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ABSCLUTE DIFF ERENTIAL CROSS SECTION I'OR PRODUCTION
Ol ENERGETIC §-RAY ELECTRONS BY 1.12-Bev/c PIONS

Frank S. Crawford, Jr,
Lawrence Radiation Laboratory
University of California

Berkeley, California

August 1959

Abstract

We have measured the absolute differential crose section do/dK for
production of delta-ray electrons by 1.12-Bev/c negative pions incident on 2
10-in. liquid hydrogen bubble chambex, for values of the b-ray kinetic energy
K between 32 Mev and the kinematical upper limit of 62 Mev. The results are
in agreemem with the theoretical prediction of Bhabha. We find an integratéd
cross section

o (X > 32 Mev) = 1.372 0,17 mb.
This exceeds the theoretical prediction of 1.17 mb by a factor 1.17+0.15,

The monoenergetic electrén contamination of the pion beam has been
determined by counting electron-induced 8 rays. The monoenergetic and non-
moncenergetic contributions to the muon contamination have both been determined
by combining a determination of the number of muon-induced § rays with a
measuremént of the curvature distribution of kbeam tracks. The method io

described in detail.
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ABSOLUTE DIFFERENTIAL CROSS SECTION FOR PRODUCTION
OF ENERGETIC §-RAY ELECTRONS BY 1.12-Bev/c PIONS¥

Frank 8. Crawford, Jr,
Lawrence Radiation Laboratory
University of California

Berkeley, California

Auguot 1959

In the Berkeley experiment on associated production of strange particles
by 1.12 ~Bev/c ‘17'” incident on the Alvarez lO-inci:; hydrogen bubble chamber it
wagt necesgary to determine the electron and muon containinaticn present in the
pion beam, in order to obtain abszolute crooo sections. The method used was
to count energetic 6-ray electrons produced by beam particles. The identity of
the beam particle in a §-ray event is obtained from the electron energy and
angle. The number of in;:ident electrons and muons is obtained from the
corresponding number of & rays by using the theoretical i)roduction cross pections. bz 3
The croas section for d-ray production by pions was measured, as a check on
the over-all experimental method, as well as on the theoretical expression for
the cross section. In this article we describe the measurement of the pion croso

section and the determination of the electron and muon contamination of the pion '

beam.

o : . . - .
Work dene wdr - he avcpices of the U. 8. Atomic Erergy Commission,
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Kinematics

The laboratory-system {lab) angle 8 and lab kinetic energy K of the
ostruck elactron are rmost concisely related through the center-of-mass-aystem

{c. m. } angle Oc of the electron, by
tan8 = (1/y}tan ec/z., and (1)
_ -2 2
K =2m_ 4 cos ec/z. {(2)

Here m_ io the electron rest energy, 0.511 Mev; vis (1 _EZ)J/Z; nie yB;
and f is the velocity of the ¢. m. system with respect to the lab system.

Elimination of 6_ from Eqgs. (1) and (2) gives

2

K = 2m_ 3 cos®0/(1 + 7 sin0). (3)

The maximum electron kinetic energy Ko io given by
K_=2m_1n" (4)

The c. m. motion io given by

1’12 = r,z f1+ Zy(me/m) + (me/m)Z]'l@ (5)

where m is the rest energy of the incident particle, and where y and n
correspond to , the lab velocity of the incident particle. The lab momentum
of the incident particle is wm. The clectron velocity in the reot frame of the
incident pawticle is -f.

We do not give the kinematico of the outgoing primary particle, since
except for the case in which tke incident particle io an electron the primary
particle ic not much affected, &t inciden? momenta as low as ! Bev/c. For
instance, the maximum f{rangverse momentum given to a 1.12-Bev/c pion is
4 Mev/¢, corresponding to a deflection of only 0.2 degree.

