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ABSTRACT 

± K± ± ± d f 6 d Yields of 7T, ,p, and e at 2 and 3 eg rom 1. - an 18-

GeV electrons on three different targets have been measured at the 

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

tion length' (r.1. ) of Be, 0.3 r.1. of Fe, and a combination consisting 

of 0.6 r.1. of Fe followed by 0.3 r. L of Be. The yields are discussed 

in terms of the Drell mechanism (for 7T±, K±, p±), P production (7T±), 

associated production from pions produced 1;>y photons (K+), photodisin;;'

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 accelerator 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 amplitudes for a particular set of photon-induced 

peripheral 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-

2 pletely dominate the cross section for forward angles. As an added 

fillip, Drell' s calculations were used to predict yields of secondary 

particles at SLAC that were large enough to be expe:dmentally useful. 3 

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

. ± 4 
contributes to the 1T . yields. 

While engaged in an experiment5 to determine the usefulne ss of 

some secondary particle beams at SLAC, 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".distribution of the secondary beams (see Sec. IV). 

Although the data are by no means complete, we feel they 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 exception is the K+ yields, which are 1.6 to 3.7 times 

the K yields,. where 1.3 is expected from the· Drell mechanism.. The 

most logical explanation for the excess K+ is the process lfP -+ K+ A (~),' 

taking place in the same nucleus where a photon has produced the If; 

however, no direct evidence of this process is given. 6 The second 

exception is the proton yields, which are 10 times the p yields. Here 

proces se s of photodisintegrati~n (where a proton is ''knocked out" of 

the nucleus) are invoked, again with no direct confirmation. 7 

Although the absolute magnitude of the yields doe s agree reason

. ably well with Drell + p, their momentum and angle dependences are 

not in quantitative agreement. 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'~: Ywe discuss these theoretical questions in more detail; 

as well as covering the implications of the bremsstrahlung photon spec-

trum within the target, the A dependE}nce s of the yields, and the electron 

yields. 

We have also measured the radio-frequency structure of the 

secondary beam, which re sults from the ,"bunching" of the accelerator 

beam. The results are presented, along with,·: the yields, in Sec. IV. 

.. 
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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 per second, with each pulse containing about 10~0 electrons 

and lasting 1.5 f.Lsec. The energy of the electrons was 18 GeV (a 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 cm hori,zontally, 

the larger horizontal dimension arising from some momentum dispersion 

due to the guiding magnets ahead of our target. 

We used three different targets in the experiment. Our basic 

targ'et was a 10 -cm length of beryllium, (:;::;~.3 radiat~on length). In order 

to determine the dependence of the yields on the atomic weight of the 

target nuclei, we used an iron target with a length of 0.54 cm (~O.3 radia

tion length, and made to corre spond as closely as pos sible to the number 

of radiation lengths in 10 cm of Be). 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 

(zO.6 radiation length) of iron. The interpretation of the re sults 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 absolute calibration of the target signal. The results were 

that the Be, Fe, and Be ..,Fe -combination targets were 125%, 21%. and 

292% efficient, respectively. An efficiency of 100% means that for 

each electron in the primary beam entering the target, two electrons· 

leave the target (where one of these may of course be the primary elec-

tron). Since the calibrated toroids on which this measurement was based 

are accurate to ± 5%, the uncertainty in the absolute normalization of the 

primary electron beam current is ± 5%. 

Figure 1( a) shows the beam layout. The quadrupole doublet 

focused particles of the desired momentum onto the counter array. The 

bending magnet pr,ovided momentum resolution at the counters. 'T" ... :1(' 

,three-foot-Iong lead collimators C1' and C2 defined the solid-angle 

acceptance in an easily calculable way. A continuous vacuum system 

, covered the entire beam line. 

Thesdlid angle accepted by the system was 8.2 f.1sr and the 

momentum resolution was 0.90%. 

B. Counter Array 

Figure 1(b) shows the counte.r array, which was .designed to 

detect and s~parateelectrons, pions, kaons, protons, and muons. 

"" Here S1 through S5 were plastic scintillators, C
1 

and C 2 were Cerenkov 

counters, and D 1 and D2 were microwave -gated photomultipliers, 

ferred to in the literature as DCFEM's. 9 

re -

The spatial acceptance of the counter array was determined by 

S2 and S3 near the beam focus and S 1 which defined an angular aperture 

of :::: 7 mr. 

~. 

. IJ' 
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C~ Electron and Muon Separation 

Scintillator S4 detected showers produced by electrons interact

ing in the preceding lead. The thickne s s of lead was experimentally 

adjusted to be near the shower maximum for each momentum studied, 

and the disc riminator on S 4 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 S 4 (in coincidence with 

S1S2~3) for various discriminator settings and various thicknesses of 

lead. The voltage of S4 was set so that, with no lead, S1S2S3S4 did not 

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

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

tion) provided independent information about the fraction of electrons in 
I.--" 

the beam. The Cerenkov result was 44 ± 20/0 for the percentage of elec-

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

a plateau at 46%, consistent with the Cerenkov results. Theplateau 

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-

ticle s at the shower maximum increase s, and the plateau improve s. 

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 S 4-Pb system approximately 

_" 4% of the time, probably by TTO 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 electrons (or positrons) from all other par-

v 
tic1es at momenta for which our Cerenkov counters are not effective for 

this purpose (i. e., above 6 Ge V I c). 

