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ABSTRACT

- The relative yield of positive pilons produced in various elements
by the 340-Mev external beém of protons from the 18,4-in. Berkeley cyclo-
.yron'was measured uéinﬁ a counter telescope to identify the mesons.  The

target materials used were Li (normal), Be, BLO, gt

s C; Al, Cu, Ag; and
_ o

Pb. Mesons from these elements with gnergies 364: L Mev and 63:$\£'Mevi’
were‘observed‘at ad angie of 135° relative to the proton beam."

The effect of the'penetration'oflthe protons into the heavier
nuclei: on the resultant yield of plons was observea and the result com-
pared'with Gasiorowiczfé'theory. In the lighter nuélei, the effects of
the increasing.momentum-deﬁéify distribution from Li to C were noted and

approximate 1/e values were obtained for assumed gaussian momentum dis-

tributions. o
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Z DmP ENDENCE OF POSITIVE PION PRODUCTION“BY'BAO,HEV'PROTONS
William Imhof¥*, Harry T. Easterday*®, and Victor Perez-Mendez
Radiation Laboratory

University of California
Berkeley, California

I.  INTRODUCTION

The production of pions from comolex nuclei; as contrasted with the

;Hbasic productlon process from a free nucleon, is complicated by the effects

-;evu

of binding energy, internal momentum, the exclusion principle, the Coulamb

Y : 1 : . ' B
barrier, and meson reabsorption.” Some experimental evidence for. these

modifications lies in the observation that the efficiency of photoproduc-

tion of pions exhibits approximately aﬁ;§71/3 depéndénce.2’3 The pro-

“duction of pions by proton bombardment is complicated further by the inter-

action of the incident protons in nuclear matter,h-resulting in a more

complicated A dependence for the ﬁroduction efficigncy. In order to learn

-more about such processes, we bombarded Li, Be, Blo; B;l,-C, Al, Cu, Ag,

and Pb targets at the Berkeley 184-inch cyclotron, andvcountéd positive

plons emitted at 135° to'the beam line.

¥ Present address: Léckhegd dircraft Corporation, Palo Alto, California.

#% Fresent address: Department of Pﬁysics, University of Oregon, Eugéne,
Oregon.
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II. . EXPERIMENTAL METHOD

The expefimeﬁt was done using the scattered external beam of
34,0-Mev protoné produged by the 18'—iﬁch Berkeley cyciotron;..The experi-
‘mental érrangement is‘shown in Fig. 1. The proton beam current was mon-
" itored by a parallel-plate ionization chamberlfilled with argon. The
positive pioné emitted from ﬁhe.tarfet at 125° to the incident proton
beam Qére counted by a telescope consiéting of fhree plastic séiﬁtillators»
in which identification of the pions was made by their characteristic
n to decay.5 The sciptillators were 3 in. by 3 ir. by 1/2 in. in size ;
- and were each viewed by a matched vair of 1P21 phétomultipliers, thus in-
suring a fairly uniférm pulse;héighthresponse.over the area of the:SCin-
" tillator. The operation of the counter telescove ié as follOws}  Output
v pp1ses dué to the passage of charggd,particles'through the first two
piasticfscintillators W§re selected at a sufficiently high bias té min—
i_imize the responsé to low dE/dx particles. The output pulses of the first
two scintillators were fed to a diode-coincidence cireuit (T" = 5x 1077
sec) énd the output was amplified and used to trigrer a fast univibtator

8 éec vwide. This pate pulse

- circﬁit which produced a rate pulse 6 x 107
was delayed by 2 x }.O"8 sec_and put in coincidence with pulsgs obtained
from the third scintillator. In order for a positive plon to be couﬁted,
it had to p#ss tﬁroﬁgh the firstrtwo scintillators with sufficient dE/dx,
then stop, and decay intoba g meson in the third scintillator within a time
interval of 3 to 9 * 10~8 sec. Thus, by requiring the pions to stop in
the third sciﬁtillator, the enefgﬁ band ‘accepted by the telescope is deter-
.mined by the amoﬁnt §f ahsorber placed ir front of the telescope. Fig. 2

shows a block diagram of the electronic circuitry.

