, In addition'the
spectrum is affected by the spread in the beam energy, The calculétion of
“this effect has been made By Mr, Bishop, The resultant curve is shown in
Fig, 4, This is a representation of the x-ray beam intensity at any one
time, However, the peak egergy was not known to closer than ¥ 10 Mev and

varied an additional % 10 Mev,
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3, Integration of X-ray Beam,

Two ionization chambers were used for measuring the x-ray intensity,
one was placed in the x-ray beam behind the experimental target and the other
in front of the target, The instantaneous output of the chamber behind the
4target was used to drive a watt-hour meter which thereby recorded a number
proportional to the total number of x-ray quanta which passed through it,
This integrator was slightly non-linear (about 15 percent over a factor of 3
.in beam intensity) and hence was useful only when the intenéity of the x-ray
beam was constant, The chamber in front of the target was so operated that
the current from it charged a condenser which was discharged at a predetermined
voltage, thereby actuating a register, The linearity and stébility of this
instrument were good to 5 percent, Both of the beam integrators were used
simultaneously and the readings compared to be sure no violent fluctuations
were taking place, The readiné of the chamber in front of the experimental
target was used in all data except in one run which was made at approximately
constant beam intensity, OSince this experiment was concerned only with

relative cross sections, no absolute reading of the integrator was necessary,

4. Detection Equipment,

v Measurements were made by placing tﬁe target of the element to be
ihvestigated in the x~-ray beam and placing the crystal used for detecting
the mesons at about 20 em distance and at an angle of 90° to the beam direc-
tiqnc At least 6 inches of lead where placed on all sides of the erystal
except for a channel to the target,

In ordef to reduce the bagkground a coincidence telescope was made by
placing another erystal between this erystal and the target, Gate circuits
‘were triggered only-if a coincidence of pulses from these two crystals oc-

curred, In addition a third crystal was placed behind the counting crystal
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in anti-coincidence with the first two crystals, The gate circuits were
triggered only if a particle entered the first two crystals and not the third,
thereby probably stopping in the 2nd erystal, The first crystal pulse ampli-
fication waé such that all particles losing over about 6 Mev in it were
counted, the third ecrystal such that all losing over about 1 Mev were counted,
while the output of the 2nd crystal amplifier was divided into two channels:
IIA such that pulses of over é Mev. and IIB such that pulses of over 2 HNev
were counted,

- -Thus the pulse of a heavily ionizing particle occuring at the same
time in I and IIA and no pulse in III were required to trigger the gate
circuits, while the pulse of even a weakly ionizing particle could be counted
in IIB and in coineidence with the gates,

A block diamgram of the elecetronies is given in Fig, 5, In Fig, 6
signals are shown which are characteristic of those which would occur at
various parts of the circuit if a meson were counted, (Points are labeled in
the block disgram;) Fig, 7 is a photograph of the electron equipment used,

The crystals used were of anthracene and trans-stilbene approximately
3/4 in, thick and 2 in, x 2 in,

5, Background Measurement

In operation there was a fairly high accidsntal counting rate, This
could be computed by using the single counting rate for éhannel IIB, the
number of times the gates were triggered, the resolving time, the duty cycle,
and the time required for the run, Measurement of the duty cycie must ‘be
doge experimentally so in practise it was better to make an experimental
estimate of the background for each run, This was done by triggering a gate
from a fraction of the pulses in channel III'(the éingle counting rate of

this channel was t00 high to use for this purpose), These gates were put in
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coincidence with the output of IIB, The accidental rate in one of the meson

gatés would be given by the fbllowing relationship:

Meson Gate Width x Number of Meson Gates x Counts in Background Gate
Background Gate Width x Number of Background Gates

Background =

The ratio of the effective gate Widths could be measured experimentally using
a gamma-ray source, Pulses from‘one of the erystals were used to triggerlall
of the gates and pulses from anotherAcrystal {or the same crystal) could be
put in coincidence with the gates, The number of pulses recorded should be
proportional to the ratio of the gate widths,

The background obtained in this manner was subtracted from the counts
registered as passing through each of the gates, The remaining counts should
have been due to mesons decaying, That fhis was actualiy the case wés con~
firmed by the fact that the data so obtained gave a mean life for p electron
decay which was 2 1 microseconds, within the error of the stétistics and