Scintillator S5' together with i~on absorber s placed in front of 

it, measured'the f.1. percentage in the beam., The diameter of S5 was cal

culated to catch more than 950/0 of the muons, at 12 GeV Ic, and to catch 

other particles <10/0 of the time, when five feet of iron was put in place. 

Figure 4 shows a measurement of S1SZS3C1C2S5 counts at 12 GeV/c 

as a function of the length of iron absorber. We see that muons form 

< 1% of the beam. 

.... , 

D. Cerenkov Counters 

" The Cerenkov counters are relatiyely simple in construction, 

and weigh less than twenty pou'nds each; two of them in coincidence are 

capable of a resolution comparable with that of the large counters of 

Kycia and Jenkins. 10 The Cerenkov counters consist of a i-m-Iong 

steel pipe with a i-in. i. d., cylindricalglas s tube, aluminized on the 

inside, mounted in the pipe by means of alumin~m spacers. The fittings 

on both ends of the counter provided 50-mil AI. windows for the beam to 

pass through, and at one end a 45-deg mirror of glass aluminized on one 
v 

side turned the Cerenkov light through 90 deg where it exited from the 

pipe through a quartz window. For the threshold counter we simply put 

the phototube against the quartz window. For the differential counter a 

quartz lens with 16 -in. focal length was put against the qua:rtz 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. 
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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 

v 
kept small by the aluminized glass tube which confined the Cerehkov light 

to a i-in. aperture without de stroying any of its useful characteri stic s. 

The small aperture also reduced the effects of chromatic aberration in 

the quartz lens. 

Counter C 1 was filled with nitrogen gas at a pressure such that 

it would not count K's but only 1T-f-L-e. Counter C
2 

was filled with Freon 

13 (a few times with N
2

)". To study the 1T-f-L-e region we recorded the 

coincidence counts S1S2S3 and S1S2S3CZ at various pressures in C Z. 

Above the 1T-f-L-e region, where we needed additional rejection against 

fast particle s in order to clearly see the K and p peaks, we recorded 

S1SZS3C1C2 as a function of pressure in C 2 . The separating power of 

the se two counter s is illustrated in Fig. 5. From the se figure s, which 

are raw recorded data, we can read off directly the percentages of K, 

p, and, at the lower momenta, 1T and e in the beam. 

The resolution of the differential counter, as measured by .6.(3/(3. 

can be determined from the width of the peaks as a function of pressure. 

A width of 8 lb/in. 2 corresponds to a .6.(3/(3 = 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 .6.(3 (3 = 4 X 10 was 

adequate. 
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.E. DCFEM 

The counters labelled D1 and D2 in Fig. 1(b) are microwave

gated photo~ultipliers (DCFEM). 9 We have designed and built several 

of these photomultiplier tubes, and their characteristics are described 

fully in another publication. 11 However, in order to present the results 

here we need to briefly explain those DCFEM properties which were use-

ful to us. 

The linear accelerator uses electromagnetic fields with a fre-

quency of 2856 Mc to accelerate the electrons. This introduces a bunch 

structure over :the rf period; that is, the ele~trons emerge from the 

accelerator in tight bunches, O~3 nsec apart, with widths small compared 

to their separation. 12 We wanted to investigate this structure in order 

to predict the efficacy of an rf deflector in providing separated secondary 

particie beams at SLAC. For these secondary beams we needed informa

tion about the width of the bunches and the relative numbers of particles 

during the part of the rf cycle off the hunch. Unfortunately no ordinary 

time -of-flight system in particle detection can probe to such small time 

intervals. However, the DCFEM can, as will be shown. 

The DCFEM, schematically illustrated in Fig. 6, consists of two 

plane parallel plate s with an rf electric field perpendicular to the plate s, 

and a static magnetic field H parallel to the plates. A photo-sensitive, 

secondary emitter is laid down in a strip perpendicular to H on one of 

the plate.s. When a photon strike s one end of the strip, releasing secondary 

electrons;:;one of two things occurs: In the first, 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 

(I 
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orbit and strike s the plate with a large enough energy to release more 

secondary electrons which propagate down the strip, multiplying as 

they go, until they 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 magnetic 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 height on the collector. Of course the actual dynam-

ics are not so clean-cut as we have implied; in fact, the multiplier as 

we have built it has a pulse -height ratio between -the "be st" phase and 

the "worst" phase of four. and a puls~-height distribution similar to 

that shown in Fig. 7, which was derived by computer simulation of the 

d . d h d .. 11 ynamIcs an t e secon ary emISSIon process . 
...,. 

The DCFEM's were mounted on Cerenkov radiators, which sup-

plied the photons from the charged particle s whose time structure we 

wished to investigate. We used rf power which was 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-

perirnent then consisted of choosing a particular type of particle with 
\.-' . 

the Cerenkov counters {C
1 

and C
2

} and scintillators, and varying the 

phase of the DCFEM, with the output of the DCFEM put through a dis-

criminator and into coincidence with the other counters. DCFEM re-

sults are given in Sec. IV. 
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IILSCATTERING AND INTERACTION CORRECTIONS 

The raw data were taken in the following way: First we measured 

the ratio of the number of coincidence counts in S 1SZS3 to the total charge .. 

integrated by the beam monitor system in a given time interval. We call 

this ratio RM ; it represents the total yield (of all particles we measure) 
on . 

per primary beam electron. The percentage of a given particle in the 

beam is then obtained from graphs like those in Fig. 5. However, the se 

raw numbers must be corrected for losses due to scattering and inter-

action in the material in the counter array. These losses of course· 

mean that the RMon:ishould be· increased by some amount, but they also 

mean that the percentage of a certain particle measured at a certain 

·pressure in C z must be corrected, because e± have no strong inter

actions~ and thus are affected differently by the material than are 1f, 

K, and p. 

