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NEUTRAL MESON GAMMA SPECTRA FROM PROTON BOMBARDMENT OF CARBON
Walter Ellis Crandall
Radiation Laboratory, Department of Physics
University of California, Berkeley, California
. January 8, 1951
I, INTRODUCTION

Yukawal in 1935 postulated a particle with a mass intermediate be-
tween that of the electron and the proton to explain the short range nu-
clear forces. This particle; which he called a meson, necessarily inter-
acted strongly with matter. Therefore, when highly penetrating particles
were observedbin cesmic radiation which appeared to interact weakly with
matter, it was difficult to interpret these particles as a confirmation .
of the theory., Lattes, Occhialini, and Powellz, in a study of photo-
graphic plates exposed to cosmic radiation at high altitudes, first found
evidence for mesons which interacted strongly with nucleil to form stars
and, in addition; many of these particles were observed to decay into
mesons which interacted weakly with matﬁer and presumably formed the bulk
of the penetrating radiation observed at lower altitudes. Cosmic ray
experiments accumulated considerable data which in their complexity were
difficult to analyze into precise conclusions as to the fundamental pro-
perties of the mesons, primarily due to the:complete randomness in energy
and time of the events observed.

It was not until mesons could be produced in the laboratory that the
fundamental properties of tﬁese particles could be classified. The strong-
ly interacting positive and negative mesons, called pions by FermiB, were
found to have a rest energy of 140 * 1.5 Mevh4s5 and a mean lifetime of

8

about 2 x 107C seconds® 7. The charged pion decays into a neutrino -and

the corresponding charged muon, the weakly interacting meson, with a rest
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energy of 107 % 1.2 Mev* and & mean lifetime of about 2 x lO=6 seconds8o
The muon finally decays into two neutrinos and an electron, These de-
cay proéesses are in competition with capture of the meson by nuclel with
the consequen£ emission of photons or the disruption of these nuclei with
the emission of neutrons, protons, deuterons and heavier mass fragments.
‘ The properties of the charged mesons fit well into the complex pie-
ture of cosmic ray events, but an excessive electronic component observed
in primary showers in the upper atmosphere seemed difficult to explain by
their properties alone, Oppenheimerg, Marshaklo and others proposed a
neutral pion decaying into two gamma rays to explain the electron compo-

nent, Moyer and Yorkl

1 first observed that highvenergy gamma radiation
emitted from targets Eombarded by protons in the Berkeley synchrocyclo-—
tron fit the hypothesis of a neutral pion decaying into two gamma rays.
Panofsky, Steinberger and Stellar12 found correlated pairs of gamma rays
emittéd from targets bombarded by x~rays from the 320 Mev éynchrotrono
This was followed by Panofsky, Aamodt and Hadley”s5 observation of gamma
radiation originating from radiative capture of negative piéns and the
resulting decay radiation. This experiment assigned a precise rest energy
for the negative pion of 140 + 1.3 Mev and also the mass difference be-
tween the negative pion and neutral pion of 5.4 * 1.0 Mev and, in addition,
placed severe restrictions on the parity and spin of the plons.

The lifetime of the neutral pion is extremely short as shown in a

study by Carlson, Hooper and King13

of electron pairs close to nuclear
explosions in photographic plates exposed at high altitudes. This study
not only confirmed the neutral pion hypothesis, but it also set an upper

1imit on the neutral pion lifetime of less than 5 x 10""14 seconds. An

i



5=

experiment reported on in this paper also places an upper limit of less
than 10712 seconds.

The bulk of this paper will be concerned with the precise form of
the gamma ray spectra emitted by carbon tragets bombarded by protons in
the Berkeley cyclétron, and the exéitation function for this radiation.
-Iq'addition the distribution of the neutral pions emitted by the target
is inferred from the averaged gamma ray spectrum.