For an incident particle of rest energy m Eq. (5) shows that the c. m.

system in practically identical with the rest sysiem of the incident particle,
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as long as the target electron’o total mass ym in that syotem ic small com-
pared with m, that is, as long as the total lab energy ym of the incident particle

saticfien

ym << mz/meo {6)

which io 22 Bev for incident muons, 38 Bev for piong, or 478 Bev for K mesons.
For instance, at 1.12 Bev/c n is less than % by only about 3% for pions, or
4% for muons,

Equations (4) aand (5) show that when {6) holds the energy Km of a knock-
ocn electron io approximately Zme nza that is, Zmepz,/ mz., for a given incident
momentum p. Thus K‘m goes inversely as the square of the rest mass m of
the incident particle, for a momentum-selected beam, and knock-on electrons

43 por example, a 1.12-Bev/c

can provide a gensitive determination of m.
muon can produce a knock-on electron of kinetic energy 104 Mev, compare to
a maximum of 62 Mev for a pion of the pame momentum.

For relativistic incident particles {f >>1), Eq. (3) shows that for
sin@ >>1/7, K is independent of the incident mass and momentum, and depends
only on the lab angle 8. Therefore only the energetic electrons having
K >> xrh/z (i. e. 8in@ << 1/9) are expected to be uoeful.

The smooth curves in Fig. 1 summarize the kinematico of energetic

§-ray production by 1,12-Bev/c incident electrons, muono, pions, and K

megonsg.
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Experimental Details

In the first ocan of the film for associated production events & ra«fa
were not recorded. About 26,000 frames taken at 1.12 Bev/c were recscanned
for energetic 6 rays. Figure 2 shows a 42-Mev pion-induced 5‘ ray typical of
those included in the determination of ‘the pion croos section. Figure 3 shows
the moot energetic 6§ ray found. Its energy and lab angle are plotted as event
"a" in Fig. 1, and are consistent with §-ray formation by a 1.12-Bev/c electron.
Scanning was done along the projected image (~ 4/3 natural size) of
each beam track. A '"cindidate'" & ray was recorded if its radius of curvature
p projected on the scanning table waso greater than 4.0 inches, and if the
production point lay inside a fiducial area drawn on a template which could be
aligned with fiducial marks in the chamber. The criterion p > 4 in. accepts
all 6 rays with more than 29 Mev/c and (because of the variation in magnification
with vertical position in the chamber) some & rayc down to 23 Mev. The fiducial
area had an average length of about 5.5 in. {natural size) in the beam direction
and thus allowed about a 2-in. view of a beam track before it entered and after
it left the fiducial area. The Z-in. exit space was uged to insure measurability
of the §-ray curvature; the 2-~in. eni:rance space was sufficient to determine
whether or not it was a single beam track that entered the chamber, and thus
provided a guarantee against accepting § rays produced in the chamber wall.
The axis of the chambex, the direction of the magnetic field, and the
axioc of the optical system coincide. The stereo a.gle io rather small--the two
lenges are 3.5 in. apart and are 46 in. above the median plane of the chamber.
Alpo, the production angle of the & rays accepted io always less than 7 degrees.
For these reacons the projected radius of curvature ipo essentially the same
in both otereo views., The '"dip™ correction to convert projected radiuse of
curvature to three-dimensional curvature is therefore less than 1% and was

not nade, The momentum of the § ray is obtained from the projected radius
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of curvature, the known magnification, and the known magnetic field (akout
11 kilogauss). A correction for ionization energy loss (about 2 Mev} is
applied to find the §~ray momentum at the point of production. Only 8 rays
with a kinetic energy K of at least 32 Mev at production are finally accepted.

For each candidate, the direction and curvature of the incident beam
track are measured on the pcanning table. To be acceptable, the beam track
munt lie within £ 3 deg to the average beam direction and have the correct
radius of curvature (180 in., magnified). The beam-curvature criterion
eliminates about 8% of the candidates, which are due to '"reaolvably curvy"

(RC) low-momentum muons in the bea_m {(discussed later).