Let us call R
Norm 

the corrected ratio of 8
1

S
Z

S
3 

to monitor 

integral. We usea very simple correction equation 

-1. ~1. . (. e/ ) z ·'//1 -. (J' 
R =R e· e 

Mon. Norm 
( 1) 

where 1. is the length of material, 1.. is the interaction length of the 
1 

material, e is the rms angle of scattering for the material, and (J' is 

an angle characteristic of the geometry of the counter array, which we 

determine empirically • 

The material in the counter array which affects RM includes on 

S1' SZ' windows and mirrors in C 1 and C Z' the vacuum pipe window, Z 

mete:r:s of air space, 50 psia N Z in C l' and a variable amount of gas in 
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To find the effective 1./J... we must know 1.., the interaction length 
1 . 1 

in g/cm2 , for all the materials. To find the effective 82 we must know 
.. 

the radiation length in g/cmZ for all the materials. Numericallyequa-

tion (1) become s 

R Norm ~ RMonexp {[0.063 + 4.2 X 10-
4 

P G1 + (!~) 2 [0.146 + 1. iiX 10 -3 P Gl} . 
(2) 

where P
G 

is the pressure in psia of Freon in C
Z

' p is the momentum (in 

Ge V / c) of the secondary beam, and (J is in mrad. 

It is important to realize that Equations (1) and (2) are valid only 

for 1T, K, and p. For electrons the interaction correction must be re-

moved. This introduces a modification to the formula, giving 

R = R e (J (J fe + (1 _ fe) e 1 
. (il/ ) Z { 1. / J.. • } 

Norm Mon • 
( 3) 

where fe is the percentage of electrons in the beam. In the application 

of this formula we have used the observed percentage of electrons 

rather than the corrected one; this is a very good approximation and 

make s calculation easier. 

The equation for calculating the corrected percentage of electrons 

is 

{ 
1/1. }-1 

fe = fe fe
ob s + (1 - fe

ob s) e 1 • corr obs ( 4) 

where 1. /1.. is evaluated for the pre s sure in C z at which the measurement 
. 1 

e of f b was made. The equation for calculating the corrected percentage o s 

of 1T. K. or p is 
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1./1 {" . f =f e i.fe +(1 corr obs obs 

. 1/1. }-1 
_fe)e ,1 

obs (5 ) 

where l/l
i 

is evaluated at the pressure in C
2 

corresponding to the peak 

for the particle in question. Inthese last two formulas we have again 

e .' e 
used f b where we should have used f ; the difference in the correc-

o s corr . 

tion factor is negligible. 

e In order to determine (J" we need only compare RM X f b at on 0 s 

two different pressures in C
2

• 'SinceR
N 

X fe . stays the same by orm . corr 

definition, we may solve for (J". Using data from a 2 deg production 

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

the 4-GeV/c and 12-GeV/c secondary beams that (J"= 5.2 mrad. The 

fact that the sa'me value of (J" is valid for the extremes of momenta, 

and that the value of (J" is quite reasonable for the counter geometry, 

gives us confidence that the equation has physical meaning. 

Once (J" is determined we can check the coefficient of P G in the 

first parenthesis of the exponential of Eq. (2) by comparing,R
M 

at , on 

two different press~res in C
2

. At both 4 GeV/c and 12 GeV/c this co

efficient checks well with experirnental values. Thus again we are given 

confidence that the equation is useful. 

The total scattering plus interaction correction is typically 15% •. ; 
.... 
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IV. 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 180 deg of phase. However, the 

edge of the sensitive region is quite steep, and this property allows us 

to determine a reasonable upper limit for the bunch width. Figure 8 

shows the detection efficiency of the .DCFEM as a function of phase for 

10-GeV Ic electrons. Since the DCFEM output is put through a discrim-

ina tor , to relate Fig. 8 with Fig. 7 one must know the discrimination 

level and the number of photons generated by a charged particle in the 
v 
Cerenkov radiator. Note that the experimental measurements are 30 

deg apart in phase; this distance corresponds to :::: 0.03 nsec. The slope 

of the sharp edge of the efficiency function in Fig. 8 repre sents a folding 

of the actual DCFEM 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 secondary beam bunch width. The result 

is: The full-width at half-maximum of the secondary beam bunch is less 

than 20 deg of the rf cycle. We obtain a better limit 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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can be required to reject unwanted particles 1000 times more copious 

than the wanted particle s, we need to measure the off -time background 

to a level of one-thousandth of the total beam. In order to accomplish 

this we put two DCFEM's in coincidence, each of which separately gave 

an apparent indication that the off-time background was less than 30/0 of 

the beam. Figure 9 shows the result. When the DCFEM sensitive re

gion is centered on the main beam bunch, the efficiency is 400/0. When 

the sens~tive reglon covers one half-cycle centered between beam bunches, 

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

0.6 X 10 -3 of the main beam. ThIs result is for 'IT + at 12 Ge V / c, at a 

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 

230/0 1T -) at 12 GeV / c from 18 -Ge V primary electrons and at a production 

angle of 3 deg. The background there was less than 2 X 10 -3 of the main 

beam. 