C i g e ot
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- The accidental counts in @he ﬁelescope Qere determined by use of 'a '
" duplicate coincidgnce circuit in'which the gate pulse was delayed by
12 x 1078 sec and which, because‘of the loné delay, counted mostly acci-
deﬁtal counts. The tracking of thé two circuits was checked periodically
by triggering-the gate generator with an auxiliary 1-Mc puléef while the
telescope was in its normal cduntiné vosition in the'cyciot;on beam. As
there is no time correlation between the mepacycle pulses and the detector
"pulseé, both circuits should ﬁave statistically equal counﬁing rates ﬁndér
these conditions, and their counting efficiencies were adjustéd accbfdingly. 
The tracking stability of the circuits deviated less than 5%‘during tﬁe
entire experimént. Because the background dounting rates were always main-
taine& at less than 30% of the meson.cﬁﬁnt, these fluctﬁatioﬁs could,. at
most, contribute 4 2% er;or.
i , : : :

The targets were all considerably larger in cross—gectional area:
than the proton beam and wére of:thicknesses ranging from 1 g/crﬁ2 to
,l.?Sé/cﬁz,‘ The boron targets were in the fora of compressed powder held
iﬁ piace by gluminum foils 0.002 in. thick. A similar container was neces-

sary to protect the lithium from the air. Identical empty containers were

used to obtain the backeround counting rates for these elements.
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Corrections were made for the nuclear absorption of t he proton beam

and the nuclear interactions of the emitted plons in each tarpet, and for

the variation, between various targets of«thevénergy resolution of the

deﬁector. None of these corrections amounted to more than'h%._ qurections

that would merely change the detection efficiency by the same factor for

.-all targets were not considered because only the Z dependence at‘g&ch meson

energy was of interest.

Table I gives the final data after the corrections were applied to

the raw data. Thé errors shown are the standard deviations due to the

counting statistics.

Table I

et A

e o

Relative positive-pion yields per proton in the nucleus at 135° to the

incident beam produced by IP-Hev protons. At each pion energy the relative

"yields have been normalized to a carbon value of 1.00.

Pion Yie}ds

Target Pion‘Eﬁergy, Pion Eﬁérgy,
Nucleus N 36 £ a,ﬁfY . 62 ¢ éﬂﬁcvr
Li 0.858 & 0.077 0.569"% 0,272
‘Be 0.892 + 0.039 0.568 £ 0.029
B0 0.971 + 0.048 0.826 £ 0.112
pl 1.034 + 0.051 1.061 £ 0.118
C 1.000 +.0.021 1.000 & 0.104 -
AL 0.950 + 0.054
Cu ‘O.7h5't 0.042
Ag 0.453 £ 0.033
Pb 0.321 #

v o Y SV Pty

00027

oakuiacy

TN S AN SR A

AT A

e apems
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IV.  INTERPREFATION OF DATA

A. Interaction of Incident Protons

Figure 3 shows the Z dependence for the production of 36-Mev pions
.vat 1252 + 7° to the incident beam by %,0-iev protons and by 335—Mév brems-
strahlung.6 A comparison of the two sets of data for target nuclei heavier
_than aluminum indiéates that the pion-production efficiency,drops off
fasterAwith increasing A under proton bombardmént than under pamma bombard-
.meﬁt. It has been pointed out by Gésiorowiczh that in,thé former case meson
production is possible only in the "front" of the struck nucleus &ﬁe to
the‘energy degradation of tﬁe ificident protons in nuclear mgﬂtér, Figure 3
shows the A dependence for the prodﬁction efficiencylpredicted by

.Gasiorowicz for a proton mean free path in nuclear matter of abbut h}3 x

10713
A3

cm and for a meson mean free path of 2 r_, where ro'=-(nudlean radius)/

o?

« On the same graph 1s shown the pﬁotomeson yield cufve’predictgd by

Brueckner, Serber, an< Watson7 on the basis of the thical model fﬁr a

meson mean free path of 2 r,. Because internal mémentgm,‘discussed in the

next paragraph, haé a dominant_effect for elements 1ighter'tﬁan alumiunum,
. 8,9

these theoretical curves have not been extended into this region.

B. Internal Momentum

The increase in meson yleld in the light elements from lithium to
carbon can be explained iﬁ terms of the internal-momentum distribution of
. protons in these nuclei, for, under the conditions of this expériment, tﬁe
yield of 36~ and 63-Mev mesons from a prdton at rest'is.kinématically |
impossible.

The z dependence for the produgtion of 36-Mev and 63—Mév pions at

10

125° by 340-Mev protons as well as Clark's data~- on the production of
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40-Kev pions at 14 0° by 24,0-Mev protons is shown in Fig. 4. For each of
these experimental conditions Table II 1ists the minimnm momentum, Py,
that the struck nucleon has to have in order to make'the reaction possible.

