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ABSTRACT
Yields of -rr:t, Ki, pi, and e at 2 and 3 deg from 16- and 18-
GeV electrons on three different targets have been measured at the

Stanford two-rr_i_iile electron accelerator. The targets were: 0.3 radia-

- tion length (r.l.) of Be, 0.3 r.l. of Fe, and a combination consisting

of 0,6 r.1, of Fe followed by 0.3 r.1. of Be. The yields are discussed

in terms of ‘the Drell mechanism (for Tr:t; Ki, pi), p production (ni),

associated production from pions produced by photons (K+), photodisini:-
tegration (p+), and elastic scattering (e ). The A dependences of the
yields have been determined from the ratio of the Be- and the Fe-target

yields,
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I. INTRODUCTION
The new 20-GeV Stanford electron a.ccel'erator.provides a unique

opportunity for the study of the photon-nucleus interaction at energies

~ much greater than previously available, Expectations that this new

energy region would be interesting were greatly enhanced by Drell, who,
in 1960, calculated the amplituaes for a particular set of photon-induced
periphéral processes which produce strongly interacting particles. 1 At -
energies up to 6 GeV it has been found that these peripheral processes

account for a large part, though not all, of pion production, and it was

anticipated that at higher energies these processes would more com-

pletely dominate the cross section for forward angles. 2 As an added
fillip, ‘Drell's calculations were used to predict yields of secondary
particles at SLAC that were large enough to be experimentally useful. 3

Later it was realized that another important mechanism, p production,

' contributes to the 7 yields. 4

While engaged in an experiment5 to determine the usefulness of
some secondary particle beams .at SLLAC, we have gathered data on sec-
ondary particle yields from targets exposed directly to the electron beam.

This article differs in substance from Ref. 5 principally in the inclusion

of data from an Fe target and an Fe-Be combination target (see Table I),

and data on the time,,distributiori of the secondary beams (see Sec. IV). .

Although the data are by no means complete, we feel théy constitute

‘enough information to allow some useful, though preliminary, conclusions,

- Basically, the ‘experimental results indicate that, with two notable excep-

tions, the yields of strongly interacting particles roughly agree with the

_predictions of the Drell mechanism plus p production (Drell +p ).
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_ The first éxc'eptiori is the K" yields, which are 1.6 to 3.7 times -

the K~ vyields, whe‘re 1.3 is expected frém the Drell fnech_a.nism_. The

most logical éxplanation for the excess K is the procésé Tp > K+‘A (=), o

taking place“ in the same nucleus where a photon has ‘proc'iuced the ;
.vho_wevver, no direct e{ridenqé of this proéess is given, 6 The second
éxception is the proton yields, which are 10 times the p vields, Here
'px.-oce's ses"of pho_todiéintegratipn (where a proton is '"knocked ou‘t" of

. the nucleus) are invoked, again with no direct confirmation,

Although the absolute magnitude of the yields does agree reésdn- :

“ably well with ‘Drell + p ,. their rhomentur_n and angle dependences are

not in quantifative a'gr'eement. The effects of final~-state interactions

will'definitely modify the Drell +p predictions toward agreement; how- -~

ever, no method of quantitative calculation is known,

In Sec:: Viwe discuss th'é_s.e theoretical questions in more c’l'etail;
as .well avs coverivr.lg the implications of the bremsstrahlung photon spec-
trum within the ta'rget, thé A dependences Of,_ the yields, and the electron
' _vyi_elds.v |
-~ We have alSo measured the ‘radio—freq\;ency structure of the-

- secondary beam, which results from the "bunching' of the accelerator

beam, The results are preéented, along with: the yields, in Sec, IV,

2= UCRL-17687 ..
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II. EXPERIMENTAL APPARATUS AND PROCEDURE

A, Primary and Secondary Beams

A beam of electron pulses was provided by the Stanford 20-GeV
linear accelerator. The normal pulse rate during the experiment was
180 pulses pe:r second, with each pulse containing about 1040 electrons
and lasting 4.5 psec.  The evner‘gy of the electrons was 18 GeV (?. few
runs were at 16 GeV), with an energy spread of < 1%. The beam "spot
size' at our target was about 0,3 cm vertically and 0.5 c¢m horizontally,
the larger horizontal dimension arising from some momentum aispersion
due to the guiding magnéts‘ ahead of our target.

4 We used three different targets in the experiment, Our basic
target was a 10-cm length of beryllium, (23(_\)..3 radiation length).  In order
to deterﬁine the dependence of the yields on fhe atomic weight of the
target nuclei, we used an iron target with a length of 0.54 cm (‘7‘30.3 radia-
tion length, and made to corre spoﬁd as closely as possible to the number
of radiation lengths in 10 cm of B’e).> The purpose of our third target was
more utilitarian: to determine the maximum yield obtainable from a 10-
cm-long target, This third target was 10 cm of Be preceded by 0.95 cm

(=0.6 radiation length) of iron. The -{nterpretation of the results from this

-target is given in Sec,; V., B,

The primary-beam monitor System is described in another pub-
lication, 8 ‘Brieﬂy, a signal from the target (which was electrically in-
sulated) provided a measure of the net charge leaving the target over
any period of time. By comparing the absolute magnitude of the electron

beam current, as measured by calibrated toroids, with the electrical

signal from the target when all the beam was hitting the target, we
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obtained an absoluté (r:‘a;i.ib'ration'of the'bt.ar'get_'vsig.nal;, The results were
that the Be, Fe, and Be-Fe-combination ta;rgetS'\x;él;e 125%, 21%, and
292% efficié'nt, respectively. An efficiency of 100% means that for |
each electron in the primary beam entering the targéf, two electrons -
leave the target (whére-one of these may of course be the primary elec-‘
trion). Since the ¢'alibrated' toroids on \;vhich this measurement was based:
are accurate to £5%,. the uncertainty in the absolute normalization of thc‘a‘
primary electron beam current is £5%,

Figure 1(a) shows the beam layout. The quadlrupole doublet
focused particles of the desired inomentum onto the counter array. The
bending mé.gne't pitovided nﬁomentum resolution at the counters; . The
‘three-fvoot-long ’le‘ad-‘ collimators C41 and C2 defined the solid-angle
acceptance in an easily calculable way, A continuous vécuum system
rcovelj.ed the entire beam line. h

The solid angle accepted by the system was 8.2 psr and the

momentum resolation was 0.90%.