3. Time -of -Flight of 1T, K, and p 

The secondary electrons, pions, kaons, and protons created in 

the target by the primary electrons have the same rf bunch structure 

as the primary electrons •. However, as the secondaries leave the target 

they disperse in time due to their range of velocities. If we choose a 

definite momentum--12 GeV/c--and a definite flight path--220 feet--

for the secondarie s, then the e, 1T, K and p bunche s from a particular 

primary electron bunch will arrive at different times. The electrons 

will take approximately 220 nsec to travel from target to detector. The 

1T, K, and p bunches will arrive 0.015 nsec, 0.19 nsec, and 0.68 nsec 

later. In other words the 'IT, K, and p bunches will lag behind the secondary 

oj, 
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electron bunches by 15, 195, and 705 deg of phase, respectively. The 

DCFEM will therefore "see" the electrons 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 sa:me phase as 

the electrons and pions. 

Figure 10 illustrate s the time -of -flight separation of the various 

positively charged particles at 12 GeV/c. We see, as expected, that the 

K and ':T bunches are separated by 180 deg. and that the p and Tr bunches 

are very close in phase. .An rf separator could take advantage from this 

situation, rejecting both TT + and p in favor of K+. 

Thus in the K-TT separation we have measured a time-of-flight 

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

B;.:' Yi'elds 

All results are shown in Table I. The measurements have been 

corrected for scattering 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 150/0. To the statistical error associated with each measure

ment we have added algebraically ~n error of :::::Z%ll which reflects non

statistical fluctuations of unknown origin in the ratio of S 1 S2 S3 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 be added to the error from Table I due to uncertainty in the ratio 

of beam monitor efficiency for the different targets (see Sec. II. A). 

We believe that·the overall normalization of the data is accurate 

to ± 15% (5% from beam monitor current nprmalization and 10% from 

solid angle and momentum bite uncertainty). That is, a lone number 

taken from Table I must have an additional 15% error added to compare 

with any ahsolute prediction. 

Figures ii, 12,. 13, and 14 show the 2 -degree yields from Be 

at 18 -Ge V primary energy as a function of secondary mornentum for 

± ± ± ± 
e , iT , K , and p • Figures 15, 16, and 17 show representative 

angular distributions of yields from 18-GeV primary electrons. In 

Fig. 15 the two points at 0.5 and 1 deg were taken from Boyar ski 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 length (0.6 radiation 

length). The details of this conversion calculation are given in Sec. V. G. 

, 14 
Comparison with the O,.dc;!g data of Barna et al. is not shown, since 

-rather large and uncertain normalization factors would be needed to con-

vert their!. 8 -radiation-length data to a 0.3 radiation length. 

The relationship between re sults from the Be target and results 

from the Fe target gives some indication about the dependence of the 

yields on the characteristic s of the nucleus in the target. If we assume 

-that the cross section (0") for production of secondaries is proportional 

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

for n in terms of the yields is 
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where r
B 

(r
F

) is the radiation length of Be (Fe) in g/cm2, and AB!,(AF) 
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 anyone power of A. In,fact, it might depend 

on Z rather than on A, as elastic electron scattering does. However, 

this technique at least allows us to discuss the dependence of the yields 

on the target 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 corre spo:lding 

to each ratio. 

The ratios of yields from the Be -Fe -combination target and the 

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

iron to a 10-cmBe target increases the yields by a factor of 2 or 3. 

The significance of these results is discussed in Sec. V. iB. 

V. THEORETICAL INTERPRETATION OF YIELD RESULTS 

A. Introduction 

It is generally believed that production of strongly interacting 

particles (SIP) by an electron beam is a two-step process, with the 

electrons forming real photons by the bremsstrahlung process, followed 

by the interaction of the photons with the target nuclei. The analogous 

process with a virtual photon, usually called electroproduction, is im

portant only for targets very much shorter than ours~ Cons.ideration 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 photons are incident on the nuclei, we need a theory 

of the photon-nucleus interaction to interpret the SIP yields; the mech-

anisms c'onsidered in this section are the Drell mechanism, p -meson 

production (for pions), and photodisintegration (for protons). The re-

sults, discussed in Sec. V. C and D, indicate that the pion, kaon, and 

anti-proton yields are explained, roughly, by the Drell and p processes, 

but the proton yields could be explained by the combination of Drell and 

photodisintegrationproce s sese 

We have obtained some yields for particles that are not strongly, 

interacting: namely, electrons. In Sec. 'V.E, we have attempted to cal-

culate the electron yields 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 yields, indicating that inelastic processes, such as pion pro-

'duction" are dominating the electron scattering in this region of energy 

and angle. 

Finally, we compare our results from the iron and beryllium 

, targets in terms of the dependence of the yields on A, the atomic weight 

of the nucleus, in Sec.V. F. 