~calibration;

6, Stability of the Electronic Equipment,

- To evaluate the accuracy of the data taken, the stability of the
electronics and the effect of any instability on the meson counting rate must
be known, For this purpose the variation of the meson counting rate with
the‘gain of the amplifiers and photomultipliers in the three channels has
- been studied, The meson counting rate was virtuall& indepent of whether
.channel Il1I was used, It can be seen in Figs,6 8, 9 and 10-that plateaus
existed for meson counting rate versus gain in channels I and IIA, The single
counting rates on the4other hand increased rapidly as the gain was increased,
Since the Single counting rate of each of these channels was measured, it could
be used as a eriterion of ‘whether the gain had changed sufficiently to cause

appreciable inaccuracy, Channel IIB had only a very slight plateau and as a
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result this.channel had to be carefully monitored,

To insure that the gain of this channel was correct a gamma-ray stand-
ard was periodically placed at a fixed distance from the crystals and the gain
of channel IIB set so as to obtain a predetermined counting fateo Channsl

I1II was also monitored in this way but there was insufficient energy in the

.gamma~-rays for them to be recorded in channel I or IIA, As a result one of

the targets was used as a standard, The single counting rates of all of the
channels were measured with this target, then two other targets were run,
and then this 'standard run again, - The criteria for acceptable bracketed
runs were that channels I, IIA, and III should not vary more than 30 percent
and IIB more than 10 percent, A part of this percentage would be statistical
error, |

Each day's data were evaluated separately, Therefore an advantage
was gained by running all targets et least once each day at.both of the two
energies measured, An attempt was made to do this for all targets except
tin and lead which required running at such a low beam intensity and there-
fore for such long periods as to make it impossible td run all of the other
targets on the same day,

7, Design of Targets,

In order to avoid the calculation of geometric-effects all targets 
were made as c¢losely as éossible tﬁe same physical shape, See Fig, 11,
The size and shape were determined by the following considerations: The
target area was made-larger than the beam area so that the target would not
have to be located accurately in the direction at 90° to the beam, A 1l in,
collimator was used for the beam and the distance of the target from the
collimator was such that the beém had a diameter of approximately 1-1/2 inches,

The targets were all 2 in_, high and at least 2-1/2 in, wide, The target
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thickness in the direction of the x-ray beam was made small, This made it
possible to correct for the attenuation of the beam without introdueing
apprecisble error, Targets were so designed that mesons of the energy in-
vestigated could lose approximately equal energies in all targets (except
tin . and lead), This problem was simplified byteking the targets thin in the
direction (90° to0 the x-ray beam) in which mesons were to be counted, As a
result the‘targets were all of approximately 121/2 grams/cmzow

The lightest element measured was a compressible boron .powder, The
next was selid lithium, The boron powder was held in the correct shape by a
thin aluminum container, A similar container was necessary for the lithium
ﬁo protect it from the, air, A duplicate empty container was measured and its
counting rate subtracted from the lithium and boron rates,” No containers
were necessary for the other target materials, With the exception of tin,
lead, and copper the other target thicknesses were méde to correspond in
meson energy 1ossvto the lithium target,- The boron powder could be com-
pressed to make it approximately the equivalent, The other targets were made
in several layers, The layers Weré:mounted at a 450 angle to both the x-ray
beam direction and the direction of the crystals, Thus they presented a low
average deﬁsity to the x-ray beam and the corrsct average density to the
mesons,

It was found that the counting rate for mesons doubles in going from
42 Mev to -76 Mev meson energy. Since the targets were approximately 4-1/2
Mev thick or 2-1/4 Mev thick for the average mesons, little error was intro-
duced by making the targets too thin or too thick, Therefore in the case of
lead and tin it was easier-to correct for the meson range than to correct for

the attenuation of the x-ray beam, As a result targets about 1/7 and 1/10 as
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thick were used for these two elements,

Corrections were made for both the attenuation of the x-ray beam and
differences of meson range in the targets,

Beryllium and boron were the only elements tested which had an 4
appreciable -amount of impurity, Analysis showed 1 peréeht impﬁrity in the
beryllium, primarily?Al;,Ca; and Mg, Thers was a 4 percent impurity in the
boron, primarily Mg,