B, Counter Array

Figure vi(b) 'shbws the counter array, which was designed to
détect and s_eparate-eléctrons, pions, kaons, protons, and muons.
Here S1 through SS were plastic scintillators, Ci and C2 were 5erenkov
“counters, and D'l and D2 were microwave -gated photomultipliers, re-
ferred to in the literature as DCFEM's, 9

The spatial acceptance of the counter array was determined by

S2 and S3 near the beam focus and S1 which defined an angular aperture

of ®7 mr.
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C. Electron and Muon Separation

Scintillator S4 dete.cted showers pI:oduced by electrons interact-
ing in the preceding lead. The thickness of lead was experimentally
adjusted to be near the shower maximum for each momen;cum studied,
and the discriminator on S4 was set to reject single particles and accept
only electron showers, Figure 2 illustrates the development of an elec-
tron shower by showing the counts obtained in S4 (in coincidence with
815253) for various discrir_rﬁnator settings and various thicknesses of

lead. The voltage of S, was set so that, with no lead, 81828354 did not

4

count, The data was obtained with the 6-GeV/c secondary beam from
o .

the Be target; because at 6 GeV/c the Cerenkov counters (see next sec-

tion) provided independent information about the fraction of electrons in

— :
the beam. The Cerenkov result was 44+ 2% for the percentage of elec-

‘trons in the beam, and we see that the curve with 7/8 in, of lead forms

a plateau a.tb 46%, consistent with the Eérenkov results, The plateau
obtained at 6 GeV/c is not very impressive except in the context of the
whole family of curves, because of a relatively small multiplicity at the
shower maximum. As the momentum is increased the number of par-
ticles at the shower maximum increase s, and the plateau improves.

This is illustrated in Fig. 3. Hence we believe the S4-Pb system counts

electrons with an efficiency of 98% or better, By studying the particle

beams with plus charges where there is small positron percentage, we

have determined that pions can trigger the S4--Pb system approximately

, 4% of the time, probably by 0 production with subsequent showers from

the y-rays.  Thus if we measure an electron percentage of 50%, it means

that actually 48% of the beam was electrons, We have, therefore, a
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system which can separate elecfrons lor positrons) from all other par-

ticles at momenta for which our Cerenkov counters are not effective for -

this purpose (i.e. , above 6 GeV/c).

Scintillator S_, together with iron absorbers placed in front of

5?

it, m’easured"the_ i percentage in the beam.. The diameter of S5 was cal-

culated to catch more than 95% of the muons, at 12 GeV/c, and to catch

other partiéles .<‘~1% of the time, when five feet of iron was put in place.
Figure 4 shows a measurement of SisZS3C1C285 counts at 12 GeV/c
as a function of the length of iron absorber. We see that muons form

< 1% of the beam.

. D. :C\J‘erénkov Counters
The Eereﬁkév counters are relatively simpl.e.in construction,
and weigh'less than- fwenty pounds eadch; two of them in coincidence are
cai)abie of a re solﬁtion éomparable with th‘at of the 1argé counters of

hed
10 The Cerenkov counters consist of a 1-m-long

Kycia and .Ienkins.
steel pipe vwith a 1.;in. i.d., cylindrical glass tube, aluminized on the
»inside, mounted in the pipe by mean‘s of aluminum spacers., The fittings
on both ends of the counter provided 50-mil Al windows for the beam to
pé.ss through, .and.a.t one end a 45-deg mirror of glass aluminized on one
éide turned the Eerenkov liéht through 90 deg where it exited from the
- pipe through a quartz window. For the thre s}\lold counter we simply put |
thve photofube against the quartz Window. ' For the différentia.l counter a
- quartz lens with 16-in, focal length was put against the quartz window
and a 100-mil -wide, 1.5-in, -diameter annulus was mounted in the focal

plane of the lens, with the phototube just behind the annulus, The

-
Cerenkov angle prescribed by the differential counter was thus 2.7 deg.

N
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The essential characteristic of the experiment which made it
possible to use such simple counters was the small spatial extent (<3/4-
in, diameter) of the Beam at the counter array. The counter was further
képt small by the aluminized glass tube which confined the Eere'nkov light
to a 1-in. aperture without destroying any of its useful characteristics.
The small aperturve also reduced the effects of chromatic aberration in
the quartz lens.._

Counter C1 wa.sAfilled with nitrogen gas.at a pressure such that
it would not count K's but only Tr—,;;,—Ie. Counter C2 was filled with Freon
13 (a few times with NZ)'.f': To study the m-p-e region we recorded the
- coincidence counts 513253.3‘nd 81525302 at various pressures in CZ’
Above the m-p-e reéion, where we needed additional rejection against
fast particles in order to clearly seez the K and p peaks, we recorded
5152836 iCZ as a function of pressure in'-CZ; The separating pbwer of
these two counters is illustrated in Fig, 5. From these figures, which
are raw recorded data, we can read off directly the percentages of K,

p, and, at the lower momenta, v and e in the beam.

The resolution of the differential counter, as measured by AB/B,
.can be determined from the width of thé peaks as a function of pressure,
A width of 8 lb/in. 2 corresponds to a AB/B = 4 X 10-4, The noticeable
flattop on the peaks indicates that we could have improved the resolution

4

somewhat by narrowing the annulus, However, the AB/B = 4 X 107" was

adequate,
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' .E. DCFEM

The couﬁter; labelled D1 and D2 1nF1g 4(b) are microwave-
géted photoi'nultipliers (DCFEM). 9 We Have'designed #nd built several |
of It'hese pvhotomultiplier tubes, and their characteristics are describediv o
| fully in another .publicat.ion. 11 "‘However, in order to present the result_é i
here we need to bfieﬂy explain’b those DClFEM prqperties which were use-
ful to us. | | |

The linear accelerator uses electromz;,gnetic ffields with a fre-
Qﬁency of 2856 Mc to accelerafe the electrons, This introduces a bunch
s.trugture over the rf‘period; that i_s, the eleptr'ons emerge from the
a.'ccél_erator in tight buncﬁes, 0.3 nsec apart, with widths small compa.red'
to '.their sepa.ra.tio.n.v12 We wanted to invéstigate this structure in order
to predict the éfficac_:yjof an rf deﬂector 1n providing separated secondary
| bparticl'e beams atv SLAC. Fér these secondary beams we needed.informa-
-tion about the width of the bunchés and the relative numbers of particles
during the part of the rf cycle off the b'uncvhv. Unfortunately no ordinary
time -of-flight system in particle detection can probe to such small time
int-ervals. However, the DCFEM can, as will be ‘shown.