B. Implications of the Bremsstrahlung Spectrum 

As the primary electron beam proceeds through the Be target it 

, creates real photons of a known energy spectrum and intensity. Calcula-

tions of the number of photons in a given energy interval, and at a given 

d h " h h b d b T '. d Wh" t" 15 ept ln t e target, ave een one y sal an 1 lS. If we knew 

'" the cross section for a photon 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 yield. This is 

what Tsai and Whitis have done with the Drell mechanism and p produc

tion cross sections treated in the n~xt 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~, ." Figure 20 illustrates the 

bremsstrahlung spectra integrated over the length of Be in the target, 

for three case s. 

First let us compare curves (b) and (c). The path length of 

photons is much greater in the long target than i:n the shorter one, but 

the shapes of the energy spectra are quite similar. Therefore 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 GeV/c. Table II and Fig. 19 show a comparison 

between 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 curve s :(a) and (c). Here the photon path

length distribution for 18-GeV electrons differs from that for 16-GeV . 

electrons only in the 16-18 GeV region. Thus if the 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 prediction. 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 are relatively constant as a 

function of photon energy. 

We have used this theory to convert the data given in Ref. 11 for 

10-GeV/c 1T + yields, in order to plot their results in Fig. 15. We have 

converted from their 16-GeV electron beam to our 18-GeV electron 

beam (a factor of 1.3), and from their 0.6 r.I. target to our 0.3 r.I. 

target (a. factor of 0.30)" so that we multiplied their data at both 0.5 and 

1 deg by 0.38. From our conclusions above we estimate the error in 

this conversion factor to be less than 30%. 

By subtracting the yields of 16 -Ge V electrons from the yields of 

18-GeVelectrons, we can form a crude idea of the actual cross sections 

for secondary-particle production by monochromatic 17 -GeV photons. 

The integrated path length for the differe~ce is :::: 3.6 X10 -3 r.1. / electron, 

. which means that a d'ifference between 18 and 16 GeV yields of 1 particle 

-1 -1 7 -1 GeV sr (10 incident electrons) from the Be target represents a 

cross section of 7 jJ.b sr-1 (GeV/c)-1. For example. the cross section 

for 3 degproduction of 12-GeV/c 1T- by 17-GeV photons on Be is 0.1 mb 

-1 /-1 sr (GeV c) • For comparison we note that the cross section for 0 deg 

{.5.:deg) production of 12-GeV/c 1T- by 18.8-GeV protons 16 on Be is 17 (0.2) 

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

C. Predictions of Drell + p for 1Tt K. p,. and p Yields 

Calculations of the yields of pions a.nd kaonsfrom the Drell 

process, and also of the pion yields from p-meson production, have been 

performed by Tsai ~nd Whitis. 17 Their results at 2 deg and as a function 

of secondary momenta, shown in Figs. 12 and 13., give order-of...,magnitude 

. agreement with the experimentally observed yields. Their prediction 

,'. 
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of the angular distributions at fixed secondary momenta, shown in Figs. 

15 and 16, are similar to the observed angular distributions, except 

that the experimental distributions seerrl to decrease with increasing 

angle les s rapidly than the theoretical one s. 

Both the Drell and,p processes predict that the ratio of the yields 

+ -of 'iT and 'iT is unity for all secondary momenta. This is observed ex-

perimentally. However, the Drell process predicts thatK+ /K - is 1.3, 

but the observed ratio varies between 1.6 and 3.7. This appears to imply 

that the process yp -+ K;t A (L:) is important; however, this process has 

been calculated6 to be 2 to 3 orders of magnitude lower than necessary 

to explain the observed excess of K+ over K -. Another process 6 which 

+ - + could produce more K than K is 'ITP --- K A (L:) taking place inside the 

same nucleus in which the 'IT is produced'by a y. Although 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 K+'s 

are being produced by pions. 

The quantitative disagreement between Drell + p and experiment 

in the dependences of 'IT and K yields on secondary momentum and pro-

duction angle may be understood qualitatively by invoking one other mech-

anism: final-state interactions. If, after the Drell process has operated 

to produce a 'IT or K, the 'IT or Kinteracts 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 energy loss in the scattering. These 

two effects, qualitatively, are indeed seen. 
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The p yields, shown in Fig. 14" are consistent with the order -of-

magnitude prediction of the Drell mechanism. However, the Drell process' 

predicts that pip is 1, whereas experimentally we have pip::::: 10. Hence 

some other mechanism is operating in the proton case. A pos sibility, 

photodisintegration, is discussed in Sec. V. D. 

± - -Hence the 1T ,K , and p yields are qualitatively explained by the 

combination of the Drell process and p production, with the addition of 

final-state interactions. We are forced to say "qualitatively" presumably 
/ 

only because we cannot calculate the final-state interactions. The K + 

and p yieldsa,ppear to have different mechanisms operating, in the K+ 

case perhaps associated production by pions, and in the proton case per

haps photodisintegration. 

D. Proton Yields - Photodisintegration 

The Drell mechanism, in fact just about any mechanism by which 

a proton-antiproton pair is created, predicts equal yields for protons and 

antiprotons. ,The antiproton yields are a reasonable order-of-magnitude 
',' . 

for the Drell process, but the proton yields, shown in Fig. 14, are an 

order -of-magnitude.higher. 