It is clear from Fig. 1 that incident pions, mﬁonﬂ. and electrons should
be fairly easily distinguished by means of the 8-ray production angle and energy,
for § rays of more than about 55 Mev. At first, in order to increaoce the
detectable yield of muon- and electron-induced 6 rays, an attempt was made to
meacure §-ray production angles to less than £ 1 deg 00 as to determine the
identity of the incident particle for 6-ray energies as low as ~ 30 Mev.
Measurements were accordingly made using the "Franckenotein'" meascuring
projector and an IBM-650 kinematical reconstruction program. However, &-ray
events have aéveral peculiarities that often make it difficult to determine the
production angle with accuracy comparable to that obtainable in, for instance,
an elastic w-p ocattering, or an associated-production event. The deflection
of the incident particle io very olight (less than 0.2 deg for a 1.12-Bev/c pion)
and ioc therefore of no heip in determiring the point of interaction. For a "flat"
5 ray the production angle can nevertheleos be determined (cee, for example,
Figa. 2 and 3). But a steep § ray is nearly superposed on the incident track in
both views and the point of interaction is then difficult to determine -« a missoing
bubble {due to a2 statistical fluctuation) can easgily lead te an error of several mm,
But for a & ray with g = 4 in. an error of 2 mm in the location of the interaction

point gives a systematic shift of 1.1 deg in the 6-ray production angle,
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For these reasons no attempt was made to measure d-ray angles for
6 rays of less than 55 Mev. Instead such § rays were agsumed in first mé'der
to be due to piona,. Their number was then corrected at each 6~ray energy
for the number of § rays produced by the known electron and muon contamination
of the beam, by use of the theoretical cross sections. This correction averaged
about 8% at all §—ra'g' energiea. The correction is calculated in the Appendix
and appears as the small negative correciion in the third column of Table L

No second scanning was done for & rays. However, in the same Ba.mple
of film it wao found {by second scanning) that single-vee associated-production
events were found with an efficiency of 98% 1%. Delta-ray events appear to be
at least as easy to find as single neutral vee events. Consequently a ccanning
efficiency of 982 2% was arbitrarily assumed for finding § rays.

In all frames containing ''candidates, ' the number n of beam tracks
inside the fiducia_l area wag counted. Each beam track, by definition, lay within
% 3 deg of the average beam direction, and had the éorrect radius of curvature
as determined on the scanning table by a curvature tempiate, and did not undergo
a nuclear interaction before crossing the center of the fiducial area. Candidate
frameo having 29 or more beam tracke incide the fiducial area were rejected.
The average number n of beam tracks per picture was then obtained by the
"linearly bianed frames' track-counting method. 6 In this method, instead of
avéraging n over a random sample of pictures one averages 1/n over the
"interesting' oample containing the candidates. The 1/n caaceis the linear
bias of the sample, and one dbtaihm 1/n, where n is the desired expectation
value of the average over a random osample. The result wacn = 11.721.0.

In each roll scanned the total number F of ''good frames' having from
1 to 28 beam tracks wao countgda From ¥, n, and the average lengthl of a
beam track wé obtain the total path length L. of beam particles in liquid hydrogen,

L=rnl =172.4 v ioé inchen. Afier correction for muon and electron
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contamination (discuseed later) thic becomes 162.8 % 104 incheo. At our bubble

chamber operating conditions a 1-mb cross section corresponds to a mean
free path of 1.125%10% inches, so that the above path length yields 144,72 13.2

events per millibarn.