The dependence of the cross section on the atomic number shows that
any impurity of a heavier element should decrease the crosé section slightly,
The bpryllium impurity required less than 0,1 percent correction and was
neglected,- The boron impurity required a correction of +0,9 percent at 76
Mev and +0,7 percent at 42 Mev, |

8

©

Scattering of-Mesons.in the Absorber,

‘Scattering took place in the absorbers which determined the energy
rénge measﬁredo For coulomb scattering however, the geometry was such that
approximately the same number scattered in as scattered out, Since relative
cross sections were measured, only the difference in fhe coulomb scattering
at the two eﬁergy Ianges was effective in causing an error, Tﬁis error was
estimated at less than 1 percent and has been neglected,

The nuclear absorpfion and scattering cross sections are not well
enough known to make a eorrectioh possible, If the cross sections are equal
to the nuclear area approximately a 25 percent correction would be required
..at 76 Mev and an 8 percent correction at 42 Mev, or since only relative
eross sections were measured the cross sections at 76 Mev would be 17 percent

too low,
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9., GComputations of Energies and Relative Cross Sections,

'All measurements were made at the same energy of the x-ray beam and
at two meson energies, The meson energies were those'with the two ranges:
1/2 in, of aluminum + c¢rystal I + range to stopping point in erystal II and
'~ 2-1/2 inches of aluminum + crystal I + range to stopping point in Crystal II,
The crystals were of trans-stilbene and anthracene 0,740 in, and 0,835 in,

thick, and 2 in, by 2 in, in area,

| For all elements except aluminum; the meson energies were computed
using.the Bfoton Range Energy data calculated by Aron, Hoffman, and Williamsll°
For a:J.uminum,J° H, Smith?sl? tables wefe used, Thé proton range energy

.computations were applied to mesons by using the following relationships:

&L o .4 E - E proton mass)

dX meson dX”proton'< proton meson meson mass

and

Range (E.meson) = meson mass x Range _ Proton mass )
meson ‘ proton mass . proton\ proton meson Meson mass

A meson mass of 276 electron masses was used in all computations, The
resultant energies were 42 I9Mev and 76 X 6 Mev,

The relative cross sections were computed as follows:

Number of counts () 1
Integrated x-ray beam X Width of meson energy range (R)

: 1
Number of nuclei per em® x golid angle

X

Since the geometry remained constant the solid angle‘couldAbe considered a

Grams per em? (W)
Atomic wt (A) .

2.

constant, The number of nuclei per cm® = Constant x

If all constant factors are included in a constant g,the following formula

is obtained for the relative cross section:

o= ENA
R W
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The width of meson energy range (R) counted was different at 42 and

76 Mev, R is 1,33 times larger at 42_Mev than at 76 Mev, If the relative

eross sections at the two energies are to be compared the 76 Mev cross sec¢-

A

tion must be increased by a factor of 1,33,

V Results of Experiment,

1. Data of Typical Graphite Run,
The type of data recorded in measuring the meson yields can be best
illustrated by giving the actual data recorded in one of the many runs with

graphite, This run was made with a 2-1/2 in, aluminum absorber in place,

Integrator 1 5
Integrator 2 o 73
Time ‘ 7.2 minutes

Numbers of Single Counts

Crystal I 21,1 x 256
Crystal IIA 13,0 x 256
Crystal 1IB 36,3 x 256
Fragtion of Crystal III

output 29,5 x 256

Coincidence Counts

Crystals I and IIA

anticoincidence with IIIX 5;9 x 256
1IB and Background Gate 20
: IIB and Meson Gate 1 21
IIB and Meson Gate 2 6
IIB and Meson Gate 3 6
IIB and Meson Gate 4 3

Background Counts in Each Gate

Calculated Counts

2,48

Mesons Recorded in Gates 1 and 2 22
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o

Summary of. the Data,

Seven runs were made to obtain the data, The data obtained in each
run were énalyzed separately, Since only relati?e cross sections were
obtainédD any changes taking place in the electronic equipment between runs
could not introduce inaccuracy,

The data were combined weighting the measurements according to the
inverse squares of the proportional standard deviafions;