The DCFEM, schematically-illustrated iﬁ Fig. 6, consists of two
plane paré.xllel,plates with an rf electric field perpendicular to the plates,
and a static magneﬁic field H parallel to the plates. A photo-sensitive,
secondary emitter is laid dow‘n in a strip perpendicular to H on one of
"‘-'th'e plates, When a photon strikes one end of the strip, releasing secondary
- electrons;.-one éf two tﬁings occurs: In the firsf, the photon arrives at
‘a time in the rf cycle when its secondary electron will be accelerated

away from the plate, in which case the electron executes a cycloid-like

T
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orbit and strikes the plate with a large enough energy to release more
secondary electrons which propagate down the strip, multiplying as

they go, until vthey are collected on an insulated electrode to form a
signal, In the second, the‘photon arrives at a time in the rf cycle when |
the secondary electron will be forced back into the plate with very little
energy, causing the electron to be absorbed., In order for the cycloid-
like orbits to propagate, the ma.g?retic field and electric field must be

in certain ratios. In this manner we have developed a phase-sensitive
photomultiplier, ‘That is, the DCFEM translates the time a photon
arrives into a pulse héighf on the collector., Of course the actual dynam-
ics 'é.re not so clean-cut as we have implied; in fact, the multiplier as
we have built‘ it has a pulse-height ratio between the '""best' phase and
the "worst' phase of four, and a pulse-height distribution similar to
that shown in Fig, 7, which was derived by computer simulation of the
dYnami.cs and the secondary emission process,

The DCFEM's were mounted on Eerenkov radiators, which sup-
plied the photons from the charged particles whose time structure we
wished to investigate. We used rf power which waé phased with the
linac power, and we could vary the phase of the DCFEM with respect
to the linac (and hence with respect to the electron bunches). The ex-
periment then consisted of choosing a particular type of particle with
the (\J/erenk_ov counters ('C1 and CZ) and scintillators, and varying the
phase of the DCFEM, with the output of the DCFEM put through a dis-~
‘criminator énd into coincidence with the other counters. DCFEM re-

sults are giiren in Sec. IV,
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1. SCATTERING AND INTERAC TION CORRECTIONS

The raw data were taken in the fol,lowing v‘vva..).rv:' Flrst we measured.
the rgtio of the number of coinc(i‘dence _c.oimts in'SistS‘3-to the fo£a1 c‘harge )
integrated by the Beam monitor system in a given time interval., We éall '
this ratio RMong it represents the total yield (of all particies wé measure)
per primary f).eam electron, Thé percentage of a givenv- particle ih the
beam is then obtained from graphs like those in Fig. 5. However, these
raw numbers must be corrected for losses due to scattering and inter -
action in the material in the counter a.rray. .Thesé losses of course

 mean that the R -f'l;:"should be increased by some amount, but they also

Mo v
mean that the percentage Qf a certain particle measured at a c.er'tain
'pre_séure in C2 must bevclorrec,ted’, beéause e* hav,vevno strong inter-~
actions, and thus are affected differently. by the material than afe ™,
K, vand p. | | |
Let us call RNQ‘rrﬁ the corre'cted ratio of -S,1$ZS3 to monitor
vinte'gral. We us e -a very simple correction equation
| L )2
Ryton = Rvorm © &0 (1
where JZ-. } isv‘the length éf matéri.al, -!Zi is the intgractio'n length of the
material, 6 is the rms angle of scattering for th.ev ma."cerial, and o is
| an -amgle charvacteﬁ.stic of the geometry of the cbunter array, which we
determine empirically.
The matérial in the counter array which affects R fon includes
S SZ’ windows and mirrors in C'l‘ and CZ’ the vacuum pipe window, 2

1’,
. metezs of air space, 50 psia NZ in Ci’ and a variable amount of gas in
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CZ..' To find the effective !Z/ii we must know Ei, the interaction length
in g/cmz, for all the materials, To find the effective 62 we must know

the radiation length in g/_cmz_ for all the materials, Numerically equa-

tion (1) becomes

s

. o o
- ; -4 21 -3
RNorm = Rnon ©*P {[0.063 +4.2%x107" P] +(55) [0.146 +1.44% 10 PG]} ,

(2)

where PG is the pressure in psia of Freon in CZ’ p is the momentum (in
GeV/c) of the secondary beam, and ¢ is in mrad.
It is importaﬁt to realize that Equations (1) and (2) are valid only

for m, K, and p, For electrons the interaction correction must be re-

moved. This introduces a modification to the formula, giving

: N2 : /1.
- - (6/ o) e e i
Norm_RMone f7+(1-1f)e ,  (3)
where £° is the percentage of electrons in the beam. In the application
of this formula we have used the observed pércentage of electrons
‘rather than the corrected one; this is a very good approximation and
makes calculation easier,

The equation for calculating the corrected percentage of electrons
is ‘
. -1
L/2.
(€ _ & e _ € i
_fcorr = fobs {fobs Tl -fps) e } ’ (4)
where l/ﬁi is evaluated for the pressure in C, at which the measurement

2

of £5.  was made. The equation for calculating the corrected percentage

obs

of m, K, or p is
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o (e -
S 1.8 e , :
fco'rr - fobs © {fobs_.{"“ —_fobs) ¢ : (5)

where i/ﬂi is evaluated at the pressure in C2 corresponding to the peak

“for the particle in question, In these last two formulas we have again

used £° where we should have used f°© ; the difference in the correc-
v obs " : - corr -

tion factor is negiigible.

e

In order to determlne' o we need only compare RMon X fobs at

X £ stays the same by

two different pressures in C,. Since R
: 2 Norm "* "corr

definition, we may solve for ¢, Using data from a 2 deg production

angle, 18-GeV incident electrons, and the Be target, we find for both

the 4'—-GeV/¢ and 12-GeV/c secondary beams that ¢ = 5.2 mrad, The

fact that the same ;ralue of o vis valid for the-éxfremes of momenta,

and that the value of‘ o is quite reasonable for the counter geometry,
givesbus confidence that the equation has physical meaning,

Once o is determined we can check the coefficient of PG in the ,
firsf parentheéis of the exponential of Eq. (2) by com,paring,RMOn at
two different.pressp.res in CZ' At both 4 GeV/c and 12 GeV/c this co-
~ éfficient checks well with eXpérifhental values, ‘Thus again we are given
confidence that the equation is gseful.