Pion Cross-Section Results

A total of 218 acceptable § rays of more than 32 Mev kinetic energy was
found. Of these, four (labeled a, b, ¢, and d in Fig. 1) are attributed tc incident
1.12-Bev/c electrons, two (e and f, Fig. 1) to muons, and the remaining 212 to
piono. Table I contains the pion-croos-section data. Figure 4 showeo the experi-
mental points. The omooth curve in Fig. 4 io a plot of the theoretical expreasionz" 3

for the absolute differential crose section for 6-ray production by a particle of

zero spin,
(d0/:K)yy, = (2ve Zm /82K [ 1 - B2(K/K )], Q)

with Km = 62.1 Mev for a 1.12-Bev/c particle of pion rest maso.
Integration of Eq. (7) from K = 32 Mev to K = Km yields

Ceh (K > 32 Mev) = 1.17 mb. (8)

The exﬁerimental total crocs cection for production by pionc of § rays of more

than 32 Mev is

O gl > 32 Mev) = (2i2 - 4‘:'9/ 0-98 - 1.3720.17 mb.  (9)
The experimental result (9) exceeds the theoretical value (8) by a factor of
1.37%0.15. Thug, within the statictico (1.2 otd dev) the experimental results
agree with the f:heoryo both in magnitude and in dependence on K.

in principle, accurate determination of the §-ray-production crossc
- section can be uced t;o explore directly the electromagnetic form factor of the
pion. For 1.12-Bev/c pions the claspsical distance of closest approach in a

-13

kaock-~on collision ¢f point particles ic 0.4x 10 cm, which is less than
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one-third of Hi/in «° the picn Compton wavs lengih. However, one may not
expect to see any large offect of the pion charge structure until the de Broglie
wave length of the electron in the pion vest frame has decreased to about

fi/m o0 that is, until the electron momentum L in the pion rest frame has
increcased to about m €, oF 14C Mev/c. This corresponds to a lab pion
momentum wra,_ of mﬂz/m o 0% 38 Bev/ec. For 1.12-Bev/c picns, the electron
momentum in the pion rest frame is only 4.1 Mev/c, and one does not expect to

observe effects of pion structure. For instance, for a particle of pion mase and

-

spin 1, the factor [ - p2(K/K_)] for spin-zero particles in Eq. (7) becomes'®”

[1 - pAK/K_JI[1 + Klm/2m_2)H[K%/3y%m 2] [1 + Kim f2m_?)1.

The latter factor {spin 1) differs by less than 1% fromn the former (spin-zerc)
for all K, for 1.}12-Bev/c particles of picn rest mase. (For €-Bev/c pions, the
latter factor exceeds the former by about 8% over the ~§.n‘tez‘va1 K/ K.~ 0.8 to 1.0,
but the crose section, integrated over the same intexwfax; ig rather omall~~

4.8 microbarn. }
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Electron Contamination

The electron contamination of the beam presumably aiiseﬂ mostly from
conversion in the 3-in. polyethylene target of decay y rays from wQ mesons
produced in the target. These electrons have the same momentum distribution
as the main % beam. Other electrons, mostly from “g production in the
chamber walls, are usually distinguishable from beam tracks through their
curvature or their direction, and are not considered hore.

At 6wx$y kinetic energies K greater than 62 Mev {the upper limit for
production by 1.12-Bev/c pions), § rays induced by electrons can be readily
distifzguiehed from pion- and muon-induced 6 rays. The four most energetic
{ raye indicated in Is‘:ig.b I are atiributed to incident electronas. The theoretical

Cross sectianh 3

for §-ray production by 1.12-Bev/c electrons is plotied in
Fig. 5. Its integral from K = 62 Mev to K = K = 560 Mev is 4.0 mb. The
path length, 172&)(!04 in. of beam track, corresponds to 153.2 events per mb,

80 that the fraction fe of electrons in the beam iz given by

£, = (4£2)/4%153.2 = 0.0065%0,0033. (19}
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Muon Camamim%’icng

Figure 6 is a schematic representation of the geometry. The muon
contamination arises primarily from three scurces, {a) pion decays occurring
near the target, (b} decays occurring between the target and the bending magnet,
and {c} decays occurring beyond the bending magnet. Source (a) yields muons
having the same momentum distribution as the pion beam--that is, an average
value of 1.12 Bev/c, with an rms half-width of 8 Mev/c.