If R19 R2v R59 . . » are the data-and El9 E29 Ez, .« o the propor-

tional standard deviations, the resultant datum is

— 4+ —F 4+ —= +
2 2 ¢ o e
B2 E§  EY
R:
Lt
By Ej  E3

The new proportional standard deviation becomes

E:

=)
ar
S ||

The resultant data are given on the following two pages as a number
proportional to the number of meson counts per unit beam such that the

sum is approximately one,



-2

2»1/2 inches of aluminum absorber

Target Material

CH,, (polyethylene)
C {(Graphite)

Li

Be

B

Al

Cu

Sn

Pb

Empty Aluminum
Container

No target

Counts per
Unit Beam
0,0703
0,0491
0,0744
0,0525
0,0530
0,0507
0,0288
0,00410

0,00408

0,00075

0,00094

Percent Standard
Deviation

5,6

o

4.7

7,7

°

9,3

9,0

o

9,0
14,5
36,2

44,0

100,

100,



1/2 inch aluminum absorber

Target Material

CH (polyethylense)

c
Li

Be

Cu
Sn
Pbv

Empty aluminum
container

No target
Targets Used:

Gﬂz(polyethylene)
C (graphité)
Lithium
Beryllium

Boron

Aluminum

Copper

Tin

Lead

25

Counts per
Unit Beam
0,0972
‘o,osvo
0,1187
0069¢9
0,0946
0,0989
0,0613
0,0134

'0,00313

0,00283
0,00073
Weight
Grams
48030
67,24
58,2
78,4
47,55
83,85
71,09
30,3

16,2

Width

(Height
3,50"
3,50"
2,50"
3,75"
2,50"
3,50"
3,50"
6,00"

5,00"

.a2n)

Percent
Standard
Deviation

6.8
5,8

9.8
11,1

10,2

11,0
18,2

23,3

]

66,4

o

46,5

94

Grams/cm?
1,08

1,49

1,80

1,62

-

1,47
1,86
1,57
0,391

0,254
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The empty aluminum container rate is subtracted from the lithium and boron
data,. while the no target rate is subtracted from the data of the other
elements, A relative value for the uncorrected cross sections is then

found by the following‘felationship:

_ KNA
Y
Element Cross Section Porcent

Standard Deviation
2-1/2 inches of aluminum absorber

CHy : 20,2 K 6
c 8,61 K 5
Li 6,26 K 11
Be 6,36 K 10
B 8,48 K’ 15
Al ' 16,0 K 9
Cu - " 24,9 K 15
Sn | 21,5 K 55
Pb 56,0 K 65

1/2 inch of aluminum absorber

CHs 28,1 K ‘ 7
c » 15,4 K° 6
Li 9,86 K° 10
Be 11,2 K 11
B 14,9 K 11
Al 31,6 K' 11
Cu 54,2 K 19
Sn | 85,3 - K' 25

Pb 43 3 K' 91
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3, Corrections,

o

The following corrections must be applied to the cross sections:

The hydrogen cross section must be increased by 4-1/2 percent since
in this data no W~ mesons are included while in the data of the other
slements the counts due to ™ mesons from ™ mesons which decay in flight

are ineluded,

Corrections must be made for the attenuation of the X-ray beam in
the target, This correetion factor takes into account pair production,
triplet production, énd Compton scattering, The data used were obtained from
Heitler s book15° The attenuation used is that of the high energy éomponents
of the x-ray beam, The correction factor used is 1/2 of the attenuation,

The percent corrections are tabulated below:

CHg - +0,9%
c - +13%
Li - +0,9%
Be +1.0%
B +1,1%.
Al +2,7%
Cu +>5°§.%
Sn +1,6%

Pb +1,6%

An additional correction must be made since the targets were not all

squally thiék for meson energy loss, This correction is made by assuming
a linear change of counting rate between the 76 and 42 Mev energies, The
aluminum target is used as a standard in these computations since it also

served in the calculation of energies from the ranges in absorbers and
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target, This method of calculation should introduce no appreciable
error since in all cases except tin and lead the correction is less than
2 percent, In the case of tin and lead the correction is much less than

® the standard deviation of the cross section,

The corrections for target thickness are tabulated below:

Target Material ’ 42 Mev 76 Mev
CHz o 0,41 % 0,6 %
c 40,3 -0,3
Li ‘ +0,2 +0,1
Be | =0,2 =0,4