The total scattering plus interaction correction is typically 15%.
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1V, EXPERIMENTAL RESULTS

A. DCFEM Results

1. rf Bunch Width

In order for one to determine the rf bunch width of the secondary

‘beam, it would be ideal if the DCFEM were sensitive to a very narrow
phase interval and insensitive elsewhere. As Fig. 7 shows, this is not
the case; it is sensitive over about 130 deg of phase, However, the

edge of the sensitive region is quite steeia, and this property allows us
to determine a reasonable upper limit for the bunch width, Figure 8
shows the detection efficiency of the DCFEM asv a function of phase for
10-GeV/c electrons., Since the DCFEM output is put through a discrim-
inator, to relate Flg 8 with Fig., 7 one must know the discrimination
level and the number of photons generafed .by a charged particle in the
Eerenkov radiator. Note that the experimental measurements are 30
deg apart in phase; this distance corresponds to 30.0.3 nsec, The slope
of the sharp edge of the efficiency function in Fig, 8 represents la. fold‘ing
of the actual DC'FEM properties with the finite width of the secondary
electron bunch, The derivative of this slope, also shown in Fig. 8, thus
provides an upper limit to the seco.ndary beam bﬁnch width, The result
is: The full ~width at half-maximum of the seconda,fy beam bunch is less
than 20 deg of the rf cycle, We obtain a better lirﬁit of 10 deg from Fig, 9
(see next paragraph). |

2, Off-Time Background

Even though the bulk of the secondary beam is bunched within a
small fraction of the rf cycle, it is important to know how much-beam is

contained in the part of the cycle outside the bunch. Since rf separators
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caﬁ be requiréd to‘l.'e,ject ﬁﬁwanted particles _1.000 times more copious

than th‘e".want_ed par.ti'cle s,‘v we need to measﬁre the off-time background

to a level of one,-thdusaridth of the fota.l beam. In orcier to accomplish

ti'lis we put two DCFEM's in coincidence, each of. which separately gavé'

-~ an appal;ent iﬁdication that the off-time background was less than 3% of

- the beam., v'}f;‘:i'gu;re 9Ash0\-;vs the result, When the DCFEM sensitive re-
‘gion is centered on the main beam Bunch,' the efficiency is 40%, When

t\he sensitive region covers one half-cycle centered between beam bunches,

the efficiency is < 0.025%. Hence the off -time background is less than

0.6 1073

of the main bear_h. This result is for =@ at 12 GeV/c, ata
‘production angle of 2 deg, and with 18-GeV primary electrons, We also
measured an off-time background for negative fast particles (77% e~ and

23% w) at 12 GeV/c from 18-GeV primary electrons and at a production

3

-angle of 3 deg. The background there was less than 2 X 107" of the main

beam,

3. Time-of-Flight of n, K, an.d‘p

The 'secoﬁdary electrons, pipns,- kaons, and protons created in
.the target by the primary electrons héve the same rf bunch structure
as .the pz;im'ary electrons.ﬁv Howevef, as the secondaries lea..ve the target
.. they disperse in time vdue to their range of velocities, If we choose a
‘definite morﬁgntum--iz GeV/c--and a definite flight path--220 feet--
for the secondaries, _bthen the e, 7, Kand p l.aunches from a particular
primary electrén bunch will arrive at different times., The eléctrons
will taktve.‘ é,pproxin.nately 220 nsec to travel from target to detector. The
m, K, and p bunches will arrive 0.015 nsec, 0.19 nsec, and 0.68 nsec

later. In other words the m, K, and p bunches will lag behind the secondary_
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electron bunches by 15, 195, and 705 deg of phase, fespectively, The
DCFEM will therefore Msee! the electroris and pions bunched together,
the kaons about 180 deg of phase apart, and, since the protons lag by
close to two full cycles, they will appear at nearly the same phase as
the electrons and pions, |

Figufe 10 illustrates the time-of-flight separation of the various
positively charged particles at 12 GeV/c. We see, as expected, that the
K and = bunches are separated by 180 deg, and that the p and # bunches
are very close in phase. An rf separator could take advantage from this _
situation, rejecting both »' and p in favor of K+,

Thus in the K-v separation we have measured a time—of—.ﬂight

difference of 0.17 nsec in a total time-of-flight of about 220 nsec,

B.! Yields

All results are shown in Table I. The measurements have been
corrected for séattering and interaction losses in the .material of our
counter array, and for the decay of pions and kaons in their flight from
target to detector, The scattering and interaction corrections were
typically 45%. To the statistical error associated with each measure-
ment we have added algebraically an error of 2%, which reflects non-
statistical fluctuations of unknown origin in the ratio of 518283 to monitor
charge integral,

If the ratio of any two numbers in Table I that are associated

with the same target is taken, then the error in that ratio is correctly
obtained from the errors in the table., If the ratio of two numbers asso-

ciated with different targets is taken, then an additional error of 3%
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must 1b.e».ad'ded to the 'error_frofn Table- I"duetc'). ‘_u:ncertainty in the ratio -
of beam moﬁitor'ei‘.‘ficieney for the different targets (see Sec. II._A),

-We believe that the oveeall nerma.lization of the data is accurate -
'te £15% (5% ‘from beam monitor current normalization and 10% from
-solid angle and momentum bite uncertainty)., That is, a lone number
takee from Table I must have an additional 15% error added to compare
with any absolute predlctmn

' Figures_ 14, 12, 13, and 14 show the 2-degree yields from Be
at 18-GeV p.rimary energy as a function of secondary momentum for
ei, ‘IT:_!:, K* , and pd:. - Figures 15, 16, and 17 show representative
- angular distributions of ylelds from 18 'GeV primary electrons. In
Fig, 15 the two points at 0,5 and 1 deg were taken from Boyarskl et al, 13
It was necessary to correct their data from 16~ to '18~GeV primary
‘energy as well as to correct for a different target le:n_gt‘h (0.6 radiation
length). The details of this eonversion calculation are given in Sec. V. G.
Comparison with the O-deg data of Berna' et al, 14 is not shown, since
‘rather large and uﬁcertain normalization factors would be needed to con-
vert their 1,8-radiation-length data to a 0.3 radiation length,

.The relatio'nship between results from the Be target and results
from the Fe target gives some indication about the dependence of the
yields on the characteristics of the nucleus in the target. If we assume
‘that the cross section (o) for production of secondaries is. proportional

to An, where A is the atomic weight of the nucleus, then an expression

for n in terms of the yields is

n=1+ In (rBYF/r‘FYB)/»Qn (AF/AB) ,
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where r is the radiation length of Be (Fe) in g/cmz, and AB{(‘-A:F)

B (Tp)
is the atomic weight of Be (Fe). Thus a given ratio of yields corresponds
uniquely to a value for n. Of course, there is no guarantee that the cross
section is proportional to any one power of A, In.fact, it might depend
on Z rather than on A, as elastic eléctron scattering does, However,v
this technique at least allows us to discuss the dependence of the yields
on the té.rget nucleus in Sec. V.F. Figure 18 shows the results for the
ratio of yields from Be and Fe, along with the scale of n corresponding
to each ratio,

The ratios of yields from the Be.-Fe -vcombination target and the

. Be target are shown in Fig., 19, We note that adding a 1-cm length of

iron to a 10-cm Be target increases the yields by a factor of 2 or 3,

The significance of these results is discussed in Sec., V, B.