For the purpose of calculating P, it was assumed that in the oroton—proton

RS -':.4\

collision the final nucleons form a degteron. Such a deuxeron-formlnp

reaction accounts for about 70% of the n''s produced in P-P'colli§ions.ll
It was also assumned, gs~proposed by Neherzl% that 20 Mev mus@ibe»éupplied
to cover 8—Mev'binding energy for the removed proton and appfoﬁimately 12
Mev for the excitation and recoil of the residusl nuéleus¢<:As tﬁe value
20 Mev is ‘somewhat arbitréry, ?o.was also calculatéd assﬁming'that 20 Hev

must be supplied. The resulting values of P, are 10% to L5 higher. In

- applying these vaiues of P, to estimate internal-moment um distributions, as

‘discussed later, the resulting differences in the 1/é energy values are °

about 5%. Such differences are smaller than the errors intfcduced by the

counting statistics in casés I and II, so only results hased on the sup-

plying of 20 hev to the re31dual nucleus will be piven. o

.Tabls . II

3 aies »;;A.l...a.,“.‘.‘, ..-; i 1* S D

Minimun momentum, Py, that the struck nucleon- must have in order to make

-and.proton. energy, ..

NN Y MASIPUS I e g e

Case Meson Angle . Pion Energy Froton Eneray ' Po
€T O €1 P 11 Do M(mev/c) S —
i 125 : % 30 . 184 .
i 135 63 5A0 . 201
e L WO a0 g 3

——--v-.—-;--n——- e mm “m am AN pTr - - 2 3 2 s 3 - sere. ~ nﬂ-"v". To —«mav vci ‘vlrvt"-"- &'H:i"l‘(-nv\c e iyt I B e r:‘»"b T AN T,




It is seen that the higher the value of P,, the greater is the
variation of meson yield with atomic number for elements lighter than

'carbon._ This'suégests an increase with atomic number of the occurrence

" of high-momerntum components in the momentum dlstrlbution. Ihe data indi-‘
.cate that the protons in B have a larppr mean momentum than in Blo !althouph
because of the statistical error, the difference of yhe two cross sections
is not.very significant.

The apparent difference in avefage internal momentﬁm bebwéen the
light nuclei can be expreséea guantitatively in terms of the change iﬁ
1/e value for assumed gaussian momentum distributions.. The experiméntal
ratios were first corrected for meson and proton absarption asg discussed

-above, Assuming‘thell/e value for carbon, . to be 19.2 Mev, the 1/e
values for Li and Be, Epi and Epe respectively, were ad justed to preﬁict the
;orrectéd experimental pion prodﬁction from Li and Be. This céiculation was

. made on the assumption that all the protens in a nucleus .with an internal

~ momentum gréater than Pohare equall& effective in prodﬁcing the mesorns ob-

.served. The values of ELivénd Epe so ﬁbtained are given in Table III. The

errors indicated are due solely to the counting statistics of the
experimental data.

Tdble III

a-— - B LT T T pve prup - s

Relatlve 1/e values for Gaussian dis tributions

Case EC Fgll ER10 | EBe By

(Mev) (Mev) ‘ (Mev) (Mev) (Mev)
I 19.3 19 9 % 2.0 17.4 £ 1.6 15 bt 1.0 Lol 2 1ok
I 193 198 %15 1722 1.5  15.0% 1.4 Lheb & 3.0

III 19.2 ©15.5 % 0.2

ety 8 b AN AR B 8 8 8 s N " s sort i RPN = o
- e e R B L L i Ty Soue TR " ontaee




-10- UCRL=23570

In view of the simplified nature of(ghese éalculaiions one should
probably take the absolute values less‘seriously than the relative values.

wattenbérgvet al.13 have obtained internal%momentum aistfibutions
from studies of the high—enera& photoejéction of neutrons‘and protons. . They
obtained 1/e values of 9.0 + 1.0 Mev and 19.7 & 1.5 Mev for Li and C
respectively, indicating the same general trend amonﬁ the light nuclei as
observed in this experiment.

Wilcox and Moyerlh find by bombarding ligh£ nuclei with 3&O~Mevlpro-
tons and detecting two emerging protons in coincidencé,,that the protons in
beryllium have.a larger momentum than ﬁhe protbns in lithiﬁm. Beryllium

and boron were seen to be rather similar.
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FIGURE CAPTIONS

.Experlmental lay-out in the meson cave showing relative positlons of

target, detector, and shlelding.

Plock Diagram of Electronic Detecting Apparatus.

Relative 26-Mev n * yields.perbproton in the nucleus.at 135° pro-

duced by 3,0-Mev protons and by 335-Mev bremsstrahlung. Both sets

' of data have been normalized tb a carbon value of 1.00. Curve A-

describes the photomesor; yields predicted by Brueckner, Serber, and
Hatson on the basis of the optical model for a meson niean free pith of
2r,. Curve B represents the pion production efficiency for 3,0-Mev
proton bombardment predicted by basiorowicz for a meson mean free -

- path of 2r,.

Relative yields per proton in the nucleus of 36-Mev and 62-Mev pions
at 125° produced by 340-Mev protons and of ,O-Mev pions at 140°
produced by 2,0-Mev protons. Fach set of data has teen normalized
to a carbon value of 1.00, carbon being the most accurately measured
element common to all threo experiments.
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