B -0,5 -0,7
Al 0,00 0,00
Cu -1.0 -1,2
Sn _ -4,5 =12,1
Pb | =5,1 13,2

The corrections for the magnesium impurity in the boron are +0, 9
percent at 76 Mev and +0,7 percent at 42 Mev,
The total correetion which must be applied to each of the cross

sections is tabulated on the following page,
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. Target Material . Percent Correction

42 Mev 76 Mev
CH, '+ 0,5 +0,3
c _ +1.6 +1,0
Li + 11 +1,0
Be + 0.8 + 0,6
B +1.3 +1,3
Al : , + 2,7 + 2.7
Cu + 2.9 + 2,7
Sn ' - 2.9 -10,5
Pb - 3,5 =116

In addition a + 4,5 percent correction must be applied to the hydrogen

eross section when this is derived,

In the cross section data given above, the cross sections at 42 and

76 Mev are not in terms of the same energy range,

This correction is made

by multiplying the relative cross sections at 76 Mev by 1,33,

4 Relative Cross Sections,

In the teble given on the following page, all corrections have been

made and the hydrogen cross section evaluated by subtracting the carbon

cross section from the GH2 cross section, The units are arbitrary,
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Meson Energy - 76 6 Mev
" Target Element . Relative Cross Section Standard
: Deviation
(percent)

CHp 27.0 6
c 11,57 5
H ' 8,07 11
Li 8,41 -1
Be 8,51 10
B | 11,41 15
Al 21,85 9
Cu “ 34,01 15
Sn 25,59 55
Pb | . 65,84 65
Meson Energy | 42 ¥ 9 Nev

CH, 28,2 Vi
C 15,6 6
H 6,6 17
Li 9,97 10
Be 11,29 11
B 15,09 11
Al . 32,45 11
Cu 55,77 19
Sn 82,83 25
Pb 41,78 91

The standard deviations given apply between all cross sections except hydrogen
and either the C or CHp of the same energy region, In this case the hydrogen

eross section is dependenf on the other two cross sections, As a result the ratio



=31 ;

of the hydrogen and carbon cross sections would have a slightly larger
standard deviation than would be computed from the deviations given,

At 76 Nev -

1+

0,697 = 14 percent

At 42 Nev

38 9

0,423 21 percent

Since it is comsidered that nt mesons are produced by an interaction
of the x-rays with the protons in the nucleus it is interesting to tabulate

the cross sections in terms of the c¢ross section per proton or %?

o

Element é{ Peréent Standard
» Deviation

76 Mev

H 8,07 11

1i ‘2,80 11

Be 2,13 10

B | 2,28 15

c 1,93 5

A 1,68 9

Cu 1,17 15

sn . 0,51 . 55

Pb 0,80 65
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42 Mev
Element %? PerceFt Standard
_ Deviation
H | 6,6 17
1 . 3.52 10
Be 2,82 11
B 3,02 1
¢ 2,60 6
Al 2,50 11
Cu . 1,92 19
Sn | 1,66 25
Pb 0,51 91

o

These cross sections are plotted against Atomic Number in Fig, 12,

5., Bstimate of Error,

o

Ignoring possible errors caused by nuclear scattering and nuclear
absorption of the mesons in the absortion, the sources of error other than
"those inherent in the étatistics of the measurements were: measurement of
the target thickness, differences in effective target shape, differences in
the location of the targets, shifts in synchrotron energy, measurement of
x-ray beam, and changes in the sensitivity of the electronics,

The measurement of the x-raybean andtte instbility of the alectronics were the
primary sources of error, Each could cause an error of about 5 percent in a

rn Since the measurements were made at least three times for all elements

except tin and lead it is improbable that the meximum possible error occurred,
It seems highly improbable that errors of-greater than 7 percent could

have occurred in the measurements of Li, Be, B, C, Al, and Cu, Tin and lead

‘eould possibly be in error by 10 percent, Since a subtraction method was
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used for obtaining the hydrogen cross section, the nonstatistical error in
in this measurement would normally be larger than the error in‘the other
‘ elements, However, the carbon and CH2 data used to obtain the hydrogen cross
section were obtained in 8 runs for the 76 Mev data and 6 rums for the 43 Mev
data, For this reasén an estimate of maximum error of approximately 10 per-
* cent is made for hydrogen,
The above are estimafes‘of maximum error in addition to the statisti-
cal error which is tabulated in terms of the standard deviation,