We next consider zource (b). Just before reaching the bending magnet, the

beam of #'e and p's has a well-defined direction, because of the 36-in. ~long

1/2-in, -wide collimator. After being deflected 30 deg and thken traveling 250 in.
from the bending magnet to the bubble chambar, the central ray of the beam is
displaced about 125 in, A particle on the centerlire bt 4% low in momenturn
is displaced by an additional 6 in. and misges the chamber. Thus all muons
present in the beam before the bending magnet is reached must have nearly
the correct beam momentum in order to pass through the chamber. This
conclusion 6iili holds afer taking into account the nonzero angular aperture of
the collimator and the angular spread of the muons with respect to their pion
parente. The iraction of the beam that is contaminated from gources (a) and
{b)--that is, from muons that are nearly monoenergetic (ME)~-iz called mep
and is cal wated after consideration of scurce {c)

About 10% of the plons that pass the center of the bending magnst
decay between the hr«amiing magnet and the chamber. For a relativistic pion

{8 = 1), the lab momentum P, and lab angle BP‘ of the decay muon depend on

the pion momentum P, and muen decay angle € c in the pion rest system through
the relatione | |

P, = P, (0.787 + 0.213 coa g ) {11)

and

v tan ay o ﬁ(ﬁn Ga/€30685 + cosé_). {(22)
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The decay spectrum in 8 c is isotropic. Therefore the disiribution in pp is

flat overx its range from 1.00 to 0.57 Py For e P of 1120 Mev/c we have

Y, = 8.02, o that the maximum muon lab angle 8 " ic 2.0 deg. For a decay

occurring at the center of the bending magnet thio corresponds to a maximum

displacement of ébout 8 in. at the chamber. Thus a fair number of the mucns

born between the bending magnet and the chamber paseges through the chamber,
Instead of attempting to calculate thio contribution to the contamination,

we measure it, taking ioto account the flatness of the dictribution in Py

Figure 7 chows a curvature distribution of beam tracks. The radii of curvaiure

p were determined on the scanning table by compariscen with curvature templates.

A square distribution in pp‘ froﬁ .57 to 1,00 5 corresponds in firet order to

a square dictribution in p from p = 100 in. 2o 180 in. {magnified). The magnification

is 15% less at the bottom of the chamber and 15% more at the top than the median

value. This variation must be multiplied by the vertical beam distribution and

then folded into the predicted square distribution. The scanner can easily

renolve p = 140 in, from 180 in. but caanot zesolve 160 in. from 180 in., The

nonmeng:nergetic muon contamination from source (¢) is thua divﬁed into a

"resolvably curvy! (RC) past fRC and arn "unresolvably curvy' (UC) part fUG

in the ratio fUC/fRC = (180 - 150}/(150 - 100) = 0.6. Thus by measuring

fRC we at the same time determine fU‘C' In the sample of film represented

in Fig. 7 there are 39 RC tracke, and 734 tracks not resolvable from p = 180 in.

The latter are of course mostly pions, but include the muon contamination fti(;"

Thus we have £RC/(1 + 0.6, ) = 39/734, sc that

ch = 0,056 £ ¢,022 {13)

and

£ c = 6.6 iRG = 0.034 £ 0,007, {14)

U
There are several checko on the method. In the first place, the

distribution of the 39 RC tracks in Fig. 7 is in agreement with the expected
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distribution. Next, the sum of ERC and fUC corresponds clogely to 10%, the
fraction of pions that decay after the bending magnet. Since the horizontal and
vertical pion beam profiles at the cha,mbei;- are somewhat larger than the
corresponding dimensions of the acceptance volume in the chamber, it is true
to first order that '"as many muons decay into as out of" the orbits that pass
through the chamber, so that fRC + fUG is expected to include most of the
decays. Finally, of the RC muons {0.57 to 0.83 of pﬂ), not all enter the chambexr
in the beam direction. This is not only because many of them decay at from