V. THEORETICAL INTERPRETATION OF YIELD RESULTS

A, Introduction

It is generally believed that production of strongly interacting
pértic_les (SIP) by an electron beam is a two-step process, with the
electrons formi.ng real photons bAyvthe bremsstrahlung process, followed
by the interaction of the photons with the target nuclei. The a.naio_gous
process with a virtual photon, usually called electroproduction, is im-
portant only for targets very much shorter than ours, Consideration of
the two-step process allows us to roughly predict the dependence of
yields on primary electron energy and on target length, and also derive

some rough cross sections, as discussed in Sec, V. B.
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Since real -pho-t::oné are inéidgnt on thve nuclei, we neéd a theory
of the phofon-—nucleus interactioh té interpfét the SIP yie.:lds.; the mech--
anisms considered in this section are the Drell fne'chanism, p -meson
production ('forvpions)', ‘and photodisintegration (for protoﬁs). The re- .-
sﬂts, discussed 1n Seé. V.C and D, indicate that the pion, kaon, and
anti-proton yiélds are éxplained, roughly, by the Drell and p processes,
vbut the proton 'yields could be explained by the combination of Drell and |
photodisintegi‘ationvprocesses. |

We have obtained some yields fgr particles that are not strongly
interacting: namely, electréns. In Se_c. VE, we have attempted to cal-
culate the electron »yibeldS'from’ elastic scattering of the incoming electrons,
either with»the‘ nucleus-as a whole, or with individual nucleons inside the
nucleus. We find that the calculated yields are only about one —fifth the
observed yiel>ds', indicating that inelastic processes, such as pion pro-
"duqti'on,, are dominating the'elecﬁ;r'on éca.ttering in this region of energy
and angle, | |

Finaily, we compare our re sults from the i:tl'ana'nd beryllium
.targets in terms of the dependence of fhe yields o_n‘A, the atomic weight

of the nucleus, in Sec, . V.F,

B. Implications of the Brémsstrahlung Spectrum

As the primary electron beam proceeds through the Be target it

: creates real photéns of a known energy spectrum and intensity, Calcula-
tions of the number of photons in a given energy interval, and at a given

| depth in the target, have been done by Tsai and Whitis. 15 If we knew

the cross section for a pfioton producing:a particular secondary particle
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as a function of photon energy, then we could combine our knowledge of
the photon spectrum with this cross section to produce a y.ield. This is
what Tsai and Whitis have done with the Drell mechanism and p produc-
tion crosé sections treated in the next section,

However, suppose we know nothing about the cross section except
the obvious fact that a photon with momentum p cannot produce a secondary
particle with energy greater than p.-. .0 .. Figure 20 illustrates the
bremsstrahlung spectré, ihtegra_ted over the length of Be in the target,
for three cases,

First let us compare curves (b) and {c). The path length of
photons is much greater in the long target than in the shorter one, but
the shapes .of the energy spectra are quite similar, Thérefore we expect
the relative yields to be rather independent of specific production mech-
anisms; the yield of 10-GeV secondaries produced in the long and short
targets should be roughly in proportion to the integral of curves (b) and
(c) in Fig, 20 above 10 GéV/c. Table II and Fig. 19 show a-comparison

'bet\ﬁveen.predictions for the ratios of Be and Be-Fe yields and the experi-
mental results for the SIP, We see that rough agreement is obtained.

Second we compare curves ;(fa)’ and (c). Here the photon path-
length distribution for 418-GeV electrons differs from that for 16-GeV .
eiectrons only in the 16-18 GeV region., Thus if fhe cross section for
producing a certain ‘secondary varies rapidly with photon energy, we
would not expect the method of integrating the path length over energy
to give an accurate predici;ion. However, the comparison between pre-
dictions for the ratios of 18 GeV and 16 GeV yields and the experimental

results, shown in Table III, again indicates rough agreement, This
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seems to indicate that the cross sections é.re_,relativelf constant as a
function of photon energy. “ |

We have used this the01;y to convert the dafa given in Ref. 11 for
10-GeV/c n' yields, in order to plot their results in Fig. 15. We have
c.onverted_v from their .16—GeV electron bgam to our 18-GeV electron
beam (a factor of 1.3), and from their 0.6 r.l. target to our 0.3 r.1.
target (a factor of 0‘,30);, so that we multiplied their data at both 0.5 and
1 deg by 0.38, Frorﬁ our conclusions above we estimate the error in
this conversion factor to be less than 30%,

By subtracting the yields of 16-GeV electrons from the yields ofr
18-GéV eiectrons, wé can form a crude idea of the actual crossv sections
for secondary_—partiﬁcie prOdﬁction by .monochromatic ;17-GeV photons,

3

The integrated path length for the difference is ~3.6 X 10" r.l. /electron,

~which means that a difference between 18 and 16 GeV yields of 1 particle
GeV—1 sr—1 (107 in_cident: electrons)":1 from the Be target represents a

cross section of 7 pb sr™? (GeV/c)-i-.

For example, the cross section
for 3 deg production of 12-GeV/c n by 47-GeV photons on Be is 0.1 mb
syt (_GeV/c)_i. For comparison we note that the cross section for 0 deg

(5: deg) production of 12-GeV/c w~ bjr 18.8-GeV protons'16 on Be is 17 (0.2) |

mb sr-f1 (GeV/c) _-1.

C. Predictionsh.of Drell +p for m, K, p, . and p Yields '

~ Calculations of the yields of pions and kaons from the Drell

| proc.:és';s',v and also of tlhe pion yields from p—-mesbn production, have been
performed by Tsai -and Whitis., 17 Their results at 2 deg and as a function
of secondary momenta, shown jn Figs., 12 and 13, give order-of-magnitude

‘agreement with the experimentally observed yields. Their prediction

L A e, - o> S + S st
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of the angular distributions at fixed seconciafy momenta, shown in Figs,
15 and 16, aré similar to the observed angular distributions, except
that the experimeintal distributions seem to deciease with increasing
angle less rapidly than the theoretical ones,

Both the Dréll and p processes predict that the ratio of the yields
of TT+ and v is unity for all secondary momenta, This is observved ex=
perimentally, Howevei‘, the Drell process i)redicts that_K+/K- is 4.3,
but the observed ratio varies between 1.6 and 3‘.,7.~ This appears to imply
that the process yp - K+A (Z) is important; however, this process has
been ca.lculated6 to be 2 to 3 orders of magnitiude lower than necessary
to explain the observed excess of K" over K . Anothgr process6 which
could produce more K+ than K~ is mp - K+A (Z) taking place inside the
same nucleus in which the w is produced by a y. Aith_ough data on the A
dependence of the yields should shed light on this possibility, the results
in Sec. V. F are not accurate enough to confirm or disprove that Ktis
are being produced by pions,