II. THEORY

CérISOn, Hooper and_King13 have derived expressions for the gamma
ray spectra from the decay of neutral pions which are useful in inter-
preting the data reported on in this papers

va it is assumed that a neutral -pion in its rest frame decays into
two gamma rays of energy Kodistributed spherically symmetrically, then
in any other frame,. . |

K=_ _ Ko .. =K #(1+PF cosa) (1)
¥{(1 - B cos 9)

and -

cos @ = £ * cos a
1+ B cosa (2)

where a is the angle in the rest frame between the photon direction and
the neutral plons direction and & is the corresponding angle in a refer-
ence frame for a neutral pion moving with velocity f. (See Fig. 1) The
angular variation in intensity of the gamma radiation due to a monoener-

getic beam of neutral pions is then

= _dN daN doy d cos a
I = GN _ Lty . - G cos @
) = % " an, an" T dees Lo (3)



Which from (2) gives

I(0) = I, | | (4)
52 (1 - B cos )%

Since K is a function of © alone for the case of a monocenergetic
neutral pion beam we may write
n (K) dK = 1/2 I (©) sin 0d@ (5)

-

and using (1) and (4) we find

n (X) =2ﬁa’II<Z i E_Z_I_SFO (6)
for .

¥Ko(l - B) S K< Ko(l + ﬁ). - | )
and

n(K) =0 | (8)

outside the limits in (7).
For the case of an inhomogeneous beam of neutral pions, F(E)dE be-

tween E and E + dE, the gamma ray intensity would be

nl(k) = 2F(E)dE _ 2F(F)dE

2Bb/Ko VE2 = E?O

(9)
for thé limits given by (7)

E- VR - RS2k SE VR - k2 (10)
The total gamma ray intensityg N(K) is fouﬁa from (9) by integrating over
all energies capable of produéing a gamma ray of energy Ko

- 2F(E) JE -
N(K) / _E_é_}AE_g_ RN

2 2
K< + X

K

where the lower limit of integration is obtained from the limits of (10).

If we differentiate (11) we find

(K2 + K29_> _ =K an(x) (12)
K 2 dK '



and this allows us to find the distribution in energy of fhe neutral
pions if we once know the total gamma ray spectrum from the decay of the
rieutral pion. All angular dependence has been removed from this.equaa
tion since we assume that N(K) is the total gamma ray intensity for all
angles of emiséidh from the target.

If we-consider a gamma ray spectrum that is axial symmetric in frame

- but,pﬁherwise is a function of ' and X'.

nre) - fmen (1)

In any other reference frame

I(ke) = dN(K'e') dK' dnf (14)

dKdAT - dK da

and using relations similar to (1) and (2)

x IV (K'9)
1K) = o o5e ) - (15)
and '
= Kv
£ F(1 - P cos Q) (26)

Thus we see that I and K both transform by the same factor and, for the

case of spherically symmetric emission of gamma radiation in any frame,&'t‘,

In(k"gn) = In(Kv) (17)
In this case all gamma ray spectra for any angle of view in any reference
frame will be identical in shape when 1og.I is plotted against log K.

To illustrate the properties of the gamma ray spectrum from another
point of view let us coﬁsider a monoenergetic spherically symmetric
source of neufral pions. Formula (6) shows that the gamma ray spectrum
would be a step function as shown in Fig. 2 with the geometric mean of
the extreme energies equal to half the neutral pion rest energy and with
the aresa under the curve equal to twice the number of neutral pions.

Since the neutral pions are not monoenergetic the actual spectrum is a
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summation of such step functions with different extremes but the same

geometric mean as shown in Fig. 2. Then the neutral pion energy dis-

tribution is related to the gamma ray spectrum through the area in each

step.

F(E)AE =08 = _ (Kpax - K . )AN
2 2

- where

K :’ = 2
maymin Ko

and from (10)

NE)=]J2%%VG?TTE?
or |
F(E) = ~Knax AN = -Kpy, AN
2 Bpax 2 OKpip
where
E = szax M Kg = : n* Kg

(18)

(19)

(20)

‘(21)

(22)
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III. GENERAL ARRANGEMENT AND PROCEDURE

The physical arrangement of the components used in this experiment
is shown in Fig. 3. Targets mounted in the cyclotron may be viewed through
windows in the cyclofron tank, and through collimating holes through six
feet of lead and fifteen feet of concrete shieldihg° The center lines of
these collimating holes are tangent to the 55-1/2 inch radius and the 80-
1/2 inch radius of the circulating beam. Utilizing a small probe, called
the junior probe, capable of moving along the tangent line to the 55-1/2
inch radius, targets may be placed at any radius between 55-1/2 inches
and 80-1/2 inches, with a particular angle of view to the incident beam
for each radius. The following energies and rélated angles were adopted

for this experiment.