1 to 2 deg to the direction of their parent pion, but is also due to deflection in
the fringe field of the bubble chamber magneé. The fringe field times path
length integx-ates to about 10 kilogaues ft. This deflects the 1120-Mev/c pions
through 4.0 deg between "'minus infinity'" and the entrance to the chamber.
Muons having 0.57 p,_ are deflected through 6.9 dégg and those with 0.83 p_
through 4.8 deg. Therefore the average direction of the RC muons should be
shifted relative to the pion beam by 1.9 deg. The average measured direction
of the 39 RC tracks of Fig. 7 is indeed found ¢o be shifted, in the expected
direction, by 1.820.3 deg. This agreement shows, for instance, that very few
of the RC tracks can be attributed to pion interactions in the bubble chamber
entrancle wall, since these would have the éame {average) direction as the =
beam.

Of the 39 RC tracks in Fig. 7, 10 would be rejected in a ¢rack count
nince.t!zey deviate by more than + 3 deg from the average beam direction.
{They are 2ll included within £ 5 deg., as expected. )‘ For making track-count
corrections we therefore would use £' RC? the parxt of fRC satisfying the

direction criterion, with

{ RC = 0.04=0.007. (15)

Of course in a track count in which the curvature of each track is checked, the

RC tracks are all rejected, and f' R is not used.

C
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We must otill determine fM E° the monoenergetic {ME) contamination
from decays occurring befoi'e the bending magnet. Here we make use of the
muon-~induced § rays. We calculate the expected number of § rays above
58 Mev produced by the already known nonmonoenergetic muon contamination
fU’C’ subtract this numbef from the observed number (two, see Fig. 1), and
attribute the remainder to the contamination fME' Since the cross sections
are known, this determines fME' VA more detailed description follows.

The theoretical cross section for 6-ray production by monoenergetic
muocns is, at these energies, essentially the same as for production by pions,
and is therefore given, with a suitably modified value of Km and of B, by Eq. {7).
The differential cross section for muons having 1.00 P.» i.e. 1.12 Bev/c, ie
plotted in Fig. 5. To obtain the average cross section for fUC we average
Eq. (7) over a flat distribution in pp from 1.00 to 0.83 p o and then integrate
from K = 58 to 104 Mev. The result is 0.18 mb. The path length in the 6-ray
scan corresponds to 153.2 events per mb. The expected number of § rays
produced by the fraction fUC is therefore 0.034 w153.2%0.18 = 0.94%0.21.
Since this number does not exceed the observed number, two, we have no
contradiction. By subtraction we then attribute 2 - 0.9 or 1l.121.4 § rays
to fME“ Since fME hag the beam momentum P We integrate Eq. (7)., as plotted
in Fig. (5) with K‘m = 104 Mev, from K = 58 to 104 Mev, and obtain ¢.48 mb
as the cross gection for fME to produce an observable § ray. Combining the
counts, path leangth, and cross section, we find

Y

The electron and muon contaminations of the beam are thus completely determined.

E = 1.1/(153.2%0.48) = 0.01520,019. {16)

The only information used is that obtained from the bubble chamber pictures.
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Appeadix

The small negative correction to the counts in column 3 of Table 1 io
a correction for muon and electron contamination. As an éxample we calculate
the correction for the first interval, at K = 34 Mev.

The total picn track length in liquid hydrogen corresponds to 144.7 counts
per millibarn. For a contaminant fraction §, the correction AN is
£y 144,7 Y(dO’/dK) AK, where AK io 4 Mev for the interval under consideration,
and do/dK is the cross section for the contaminant to produce a 34-Mev § ray.

The electron contamination £ e is 0.0065. The electrons have the beam
momentum. The croos cection, from Fig., 5, iz 0.22 mb/ Mev at K = 34 Mev.
Therefore AN, is 0.0065x144.7%x0.22% 4 = 0.83, Similarly the monoenergetic
component iME of the muon contamination contributes
AN = 0,015%144,7%0.13%4 = 1.13 counts.