Drell has sugge sted that photodisintegration can account for the 

proton yields. 7 In this mechanism, the photon finds a proton with a very 

large momentum inside the nucleus, and can thus produce a proton with 

large momentum transfer without depressing the amplitude with a small 

form factor. This model therefore depends crucially on the probability 
. . 

of the photon's finding a proton with high momentum in the nucleus; in 

other words, it depends crucially on what is assumed for the wave function 

of the nucleus. 
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Extremely rough calculations 18 indicate the following: If an ex

ponential wave function i.s assumed, there are enough high-momentum 

components 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 nucleai' wave functions we can only 

guess that photodisintegration, or similar processes which might produce 

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

E. Electron Yields 

The mechanism for producing secondary electrons is quite differ

ent from that which produces SIP. First we realize that electrons of all 

energies are produced in the forward direction as the primary electrons 

lose energy by bremsstrahlung. However, neither the bremsstrahlung 

process nor multiple scattering in the target is capable of sending secon

dary electrons off at angles of 2 or 3 deg. Only a single strong collision 

of the secondary electron with one nucleus is capable of yielding signifi

cant amounts of secondary electrons at large angle s. 

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 following way: A primary electron enters the target and 

gradually loses energy by bremsstrahlung radiation until it emerges at 

the end of the target with the secondary momentun~ we are studying {the 

probability that the electron will en~erge with any given momentum has 
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been calculated). Somewhere along its path through the targ~t the elec-

tron suffered an elastic collision (no energy loss) that provided a suffi~ 

cient impulse for it to emerge from the end of the target at a production 

angle of 2 (or 3) degree s. 

To calculate the yields from this whole process, we first need 

the elastic electron-nucleus scattering cross section which is 

du = F2 (dU), 
cIn dIT Ros 

h (dU,) '. h R bl h . d were' cIn' Ros 1S t e osen ut cross sectlon, an 

',< 

F2 = Z F2 + Z (Z '- 1) 
,p 

F =1/( 1 + 1.4 Q2)2 
P 

F' - 1/( 1 + 26 Q2), Be,--; 

where Q2 is the four-momentum transfer in (GeV)2 (form factors are 

from Ref. 19). 

, We now make the reasonable approximation, for electrons emerg-

ing from a target of length to with energy E
f
, that their energy as a func

tion of depth in the target is 

E{t) = E (Ef,)' a 
, 0 EO 

, " 

where a = t/to' and EO is the',primary electron e~ergy (this equation is 

'. 'exact on the avera~e but of course is not true for each individual electron)" 

Then the effective cross section for a single scatter is 

'(dO") , \01 dir( E) 
dQ'eff = JI an da. 

~' 
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This integration has been carried out for the Be target arid a 

production angle of 2 deg, and the result is presented as the curve in 

Fig. 11. We see that the theory isa factor of ::::5 too low. We must 

conclude that other single-scattering processes are dom.inating the 

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

F. General Interpretation of A Dependence s 

Since we obtained data from targets of Be and Fe with the sa.me 

radiation length in each, we have a measure of the dependence of the 

yields on A, as explained in Sec. IV. B. It is rather 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 'IT' + 

and 'IT' re sul ts are identical within errors, a reflection of the fact that 

. . + -the Ylelds of 'IT' and 'IT' are equal for both the Fe and Be targets. We 

also note that n is tending to a value less than 0 0 8 at high energy. We 

can understand this in the following way: Any pion which is formed in-

side a nucleus must progress through nuclear matter, where it has a 

good chance of interacting on its way out. For pions produced with the 

maximum possible energy, only those that are pro·duced on the back 

surface of the nucleus will be able to escape with no los s of energy. 

Hence the high-energy limit of n in Fig. 18(b) should be 0.67. The 

Drell mechanism predicts 0.67 also, but for all energies, because the 

"almost real "pion interaction with the nucleus should have the same A 

dependence as a real pion interaction. However, models have shown 

20 
that the virtuality of the exchanged-'pion can change the A dependence. 
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The K and p results are shown in Fig. 18(c) and (d). We evi-

. 2 4 
dently must restrict ourselves to saying that roughly '3 < n < "3. We 

would wish to have better results in the K case, since we might then 

+ . + 
reach a conclusion.as to whether K 's are produced by rrp ..... K A (~) 

. inside nuclei where pions are formed, but our data are insufficient. 

The electron results are shown in Fig. 18(a). Here we do not 

expect the cross section to depend onA but rather on Z. Howeve,r, 

since ABel A Fe = ZBe/zFe' we can regard n as a power of Z. We 

see that n is between 1 and 2 but Closer to 1, which we interpret to 

indicate that coherent nuclear interactions are 'taking place but inco-

herent proGesses are dominant. ' 

The shape of the "A dependence" curve as a: function of energy, 

which is well determined for eatid rr, remains to be explained quan-

titatively. 

I 
I 

i 
i 
i 

'"j 
I 
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,Table r. Particle yields in particle s sr -1 (Ge Y jc) -1 per 10. 7 incident elec'trons. 

Both the Be and Fe targets were 0..3 radiation length, but the Be -Fe target con

sisted of 0..6 r.1. 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. The muon fraction, measured at a few momenta, was found 

to be < 10/0 of the total yield. 

Target, 
primary 

electron energy, 
and production 

angle 

Be 

16 Geya 

3 deg 

Charge 
and 

secondary 
momentum 

(GeYjc) 

+10. 

+12 

-10. 