Proton Energy Radius Angles of View
345 Mev 80-1/2 inches 0°, 14,79, 90°, 133°,180°
285 Mev 72 inches | 399, 141°
24,0 Mev : 65 inches 320, 14,8°
185 Mev 55-1/2 inches 2%, 178°

The targets were mounted on an adjustable holder on the junior probe
allqwing the angle and vertical position to be optimized, and a similar
target holder was constructed for the main probe of the cyclotron.

Three settings of the magnetic field were required for each spectrum
measured, and for each of these settings a new sandwich target was re-
quired to monitor the proton beam. The radiator was adjusted for each
field setting ﬁo maintain the same scattering losses in the pair spectro-
meter as shown in section IV, and a close check was maintained of the ac-

cidental coincidences to keep corrections to the data from this source



10~

below 5 percent of the total number of events recorded. The length of
each bombardment was approximately one hour, which for 345 Mev proton

bombardments gave approximately 10,000 recorded eﬁents, while for the

lower proton energies somewhat less than 1000 evénté.would be recorded
for the same bombardment. . |

IV. ANALYSIS COF PAIR SPECTROMETER

The pair spectrometer used in this experiment is shown in Fig. 4.
The gamma radiation is converted into an electron positron pair by the
tantalum radiator, the pair then being analyzed by the magnetic field,
and detected by the array of geiger tubes bagked by ﬁairs of proportional
counters. A separate analysis of each of these components follows.

A. Quadruple Coincidence Circuit

Quadruple coincidence from the pairs of proportional tubes are re-
quired to reduce the accidental coincidences to a small fraction of the
total coincidences detected. The pulses from the proportional tubes are
amplified and then formed into. 1y sec. square pulses. These are then
fed into a mixing circuit, and double and quadruple coincidences fed into
scalers. Simultaneously, the quadrupie coincidence pulse is formed into
a 1-1/2p sec. square pulse which is used to make the geiger tube ampli-
.fieré sensitive to pulses from the geiger tubes.

B. Geiger Coincidence Matrix

The signals from the geiger amplifiers are fed into a 14 square matrix
coincidence circuit. Each geiger tube on the electron side of the pair
spectrometer feeds the control grids of a row of coincidence tubes,; while

each geiger tube on the positron side of the pair spectrometer feeds the
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the suppressor grids of a column of coincidence tubes. Therefore an .
electron positron coincidence results in a pulse in the plate curcuit

of the coincidence tube atrthe intersection of the appropriate column
ahd row. Since the gamma ray energy is the sum of the electron and posi-
tron energy all coincidences along a diagonal of the matrix represent a
single energy gamma ray. Therefore al outputs of the coincidence tubes
on a diagonal are coupled togethér and fed into a single register chan-
nel., Consequently, 27 different energy channels are measured for any
one setting of the magnetic field. The gate signal from the proportional
tubes is required as the matrix coincidence circuit is extremely slow,
requiring 20 millisecond pulses to operate the registers.

C. Detection Efficiency of the Converted Gamma Rays

Fig. 5 is a schematic plot of the energy segment detected by each
coincidence fube in the 1/, square matrix. The diagonal element of the
matrix represents the complete range of pair fraction energy covered by
the coincidence circuit for each gamma ray energy, and it is apparent
that £he main diagonal detects gamma rays corresponding to this energy
with considerable more efficiency than any of the short diagonals. An
exact calculation of the detection efficiency requires the integration
of the expreésion for pair production probability, as given by Rossi and
Greissen,la over the range of pair fraction energies detected by each
diagonal.

U

WK, Upay) =j(mz )u«% 2%2 EJZ + (1-0)%2 U(Hfﬂ Eog%c?- U(1-v)_ %—] du
max
(23)

where K 1s the gamma ray energy and U is the fraction of gamma ray energy

received by the electron. The positron fractional energy would be (1-U).
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‘This expression may be integrated approximately to 0.1 percent by
expanding the logarithmic temm into an infinite series; the resulting
expression for detection efficiency being

7(1{\7) ='% %‘,22 ri RV(6 + v2) 23

where

R = 2K 1 = 2y - - 2
log 2% .1 andV=20-1 | (24)
L;.Hec

The expression is a function of magnetic field setting and of the
sum of tﬁe electron and positron radii for the particular channel con-
sidered. If we normalize the functions to that of the main diagonal,
the dependence on H is less than 1 percent and thus the normalized factors
are a function only of the pair spectrometer geometry. Fig. 10 is a
table of valueé used in normalizing the data for a 1/ square matrix,
and a 13 square matrix.