The quantitative disagreement Between Drell + p and experiment
in the dependences of m and K yields on secondary momentum and pro-
duction arigie may be understood qualitatively by invoking one other mech-
anism: final-state interactions. If, after the Drell process has operated
to produce a 7w or K, the m or K -interacts with the rest.of the nucleus,
two effects will occur: (a) the angular distribution of the secondary par-
ticle will be broadened by scattering, and (b)‘the distribution of momenta
of the secondary particle will favor lower momenta than the simple Drell
process would indicate, because of énerg.y loss in the scattering. These

two effects, qualitatively, are indeed seen,
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| The p .yields., shown in Flg  14, .are consistent with the order -of-
magni'fiide predi'ction“ of the Drell mec'ha;hism. Howéver, the Drell process
predicts that P/ﬁ is 4, whereas expé;imentally we have p/p = 10, Hence S
some other mechanism is opérating in the proton case, A possibility;
photodisintegration, ié discussed in Sec, V. D.

Hence the_ ni, K7, and p yields are qualitatively explained by the
combination of the Drell process and p productiop,v with the addition of
final -state inter.actions. We are forcea to say ''qualitatively" px;esumably
only because we canriot_calculate'the final—state'interactio/ns,, The x*
and p vyields -appeal; to have different mechanisms operating, in the Kkt
'éasé perhaps asso.cia.téd production by pions, and in the protoﬁ case per-

haps photodisintegration,

D. Proton Yields - Photodisintegration

The Drell mechanism, in fact just about any mechanism by which
a protyon—an’cipr‘ot'onjpair is created, predicts equal yields for protons and
antiprotons, The antiproton yields are a reasonable order-of-magnitude
for the Drell i)roce"ss, but the proton yields, shown in Fig., 14, are an
order'—of—magni’cude,higher.

Drell has sﬁgge sted that photodisi'nltegra.tion can account for the
proton yields. 7 In this mechanism, the photon finds a proton with a very
larvge momentum inside the nucleus, and can thﬁs produce a pro_ton with
large rxiofnentﬁm transfer without depressing the amplitude wifh a small ,v
formrfac't(_)r;. This model therefore dgpénds crucia.lly on the proba.bility>
of the photon's finding a proton v-vith high momentum in the nucléus; in
other words, it depends crucially on what is‘assumed for the wave functioﬁ v

~of the nucleus,
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Extremely rough ca.lcula.tions»18 indicate the following: If an ex-
ponential wave function is aésufned, there are enough high-momenvtum
compornrents to predict a proton yield of the right order-of-magnitude.
However if a shell -model wave function is assumed, then the amount of
high-momentum components is entirely too small to account for the ob-
served yields.,

Until more is known about the nuclear wave functions we can only
guess that phptodisintegration, or similar processes which might produce

some extra pions but do not produce antiprotons, are active here,

F.. Electron Yields

The-mechaniém for producing secondary electrons is quite differ-
ent from that which produces SIP. First we reé.lize that electrons of all
energies are produced in the forward direction as the primary electrons
lose energy by bremsstrahlung. Howevef, neither the bremsstrahlung
process nor ;nultiple scattering in the target is capable of sending secon-
dary electrons off at angles of 2 or 3 deg, Only é. single strong collision
of the seco‘nd‘ary electron with one nucleus is capable of yielding signifi-
cant amounts of secondary electrons at large angles.

It is tempting to predict that among the single-~scattering events,
only elastic.scattering, either off the nucleus as a whole (coherent), or
off a single nucleon within the nucleus (incoherent), is important, If
that were the case then we could describe the production of secondary
electrons in the folio’wing way: A primary electron enters the target and
gré,dually loses energy by bremsstrahlung radiation until it emerges at
the end of the target with the secondary momentum we are studying (the

probability that the electron will emerge with any given momentum has
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" been calculated). Somewhere along its path .throi;gh the target the elec~
tron suffered an elastic collision (no enérgy loss) that provided a suffi-
cient impulse for it to eméi‘ge from the end of the target at a production

angle of 2 (or 3) deg-ree's.
To calculate the'yields from this whole process, we first need

the elastic electron-nucleus scatteringlcfo_ss section which is
do _ p2(do)
. dR » ) m Ros
where (51_(1) _is the Rosehblutil cross section, and
: df{2/Ros v g 2 :

2

2 _ o 2 N
F -.z. ;«*p+ z(z-1) Fg,.
L F =11+ 14007
CFg. T 1/(1 + ?6 Q )-f

where .sz-is.’t,‘h.e four_;hibmentum transfer in (Gevi)?a(form factoi's are
from Ref. 19) | |

| . We now make"'the-r‘ea.sonable'appfoximation, vfoi' electrons emerg-
llng from a target of length to w1th energy Ef, ‘that their energy as ; func-

: t10n of depth in the target is
Ef \ @

where o = t/tb, and EO is the primary electron eﬂergy (this equation is
‘exact on.the average but Qf_c,ou_.rse is not true for each.individual electron).

Then the effective cross section for a single scatter is

"(do\ 1 as(m) q
dQeff ~ 0 & e
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This integration has been carried out for the Be target and a
production angle of 2 deg, and the result is presented as the curve in
Fig. 11. We see that the theory ié'a factor of 5 too low. We must
conclude that other single-scattering processes are dominating the

‘electron yields (e.g., single-pion production).

F. General Interpretation of A Dependences

Since we obtained data from targets of Be and Fe with the same
radiation length in each, we have a measure of the dependence of the
yields on A, as explained in Sec; IV.B. Itis father presumptuous of
us to take two points from a perhaps complicated curve, and connect
them with a straight line, but lacking more information we hope we can
deduce something of value from this approximation, |

The pion results are shown in. Fig. 18(b). We note that the Tr+
and m results are identical within errors, a reflection of the fact that
the yields of 1r+ and 7~ are equal for both the Fe and Be targets..' We
also note that | n is tending to a valule less'.'than'O,S at high energy. We
can understand this in the following way: Any pion which is forméd in-
side a nucleus must progress through nuclear fnatter, wh'ere it has a
good chance of interacting .on its way out, For pions produced with the
maximum possible energy, only those that are produced on the back
surface of the nucleus will b;e able to escape with no loss of enéi‘gy.
Hence the high-energy limit of n in Fig. 18(b) should be 0.67. The
Drell mechanism predicts v0.67,also_, but for all energies, because the |
'almost real' pion interéctiori with the nucleus should have the same A
~ dependence as a real pion interaction, However, models have shown

that the virtuality of the exchanged-pion can change the A dependence, 20
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The K ‘and"-vpb results are showh i‘n.Fig; 18(6)_'énd‘(d). We evi-
- dently must" re sifcrict Q\ir selVels't_o saying that r‘oughly %’ <n< % . We
would wish fo' héve- bettéi‘ results .in the K casev, sincve‘we might then
reach a conclusi,on_-“as to whether K+’s_are produced By ﬁp - K+A‘ (Z)
‘i'i}_side nuclei where Apions are for;ned, but oﬁr data are insufficient,