-12 

Electron 

252 ± 12 

299 ±9 

Yield 

Pion Kaon Proton 

148 ±6 26 ±,3 ID.7±1.7 

35.2 ± 1.6 ID.7±1.2 3.2±D.3 

156 ± 11 ID.7±1.2 1.1±D.2 

37 ± 4 2.8 ± 0..4 D.17±D.1D 

----------------------------.-----------------------------.----------------
Be +6 1480. ± 60. 10.3 ± 15 126 ± 3D 

18 Geyb +10. 186 ± 8 35 ± 3 15.1±1.8 

3 deg +12 64 ± 3 14.2 ± 1.7 8.0. ± 0.9 

-12 164 ± 5 52 ± 3 4.3 ±D.5 0..26 ± 0..0.7 

----------------------------.-----------------------------------.-.--------
Be +4 

18 Geyb +6 

2 deg +8· 

+10. 

+12 c 

+14 

-4 

-6 

-8 

-10. 

-12 

-14 

Fe +4 

18 Geyb +6 

2 deg +8 

+10. 

+12 

+14 

-4 

-6 

-8 

-10. 

-12 

-14 

440. ± 40. 

98 ± 12 

2780±12D 

1280. ± 80. 

970. ± 60. 

970. ± 50. 

930. ± 40. 

10.60. ± 40. 

226 ± 18 

28 ± 3 

141D±65 

40.0. ± 24 

320. ± 20. 

275 ± 15 

286 ± 12 

316 ± 6 

2330. ± 10.0 230. ± 3D 260. ± 80. 

213D±6D 166±'21 84 ± 10. 

163D±4D 86 ± 11 49 ±4 

90.0. ± 20. 56 ± 3 23.2±1.7 

30.4 ± 7 31 ± 3 9.8±D.8 

76 ± 2 14.6 ± 1.5 3.5 ± 0..6 

2520. ± 150. 114 ± 10. 

20.50. ± 10.0. 103 ± 11 7.1±1.3 

1680. ± 80. 49 ±5 5.1±1.D 

820. ± 50. 22.5 ± 2.5 2.9 ±D.7 

280. ± 3D 8.3±D.9 1.2 ± 0..4 

74 ± 26 4.5±D.7 

5D3±27 65 ± 8 82 ± 22 

512 ± 13 40. ± 5 20. ± 2 

517 ± 12 24 ± 3 11 ± 1 

30.6 ± 6 14 ± 1 5.4 ± 0..5 

57 ± 1.4 6.2±D.7 1.6 ± 0..25 

12.2 ± 0..5 3.7±D.5 0..55 ±D.1S 

650. ± 70. 49 ±5 

510. ± 3D 25 ± 2.5 

560. ± 3D 15 ± 2 1.7±D.3 

285 ± 20. 4.3±D.7 0..7 ± 0..2 

52 ± 8 2.1±D.4 D.l±D.l 

------------------------~---~------------------------- ---------------------
Be-Fe +6 580. ± 120. 5410 ± 240. 38D±5D 170. ± 20. 

18 Geyb +8 4930. ± 120. 250. ± 3D 146 ± 16 

2 deg +12 663 ± f7 7t ± 7 24 ± 2.5 

-6 4290. ± 260. 561D±33D 230. ± 3D 16 ± 2 

-12 1180. ± 60. 580. ± 50. 20. ± 3 1.9±D.7 

a, 16.DD±D,D8 GeY 

b. 17.85 ± 0.,15 GeY 

c, 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 1'.1. Be target, with predictions 

calculated frorn the expected photon distributions in the target, as ex

plained in Sec. V. B. The primary electron energy was 18 GcV, and 

the production angle was 2 deg. 

Charge and (Be -Fe yieldLBe yield) 
secondary 
Hlomentum Prediction Experi~~nt 

(GeV/c) Pion Kaon Proton - ------ ----

+6 2.84 2.5±O.1 2.3±O.4 2.0±O.3 

+8 2.64 3.0±0.1 2.9 ± 0.5 3.0±0.4 

+12- 2.24 2.2±O.1 2.3±O.3 2.5 ± 0.3 

-6 2.84 2.7±0.2 2.3 ± 0.4 2.3±O.5 

-12 2.24 2.1±0.3 2.4±O.4 1.6±O.8 
-- ---. 
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Table III. Ratios of yields from 18-GeV electrons to yields fron: 16-

GeVelectrons, with predictions calculated from the expected ph(".~on 

distributions in the target, as explained in Sec. V. B. The ta.rge' was 

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

===============-==============_. -.=-== 

Charge and 
. secondary 
mOHlentuHl 

(GeV/c) 

+10 

+12 

-12 

Prediction 

1.29 

1.49 

1.49 

18-GeV yi.eld/16-GeV yield 

Experiment 

Pion Kaon Proton 

1.25 ± 0.1 1.35±0.2 1.4 ± 0.3 

1.8 ±O.1 1.35±0.2 2.5 ± 0.4 

1.4 ± 0.2 1.55±0.3 1.55±1.0 

". 
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FIGURE CAPTIONS 

Fig. 1. (a) Beam configuration (not to scale). C1 and C2 are lead 

collimators. (b) Counter array (not to scale). S1' S2' S3' S4' 

and Ss are plastic scintillators; C
1 

and C
2 

are respectively threshold 

'" and differential Cerenkov detectors; D1 and D2 are DCFEM's de-

sc ribed in the text. 