Do Mean Energy of Matrix Channels

The gamma ray energy is determined by the sum of the He of the elec-
tron and positron. Since these pairs are created uniformly throughout
* the tantalum radiator, it is necessary to calculate the average of the

sum of these two radii. Refering to Fig. 6A

X2 + (@lwé)%z((al -8) % /2. (25)

ol
&

L}

x2 + (@ +é)2=2(€2 +8) X, V2 (26)

Therefore we find
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| 2
it/ fs X T T (27)
2 XX, : |

Averaging over the entire radiator

Jpl *fo = Fp Ky %.+Zi} ‘ | (28)
where W
/+=2 ’
s.A- 1 ey (29)
XX, W y

A more complicated case, for the radiator placed at a point off the
vertex of the geiger tube lines of centers, as shown in Fig. 6B, shows

that

Ve 12 (30)
£1Xp

Now in the coincidence matrix the only requirement for each diagonal is
that the sum of x; and xp, be a constant. 2¢, and therefore we desire the

average value of T over the acceptable range of values of x; and X5

2 2 c W, n?

- W +m
=12 I gy = 12 _ log gtbe (31)
be (e+y) (c=y) Oc © e=be

where
bc = coxpyy for ¢ ¢ Xpay = Xpig
2
and
be = xp = ¢ fore >xp.. = *min - (32)

2
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Fig. 7 is a plot of ¥ vs. coincidence channels while Table I gives the

values of £y + on

E. Loss‘of Energy of Electron Radiator

,
Heitlerl) shows that for high energy electrons the loss of energy

in the radiator is given by

p]
dE = 4NE [}og _2§§ -1 re 152 (33)
\ dx e 3] 7137
whers Tq is the classieal radius of the electron.

For the case of a thin tantalum radiator with electron pairs created

uniformly throughout the volume

i)

=

z 0.003" (34)

=

Thus a small correction of the gamma ray energy is required for this loss.

F. Dultiple Scattering in Radiator

Rossi and Greissen14 give the multiple scattering of a charged parti-
cle in passing through a radiator as a gaussian pattern with a mean square

angle of scatter of

2
P.lpp.—2t (35)
where € is the projection of @ on & plane; Eg = 21 Mev, and t is measured
in radiation‘lengthso For relativistic energies‘/?2 1 and cp = E, there-

fore

(36)

G)T\J
Bl

o
The horizontal scattering in the radiator has the effectisze broadening
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the gamma ray spectra, but for the thin radiator used in this experiment
the amouﬁt of broadening is completely negligible., However, due to the
vertical scattering, the height of the proportional tubes places a serious
limitation on the thickness of radiator that one may use.

The fraction of the electrons detected by the spectrometer for any
position in the radiator is given by the integral of the gaussian pro=
bability fun¢tion between the limits of the angles subtended by the de-

tector -- see Fig. 8.

' X
7= [2 e | (37)
w xl

where x = e/VFE? .

Since the radiator has a finite height we must integrate‘this

function over the vertical extent of the radiator
— A
F-2 [F« (38)
0 .

where K is measured vertically from center line of radiator. The % values
may be obtained from standard tables, but the integration over the radi-
ator must be done numerically. 1f one assumes that the limiting angles

ére determined by the pole faces then the values of the & are as a func-
tion of.magnetic field and radiator thickness, and the scattering losses
would be a constant for the condition that t/H2 constant. Actually the
1imiting aperture in the pair spectrometer is the proportional counters;

and since these are not located along the lines whose vertex intersects

at the radiator, the scattering losses increasé.for the low energy channels,

Fig. 9 shows the detection efficiercy for each electron channel for the
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particular case of a 0,007 inch rediator, of the same height as the pro-
portional counter, and for a 8510 gauss magnetic field., To reduce the
1osses in the low energy channels, the radiators used were only 2 inches
high while the proportional counter aperture is 3-1/2 incheso_ Under-these
conditions the calculated losses due to scattering were less than 2 per-