The electron results are shown in Fig. 18(a). Here we do not
_expect thé_ cr.oss 'sectio'nv to _depend on'A but rather én'Z. Howéver,
since »ABe/AFé = ZBe/Zfe’ We can regard n as a power of Z. We
see that n is betwe‘en 1 and 2 but»i:loser to 14, .which we ir_lteszi'et to
indicate that coherent nuclear interactions are taking plé.ée but inco-
,herént processes are domin:ant.;_ " - |

The 'shé.p.e of tﬂe '_.”A‘dei)endence"- éﬁrve as a function of energy,
which is Qveil détermined for é 'aﬂd. 1,1', remains to be explainéd quan-

titatively,
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Table [, Particle yields in particles sr_ 1 (GeV/c)-1 per 10 incident electrons,
Both the Be and Fe targets were 0,3 radiation length, but the Be-Fe target con-
sisted of 0.6 r,1l. of Fe followed by 0.3 r.1. of Be. The errors reported here

are the algebraic sums of the statistical errors and nonstatistical fluctuations

described in the text, The overall normalization of the data is believed to be

accurate to * 15%, All yields are at the target, i.e,, they have been corrected

for decay-in-flight,

to be < 1% of the total yield,

The muon fraction, measured at a few momenta, was found

Target, Charge
primary and
electron energy, secondary Yield
and production momentum
angle (GeV/c) Electron Pion Kaon Proton
Be - +10 1486 263 10.7+1.7
16. GeV® +12 35,2%4,6  10,7%+1,2 3.240.,3
3 deg -10 252+ 12 156+11  10,7+1.2 1.420.2
-12 129949 3744 2.840.4  0.1740.10
Be +6 1480 £ 60 103 4 15 126 +30
18 GeVP +10 186+ 8 3543 15.11.8
3 deg +12 643 14.2+1,7 8.040.9
-12 16445 5243 43205 0,26%0.07
Be +4 440+ 40 23304100 23030 26080
18 GeVvP +6 98+12 - 2130460 16621 84+ 10
2 deg +8 1630£40 8611 4944
410 90020 5643 23.2+14.7
+12€ 30427 3123 9.8+0.8
+14 76 %2 14.6 + 1.5 3.520,6
-4 2780+ 1420  2520%150 414+ 10
-6 . 1280+ 80 20504100 10311 7.11.3
-8 97060 - 1680x80 49 £5 ©5,1+1,0
-10 970450 82050 . 22,5%2.5 2.90,7
-12 930+ 40 28030 8.340.9 1,240,4
-14 1060 + 40 74426 4,5+0,7
. Fe +4 226 +18 503£27 658 82422
18 GeVP : +6 2843 512 £13 405 202
2 deg v i 51712 2423 1141
' +10 3066 1421 5.4£0.5
+12 574+1.4 6.240.7 1.6 +0,25
+14 12.2£0.5 3.7+0.5 _ 0.55%0,15
-4 1410 65 650+ 70 4945
‘ -6 400£24 510230 2542.5
-8 320420 560+ 30 1522 1,720.3
-10 275 + 15 28520 4.3x0.7 0.7+0,2
-12 286+ 12 52+8 2,1+0,4 0.1+0.1
-14 316+ 6 -
Be-Fe +6 5804120 54104240 38050 170420
18 GeV +8 4930£1420 25030 146 2 16
2 deg +12 663£17 7127 2442.5
' -6 42904260 5610£330 23030 1622
-12 1180+ 60 58050 2043 1.9£0,7

a, 16,00+0,08 GeV
b, 17.85%0,15 GeV

¢. Deuterons here were found to be less than 3% of the protons
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Table II, Ratios of yields from the Be-Fe target (0.6 r.1. Fe followed
by 0.3 r.1. Be) to yields from the 0.3 r.1. Be target, with predictions
calculated from the expected photon distributions in the target, as ex-
plained in Sec. V. B. The primai‘y electron energy was 418 GeV, and

~the production angle was 2 deg.

Charge and : (Be-Fe yield/Be yield)
secondary
momentum Prediction Experiment
(GeV/e) Pion Kaon Proton
+6 - 2.84 2.5+0.1 2.3+0.4 2.0£0.3
+8 . 2.64 3.0£0.14 2.9+£0.5 3.0+0.4
+42° 2.24 2.2+0.1 2.3+£0.3 2.5+0.3
-6 2.84 2.7+0.2 2.3x0.4 2.3+0.,5

-42 2.24 2.1+0.3 2.4+0.4 1,6 £0.8
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Table III, Ratios of yields from 418-GeV eclectrons to yields from: 16-
- GeV electrons,” with predictions calculated from the expected pho‘;on
distributions in the target, as explained in Sec. V.B. The targe’ was

0.3 r.1. of Be, and the production angle was 3 deg.

Charge and ' ' 18-GeV yield/16-GeV yield
.secondary :
momentum Prediction Experiment
(GeV/e) : Pion Kaon Proton
+10 1.29 4.2520.4 1.35+0.2 1.4 0.3
+12 _ 1.49 1.8 +0.1 1.35+0.2 2,5 0,4

-12 : 1.49 1.4 £0.2.  1,55%0.3 1,55+ 1.0
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FIGURE CAPTIONS

Fig. 1. (a) Beam cdnfiguration (not to scale). C1 and C2 are lead
collim‘a'.torvs. (b) Counter array (inot to scale). Si’ SZ’ S3, S4,
and S5- are plastig scintillators; C,1 and CZ are respectively thréshold
and diﬁferential \éerenkov detectors; D1 and D2 are DCFEM"S dé -
scribed in the text.

Fig. 2. Development of an electron shower as seen by the shower
counter 54. The S4 voltage was set so that singles did not register
at 2 100-mYV discriminator setting. The secondary beam momen-
tum was l6 GeV/c, where the C\Z/e’renkov counters indicated that
44 £2% of the bearﬁ were electrons, The ''plateau'" with 7/8-in,

Pb was poor because of the small multiplicity of the shower at this
low energy.