- VI Discussion of Results,

Meson theories do not make any very firm predietions concerning the
- relative ceross sections whieh should be obtained in the above experiment,
However, certain tentative gualitative conclusions.can be derived from
the data,
Chew and Steinberger have suggested that the large difference between
the cross section of hydrogen and the cross section per proton in carbon
may be explained.by the operation of the exclusion principle on the resultant
recoil neutron, The fact that the cross section per proton of lithium, beryl-
lium, and boron are very close to that of carbon lends at léast qualitative
support to this explanation, The lithium, beryllium, and boron nuclei should
nof differ much from tﬁe carbon nucleus in the availability'of unoccupied
neutron states, However, it is possible that somb other binding energy
; dependent'effect could cause the same type of variation,
Except for the largavdifferenee in c¢ross section between hydrogen
and the other elements, no large changes in %5can be seen which do not fit

a smooth curve, Although such a variation was looked for between lithium,

beryllium, boron, and carbon, any variation which mey exist is obscured by
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The other information obtained is that the eross section per
proton decreases gradually as-Z inecreases, This decrease is about the
- same for 42 and 76 Mev mesons,

It is improébable that this decrease can be due to the sereening 6f
protons located in the center of the nucleus by competing reactions taking
place in the external -nucleonso Silverman's work on photonprotons14frmn(hlshowed
a total cross section for production of protons with greater than 35 Mev energy
of approximately 4 x 1087 cm,zo If this cross section were increased.by a
factor of 5 because of other possible reacfions, a cross section of>2 x 19“26
cm? would be obtained, A cross section more nearly equal to the nuclear
+ area would be required before such sereening could play an important role,

A different type of screening could be caused by pair production,

If the pair production cross section were so large in the immediate region

of the nucleus that x-ruays were converted into pairs before they could inter-
ast with the nucleons, such a Z dependent cross section might be caused, An
érder of magnitude calculation sﬁows that such an effect can be ignored,

The x=-ray bhoton cannot be localized in a direction transverse to
its line of motion to closer than the Compton wavelength,hmof an electron
with which it interacts, The ¢ross ssction can therefore be considered
somewhat constant over am area 1 A 2-a7x 10721 em? | but the pair
production cross section for lead at 300 Mev is approximately 42 x 10°24 cm2°
The ratic is 110/1, Thus the chance of a pair occurring as an x-ray passes
near a nucleus is of the order of 1 in 100, Little screening ean result
« from this,

Since the energy of the mesons is well above that of the Coulomb
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barrier of even lead, it is improwable that the large decrease in cross
section between carbon and lead can be accounted for by any Coulomb
gffect,

The fact that the cross section for the 76 Mev mesons decreases
- approximately the same percentage as the cross section for the 44 Mev mesons
mekes & Coulomb barrier effect even more improbable,

A possible explanation of such a decrease is that it is caused by
the interaction Qf the mesons with nucleons, This might pfevent the mesons
produced in the interior of the nucleus from escaping., If the mesons have
a mean free path in nuclear matter which is short compared to the nuclear

radius, this would cause the éross\section per proton to decrease as

Surface Area of Nucleus B qejomi
Volume of Nucleus :
or since the surface area is proportional to A2/5 e s - THRe an
' ' Ltelig o, fsed
o(2) o A3 _ 1
Z A Al/3

Dr, Chew™2 suggests that aﬁ additional cause of such a surface effect
could be that there is more phase space availabie o0 the recoil neutron when
a 7t meson is produced from a proton near the surface of the nucleus than when
the meson is produced from a proton in the interior of the nucleus,

In Fig, 13 -%1/3 curves have been superimposed on the observed data,
These curves are normalized to the data at carbon, It can be seen that the
fit is quite good, Although this does mean that it is possible for the

to be explained by some type of surface effect,

observed decrease 1;1 G’;Z)

the probable errors are such that a great many types of curves could be
made to fit the data,

There is no valid reason for assuming that the observed decrease is
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caused by a surface effect,
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