cent,
V. PROTON BEAM MONITOR

The proton beam is monitored by measuring the activity induced in
0,001 inch aluminum foils sandwiched betwéen layers of carbon targets as
shown in Fig. 10. The relaticn of this activity to the incident beam is
given by the.A127(p,3pn)Na24 cross section, as measured by P, Stevenson,16
which is shown in Fig. 11. Two foils in each sandwich make it possible
tc check on misaiignment of the target face with the direction of the -
incident beam., Since the total activity on the foil is measured, it is
essential that the portion of the carbon target exposed to the beam be |
completely visible to all parts of the radiator in the pair spectrometer,
The effects of multiple passage were minimized éy uéing 1/4 inch carbon
targets, A plot of the quadruple coincidences per unit target thickness
against target ﬂhickness is shown in Fig. 12 for a constant proten beanm.
This would be a flat curve if multiple traversals are not present and a
1/4 inch carbon target satisfies this requirement. vA measgure of the.radial
penetration of the beam into the target is shown in Figo 13 where the ac-
tivity per unit radial distance vs. radial position is plotted, This in-
diéates that the half=breadth for radial penetration is approximately 1/8

inch and therefore small imperfection in the foil at the target edge would
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not éause serious error in the measured activity. Fig. 14 shows .the
correspoﬁding excitation curves Glz(p,pn)cll, as measured.by Aamodt,
Peterson and }"hilil_ips,1’7 used in the absolute determination of the pro-
>ton beam exposure with polysfyrene foils,

VI. RESULTS AND CONCLUSIONS

The gamma ray~spec£ra, for five angles of view of the target bom-
barded by 345 Mev Protons, are shown in a linear plot in Fige’ikz In
section II it was shouwn that the spectra for different angles of view
should be symmetric curves, identical in shape, but displaced aléng the
diagonal, when the log of the intensity is plotted against the log of
the gamma ray energy, providing the radiation originates solely from a
spherically symmetric emission of neutral pions in a unique reference
frame, Fig. 16 shows the spectra plotted in this masnner and it is im-
mediately evident that they do not fit this criterion. This is not sur-
prising since the observed doppler shift.of the spectra indicate a proion-
nucleon origin of the radiatidh, and the assumption of a unique reference
frame would not be expected to hold true, due fto the internal momenta of
the nucleons in the nucleus.

In section II it was also shown that the spectrum obtained by inte-
grating the intensity for each gamma ray energy over all angles of view
of the target should be symmetric on a plot of the log of the gamma ray
energy, and should be centered about the value of half the rest energy
of the neutral pion. Since the observed spectra were for only fivevangleé
of view it is necessary to arbitrarily divide the sphere into five zones

centered about each of the angles of observation. The weighted average
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spectrum obtained by this procedure is shown in Fig, 17, and it»is ap-
parent that the spectrum is not centered about the accepted value of the
half energy of the neutral pion as measured by Aamodt, Hadley, and Panof=-
s]zqy'l2 in the negative pion capture in hydrogen. The discrepancy from |
symmetfy about the 67-1/2 Mev line is not conclusive since the low energy

measurements are mose subject to errors other than the statistical errors

shown. Since pions interact strongly with matter the reactions

7T tp—n+t ¥
'-rﬁ" + n——>p + 7
P+ n—rn+t ¥ (39)

™+p—spt ¥

y appreciably contribute to the cbserved gamma ray spectra. The inverse
processes have been observed in the pheoto productign of pions, while the
direct absorption of pion to form stars indicate considerable energy is
carried off by the nucleons., Brueckner, Serber, and watsonlB shew that

the mesn free path of pions in the nucleus is of the order of
7\: 2&0
where

8o = 1.5 x 107 em, | (40)

If the picns are produced uniformly throughcut the nucleus we wouvld ex=
pect the radiation from heavy nuclei to contain a large porticn of the
non-neutral pion radiation due to greater abscrption of the pions formed
in the interior of the nucleus. The spectra from tungsten have been mea-

sured and compared with carbon and found to be identical in shape. In



addition Hales,19 Hildebrand, Knable, and Moyer have measured the pro-
duction of high energy gamma rays from targets bombarded by 340 Mev pro-
tons and find that the yield increases as AZ/3 which would confirm the
absorption of neﬁtral pions.formed in the interior of the nucleus,but
discount the emission of high energy gamma fadiatidhifélléwiﬁé tﬂeir ab-
sorption., This argumen£ is not applicablé if the piéns are produced on
the surface, due to the short mgan‘free paths of the incident protons in
nuciear matter, | o