Fig. 3. Discriminator curves on the '"'shower counter" S4. The plateau
at low discriminator settings gets increasingly better as the momen-
tum of the secondary beam increases, (Also, by thé way, the elec-
tron fraction in the beam rises above 8 GeV/c.) The length of Pb
in front of S, varied from 7/8 in, at 4 GeV to 1 1/4 in. at 14 GeV.

Fig. 4. A measurement of the pu fraction in the +12-GeV/c secondary
beam for 18-GeV electfons on the Be target at 2 deg. The céunter

Sg was used with various thicknesses of Fe in front of it. The
attenuation of SIP follows the expected straight line until the very

" ‘last point, which is 0.6% above the extrapolated line, We conclude
that the p fraction here ié < 1%,
Fig. 5. The separation power of our Eerenkov counters. This datg is

for negatively charged particles. For data above the m peaks, C,1
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'was used to ant1 out the tails of. the e and T peaks as well as to -

: ellmlnate acmdentals. The w1dth of the peaks, 8 lb/m , corre-

_’sponds to a Aﬁ = 4 >< '10 4.1 From this raw recorded data, we can

read directly the percentages of K, p, and, at the lower momenta, .

e and 7 in the beam,

6. A SChematic illustration of the DCFEM, a microwave-gated |

p_hotornu-ltip'lier-tube' (See text for details.) |

. 7. Gating. propertles of the DCFEM as calculated by computer

sn‘nulatmn of the dynamics and the secondary emission process
The ordinate is the magnitude of the pulse put out by the tube as a

functlon of the arr1va1 phase (trme durlng the rf cycle) of a photon

*-1nc1dent on the photo -cathode..

. 8. The' detection eff1c1ency of the DCFEM as a function of phase

for 10-GeV electron_s. The shape of this curve represents a folding 2

-of the DCFEM response curve (Fig. " put through a discriminator)

and the shape of the electron bunch. The sharp edge puts a limit

of 20 deg-of-phase on the electron-bunch width, as seen from the

'deri'vative curve (dashed line),

Fig.

9. Measurement of the fraction of_electrons in the half-cycle away

" from the main bunch, with data from two DCFEM!'s in coincidence.

- When the DCFEM phase "window' is centered off the electron bunch,

it detects < 0.6 X 10

-3 of the electrons, This curve also sets an

upper 11m_1t of 10 deg-_of‘-phase on the electron bunch width (secondary

beam).

10. Time -of-flight measurements of. TT+, K+., and p at 12 GeV/c.

The time-of-flight {modulo the rf period) of particles over the 220-ft
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Fig,

Fig.
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beam was measured with the DCFEM. The 12-GeV/c nt will take
approximately 220 nsec to travel from target to detector. The K |
and p bunches Wil‘l arrive 0.19 and 0.68 nsec later, or 195 and

705 deg—of—phase later, respectively. This figure shows the K and -
m peaks separated by ® 180 deg, and the p and w peaks separated

by ®0 deg in good agreement with expectations,

11. Yields of e™ for a 2-deg production angle and 18-GeV primary
energy. Units are particles sr"1 (C}eV/c)-'1 per incident electron
on a 0.3-radiation-length Be target., Errors shown are the algebraic
sums of the statisticél errors and non-statistical fluctuations as de- |
scribed in the text. The overall normalization of the data is believed
to be accurate to + 15%; The dashed lines are to eliminate confusion,
The solid curve is the result of a theoretical calculation taking into
account elastic scattering of the primary electrons (off Be nuclei
and individual nucleons within the Be nuclei), and the energy loss
of the electrons as they traverse the target, (See Sec. V.E.) The
much .larger experimental yield (= factor of 5) arises from inelastic
scattering (e. g., single-pion production).

12. Yields of ‘IT:E. The units, production angle, primary energy,
target, and error determination are identical to those in Fig., 14.
The solid curves are w yields from p production and from the Drell
process, as calculated in Ref. 17. |

13. Yields of Ki. The units, production angle, primary energy,
target, and error determination are identical to those in Fig, 11,

The solid curve is the K~ yield from the Drell process as calculated

_in Ref. 17; the K~ yields are everywhere 30% lower than K’ yields

calculated according to the Drell process.
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Fig. ,_.'14. _Y'ieids of p:t - The units, il)r;)dixvx‘é"tyion. 'ai}gle, prirhary energy, -
target, and error _d’e’cermihation are idéntical to thosve in F1g .11.

Fig. 15, Representative angular dis’cr';butions-foi' TT+ from 18 GeV
primary eleetrons‘. The units, primary eﬁérgy’, target, and error
dete.rmination.a.re identica.l to 'those in Fig. 11. The 10-GeV/c~
distribution;»'coritaiﬁs. tfie adjusted data of Boyaréki et ai. 13 (see
Sec. V.G.). The soiid curves are w yields from the Dre‘l‘l 'i)rocessr '
and from p vpro_du.c'tio'n, as calculated in Ref, 17. |

Fig. 16. Represéntative a.n'gulai distlrib'utions of K+ The units, primary
energy, . térget and error de’ceﬁninatioh are identical to those in
Fig. 11, The solid curve'is the 10- GeV/c yleld from the Drell

" process, as calculated in Ref 17. |

Fig. 17. Representative angular distribxitioné-of protons, The units,
primary energy, target, and error-deter;'nination are identical to-
those of Fig, 141. | |

Fig. 18. A ciependences of the yields, The ratio of the Be —targef yield_
to the Fe-target yield is-plotted as a function of momentum for 'ei,

i, K:t, and p. ‘On.-the. assumption that the cross section for a

| _pi’loton on a nucleus, to produce a given particle, is proportional to- ,

» A®, where A is the ‘atomic weight of the nucl’éus, there is a unique

correspondence between a ratio and a vé.lue of n. The scale of n

is shown on the '-‘right.

- Fig. 19. Ratio of the Be-Fe -target yield to the Be-target yield, as a

function of momentum, for,ﬁ+, K+, and p~. We note that adding a -

1-cm thickness of iron to the front of a 10-cm thickness of Be in-

creases the yield by a factor of 2 or 3. The continuous curves are
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predictions based on the known photon spectra in the targets (see

Sec. V. B).

20. The photon-path-length spectra for electrons traversing
different targets; (a) 16-GeV elec,trons through 0.3 r.1l. of Be;

(b) 18-GeV electrons traversing 0.6 r.1. of Fe followed by 0.3 r.1.
of Be; (c) 18-GeV electrons traversing 0.3 r.1, of Be. '"Path length"
is a simple device for expressing the probability of a photon's being
in proximity to a nucleus, To calculate a yield, one must fold in

the (in general, energy-dependent) cross section for producing the
particle of interest. A path length.of 1 r.l, of Be is equivalent to

4.1 events/barn,
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-

mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.