Fig. 2. Development of an electron shower as seen by the shower 

counter S4D The S4 voltage was set so that singles did not register 

at a 100-mV discriminator setting. The secondary beam momen
\.--

tum was 6 GeV/c, where the Cerenkov counters indicated that 

44 ± 2% of the beam 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 the way, the elec-

tron fraction in the beam rises above 8 GeV /c.) The length of Pb 

in front of S4 varied from 7/8 in. at 4 GeV to 1 1/4 in. at 14 GeV. 

Fig. 4. A measurement of the fJ. fraction in the +12 -Ge V / c secondary 

beam for 18-GeV electrons on the Be target at 2 deg. The counter 

S5 was used wlth 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 fJ. fraction here is < 10/0. 
v 

Fig. 5. The separation power of our Cerenkov counters. This data is 

for negatively charged particles. For data above the 1T peaks, C 1 
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was used toanti out the tails of the ea~d.'lTpeaks as well as to 

eliminate accidentals. The width of ~he peaks, 8 lb/in. 2, corre-
. .., ~4 

sponds to a .6.(3 = 4 X 10 '. From this raw recorded data, we can 

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

e and irin the beam. 

Fig. 6 .. A schematic illustration of the DCFEM, a microwave -gated 

photomultiplier tube. (See text for details~") 

Fig. 7. Gating properties of the DCFEM as calculated by computer 

simulation of the dynamics and the secondary emission process. 

Tne ordinate is the magnitude of the pulse put out by the tube as a 

fmiction of the arrival phase (time during the rf cycle) of a photon 

.. incident on the photo-cathode. 

Fig. 8. The detection efficiency of the DCFEM as a function of phase 

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

of the DCFEM re sponse curve (Fig. 7. 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 

derivative 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 X10 -3 of the electrons. This curve also sets an 

upper limit of 10 deg-of;"phase on the electron bunch width (secondary 

beam). 

Fig. 10. Time -of-flight measurements of. 'IT +, K+, and' p at 12 GeV Ie. 
The time-of-flight (modulo the rf period) of particles over the 220-ft 
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beam was measured with the DCFEM. The 12-GeV/c 'IT+ will take 

approximately 220 nsec to travel from target to detector. The K 

and p bunches will arrive 0.19 and 0.68 nsec later, or 195 and 

705 deg-of-phase later, respectively. This figure shows the K and 

'IT peaks separated by :::; 180 deg, and the p and 'IT peaks separated 

by :::; 0 deg in good agreement with expectations. 

Fig. 11. Yields of e± for a 2-deg production angle and 18-GeV primary 

energy. Units are particles sr- 1 (GeV/c)-1 per incident electron 

on a 0.3 -radiation-length Be target. Errors shown are t..~e algebraic 

sums of the statistical errors and non-statistical fluctuat:ons 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) arise s from inelastic 

scattering (e. g., single -pion production). 

Fig. 12. Yields of 'IT±. The units, production angle, primary energy, 

target, and error determination are identical to those in Fig. 11. 

The solid curves are 'IT yields from p production and from the Drell 

proce s s, as calculated in Ref. 17. 

Fig. 13. Yields of K±. The units, production angle, primary energy, 

target, and error determination are identical to those in Fig. 11. 

...t.. 
The solid curve is the K I yield from the Drell process as calculated 

in Ref. 17; the K - yields are everywhere 30% lower than K+ y:'elds 

calculated according to the Drell process. 
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Fig. 14. Yields of P± .. The units, production angle, primary energy, 

target, and error determination are identical to those in Fig. 11. 

Fig. 15. Representative angular distributions for 'IT + from 18 GeV 

primary electrons. The units,· primary energy, target, and error 

determination are identical to those in Fig. 11. The 10 -GeV / c 

distribution;·contains the adjusted data of Boyar-ski et al. 13 (see 

Sec. V. G. ). The solid curves are 'IT yields from the Drell process 

and from p production, as calculated in Ref. 17. 

Fig. 16. Repre sentative angular distributions of K +. The units, primary 

energy, . target, and error determination are identical tb those in 

Fig. 11. The solid curve is the 10 -Ge V / c yield from the Drell 

proce S s, as calculated in Ref. 17. 

Fig. 17. Representative angular distributions ·of protons. The units, 

primary energy, target, and error determination are identical to 

those of Fig. 11. 

Fig. 18. A dependence s of the yields •. The ratio of theBe -target yield 

to the Fe -target yield is· plotted as a function of momentum fore± , 

± K± d· 'IT, ,an p. On the assumption that the cros s section for a 

photon on a nucleus, to produce a given particle, is proportional to 

An, where A is the atomic weight of the nucleus, there is a unique 

correspondence between a ratio and a value 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 'IT +, K+, and p. We note that adding a 

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

e reases the yield by a factor of 2 or 3. The continuous curve s are 
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predicti<ms based on the known photon spectra in the targets (see 

Sec. V. B)~ 

Fig. 20. The photon-path-Iength spectra for electrons traversing 

different targets; (a) 16-GeV electrons through 0.3 r.1. of Be; 

(b) 18-GeV electrons traversing 0.6 r.l. of Fe followed by 0.3 r.l. 

of Be; (c) 18-GeV electrons traversing 0.3 r.l. 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 intere st. A path length of 1 r.1. of Be is equivalent to 

4.1 events/barn. 
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