A further check.on radiation from sourceé other than neutral pion
decay is obtained from the measurement of the spectra for lower proton
energies; These spectra are shown in Fig. 18, As the energy available
for neutral pion production approaches the thresholdvvalue,‘the feduced
kinetic energy of the neutral pion results in a smaller doppler shift of
the decay gamma radiation and this is reflected’in the narrowing of the
observed spectra as we approach lower proton energies. Invfact, it is
necessary for the proton to select nucleons moviﬁg opposite to its di-
rections with kinetic energies close to 20 Mev for the available ehergy
to be sufficient for a neutral pion to be produced wﬁth protons of 185
Mev energy. Also, since the nucleons are restricted in direction and
energy, the approach to a unique center of mass reference frame becomes
more pronounced and one would expect much more symmetrié curves, and this
appears to be born out experimentally., In addition, any radiation origif
nating from radiative capture would be expected to be separated more
pronouncedly, due to the narrowing of the spthra, and since this is not
observed it does not seem likely that the unknown component of fadiatién

is a large fraction of the observed radiation.



= 20=

Bésed on these conclusions it is pessible to’deﬁermine the excitation
fundtion for the production of neutral pions inlcarbon under proton bom-
bardment. No marked divergence from spherical emission of the gamma radi-
ation is noted other than the doppler shift and aberratioh effects. There-
for the transformation of the spectra for supplementary angle of obser-
vation to the center of mass frame, and integration of their intensity
over all gamma ray energies should be a measure of the relative yields of
neuifal pions for each bombarding energy. Finally, an absoluie measure-
ment of the proton beam during the meaéurement of any one of the spectra
places the xcitation curve on an absolute scale. The absolute measure-
ment of the beam current was made with 0,001 inch polysiyrene foils sand-
wiched in the carbon targets, and the counter geometry determined by using
a standard source. The resulting excitaﬁion function is shown in Fig. 19,
Brueckner et al., have calculated an excitation function based on psuedo
scalar pion with psuedo scalar coupling and a Fermi distribution of nucleon
momenta and this curve is also shown in Fig. 19.

Another basic assumption in these measurements is that all the neutral
pions decay within the areé éround the target viewed by the‘radia£or of
the pair spectrometer. This is certainly the case since the neutral pion
has a lifetime of less than 1013 sec. as shown by the measurements of
Carlson et g;e,IB on cosmic fay stars. Measurements were made in conjﬁc=
tion with the work reported here which would set an upper limit on thé half
life of less than 10~1° seconds. The experiment consisted of measurement
of the gamma radiation observed as a blo¢k of uranium, 1/2 inch thick;,
was moved in steps of 0.,0025 inch across a tungsten ribbon target, 0,010

inch thick in the direction of motion of the uranium block. The block
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was placed 3 inches away from the target, while the pair spectrometer
was a distance of 600 inches from the target. From strictly geometri-
cal considerations the cutoff of the gamma radiation should have been
completed over a range of motion of the uranium block of 0,020 inch.
Fig. 20 shows a plot of the actual cutoff as well asfthe geometrical
cutoff. From this one can séy_that_the obser?edvradiatibn does not
originate at distances grééter than 0.005 inches from the téfgeﬁ, which,
on the assumption of neutral pions with velocities approaching that of
light as indicated by wide spread in the observed spectra, would mean

that these pions had decayed in something less than

AT =T 0.005 x 2 5-’4 = 5 x 10”13 sec. (Al)
3 x 1010 '

If the spectra observed are entirely due to the decay of neutral
plons the energy distribution 6f the neutral bions can be found by dif-
ferentiating the average gamma ray spectrum as shwon in section II. Fig.
21 is a plot of the energy distribution of the neutral pions emitted by
a carbon target bombarded by 34,5 Mev protons.

‘Information concerningrthe angular distribution of those n‘'s emit-
ted wifh rather large momenta may be obtained from the high-energy por-
tion of the photon spectra observed in various directions from the target.
That this is true may be seen froh the following consideréﬁionso

The energy distribution of ﬁhe neutral pions emitted in a particular
direction may be calculated by treating the gamma ray spectra for this
angle as representing a spherical symmetric distribution and applYing
relation (12). (See Fig. 22) On this‘basis>we find'ﬁhat there is a max-
imum energy neutral'pion emitted. Thus for a gamma ray of energy K we

have the following‘limiting neutral pion energies contributing to the
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spectrum,.