The "unresolvably curvy!" (UC) component of the muon contamination
hag a flat distribution m pu f:om 0.83 to .00 Po corresponding tq radii of
curvature from 150 in, to 180 in, in Fig. 7. For pp = p, we have K.m = 104 Mev;
for 0.83 .p“e K, is 73 Mev. Averaging Eq. (7) over pp. from .83 to 1.00 P,
yields an effective K m. of §7.4 Mev and a2 cross section
do/dK = (255/1(2)(3 - K/87.4)mb/Mev, whichis 0.13 mb at K = 34. We
therefore find AN = 0.034%144,7%.13%4 = 2.56. The total correction is

AN = 0.83+ 1,13+ 2,56 = 4,52 counts to be gubtracted from the 62 observed counts.
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Pion crosg-section data. K is the electron average kinetic energy in the
interval AK . N is the observed number of counts in AK, minug a correction
for the contribution of electron and muon contamination in the beam.(dc/ dk‘.}th
ia the theorectical cross section, £q. {7}). The over-ail xz is 12.4, with

6 degrees of freedom.

K AK Oy (Qo/aK)  (do/dK),, ayx?
{Mev) {Mev) counts _{mb/Mev) {mb/Mev)
34.0 4.0 62 ~ 4.5 0.102:0.016  0.1010 0.00
38.0 4.0 37 - 3.5 0.059+0.012  0.0699 0.82
42.5 5.0 42 - 3,2 0.054:0.010  0.0458 0.67
47.5 5.0 34 - 2.3 0.04520.0090 0.0277 3.69
52.5 5.0 26 - 1.8 0.03420,0077 0.0153 5.96
58.5 7.0 11 - 1.7 0.009440,0038 0.0052 A2z

212 ~17.0 ) ‘ 12.36
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Figure Ca iona

Fig. 1. Kinematica of 6~ray production. 8-ray lab kinetic erergy K is
plotted versus 6~-ray lab angle 0, for 6§ rays produced by l.iZnBev/é
fncident e”, u*, v », and K*. The gix e#perimental points {labeled

- é through f) correspond to the 6 rays that were hot consistent with
production by incideni pions. Events a, 5, ¢, and d are attributed to
incident electrons, e and f to muons. Frame numbers of these events

- are a, 233804; b, 319568; ¢, 229164; d, 254775; e, 252357; f, 248457,

Fig. 2. Typical energetic § ray produced by a 1.12 - Bev/c pion. The |
6-ray kinetic energy is 42 Mev. -

Fig. 3. The most energetic § ray found, having a kinatic energy K of
134 Mev. The lab angle and enexgy of the & ray are plotted an event a

in Fig. 1, and are consistent with é-ray formation by a 1.12 Bev/c
electron. |

Fig; 4. Differential crose section for §-ray production by 1.12-Bev/c pions.
K is the kinetic energy of the 6~ray electron. The experimental points
correspond to fhe 4th column of Table I. The omooth curve corresponds
to the theoretical prediction, Eq. (7);, and to the Sth column of Table I.
There i no relative normalization between the theoretical curve and
the experimental points -~ all quantities are absolute.

Fig. 5. Theoretical 6-ray production cross gections for 1.12-Bev/c incident
e, u, and @ , plotted against §-ray kinetic energy K.

Fig. 6. Schematic diagram of beam geometry. Dimensione along the beam
are to scale, others are not. The é-Bev proton beam p strikes a 4-in.
palyethyleﬁe target T, produces 1.12-Bev/c negative particles at 0.0 deg,
which are deflected through 30 deg in the Bevatron field, pass through a
thin window W and a 36-in. -long 1/2-in. ~wide collimator C, are
deflected through 30 deg by a magnet B, and focused by a two-element

quadrupole lens L, to an image at the bubble chamber BC.
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Fig. 7. Curvature distribution of beam tracks. p is the projected radius

of curvature in inches, as measured on the scanning table. The main

beam at 1.12 Bev/c corresponds to p = 18 in. and contains 734 counts,

indicated by the heavy arrow. The remaining 39 counts at smaller p

are attributed to muons from pions that decay after paasing the

bending magnet.
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