K= Ko - Ko
¥l ~Bm 008 Gn) AT ~F) (42)

where ¥y refers to the maximum pion energy and Y refers to the minimum

pion energy capable of meking a gemma ray of energy K. Using,

T+ 2Ko
2K , o {43)

5=/£;\;2_2_T | | (44)

we can solve for O,

¥ =

and

4Ko
Sn= cos™t Tp + T ( T =1 ' : (45)
1+ 4K
SR

A plot of &y versus neutral pidn kinetic energy T, for a maximum neutfal
pion kinetic energy of 150 Mev is shown in Fig. 23. Thus we see that for
higher energy pions the assumption of spherical éymmetry is reasonable
providing the angular distribution ig slowly varying, since picns over a
small solid angle contribute to the spectrum observed at any angle. Fige
24 is a plot of the neutral pion energy distribution for the various an-
gles of observation of the gamma ray spectra, transformed tc a reference
frame with a[?f= 0.300, Figure 25 is a polar plot of the pion distribution
and it indicates very strongly that the neutral pions are emitted with a
cosZQ dependence., The distribution is relatively insensitive to the refera
ence frame since a change toB = 0,400 only effects the energy and inten-

sity measurements by about 10 percent,

0
e 3‘\\ ’
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TABLE T

MEAN RADIUS AND T FACTORS REQUIRED IN CONVERSION OF COIN-

CIDENCE MATRIX DATA TO GAMMA RAY SPECTRA.

Channel 1+ 72 14 £13

-1 14,0 | 8,70 8.35
2 15.0 458 4o37
3 16.0 3.21 3006
4 17.0 2.52 2040
5 18.0 2,10 . 2,00
6 19.0 1.82 1,73 Note: -{l& are factors for
7 20,0 1062 1.54 . squa.-'e matrix, 1:13
8 21,0 1.46 1.40 are factors for 13
9 22.0 1.34 1.28 ‘ square ﬁatrixo

10 23.0 1.25 1.19

11 24,40 1,17 1.1

12 25.0 1.10 1.04

13 26,0 1,05 1.00

14 27.0 1.00 1.12

15 28,0 1.11 1.26

16 29.0 1.25 1.43

17 . 30,0 1.40 1.64

18 31.0 1.58 1.89

19 32,0 1.80 2422

20 33.0 2,08 20,66

21 3440 2.4 3,27

22 35.0 2,92 418

23 36.0 3058 5670



Channel
No,

25
26
_7

rre Lz

37.0
38,0
39,0
40,0

w26

TABLE ‘I (CONT'D)

f14 f13
4o58 8,75
6024 17,90
9.55

19,50
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IX. FIGURE CAPTIONS

Fig. 1. Lorentz transformation of gamma rays.

Fig, 2. Spherically symmetric neutral pion gemms ray spectrum.
Fig. 3. Plan view of cyclotron.

Fig. 4. Plan view of pair spectrometer.

Fig. 5. Energy plot of 14 square matrix.

:F‘ig° 6, Geémetry for mean energy calculation,

Fig. 7. ¥ terms for mean energy correction.

Fig. 8. Vertical scattering geometry.

Fig, 9. Poor geometry detection efficiencyo

Fig, 10. Target dimensions,

Fig. 11, A127(p,3pn)Na24 excitation function,

Fig. 12, Multipie traversal measurement,

Fig. 13. Radial penetration measurement.

Fig. 14. CY2(p,pn)c " excitation function,

Fig, 15. Linear plot of 345 Mev gamma spectra.

Fig. 16. Log plot of 345 llev gamma spectrum.

Fig; 17. Average 345 lMiev gamma spectrum.

Fig, 18, Low energy gamma spectra.

Fig. 19. Excitation function for neutral pions,

Fig. 20, Attenuation curve for shadow caster,

Fig. 21, Energy distribution of neutral nions.

Fig. 22, Approximation used in angular distribution calculations.
Fig, 23. Maximum angle for which neutral pion symmetry is assumed.
Fig. 24, Energy distribution of neutral pions for various angles.

Fig. 25. Polar plot of neutral pion distribution,
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