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2: DEP~~nENCE OF POSITIVE PION PRODUCTION BY 340 MEV FROT0NS 

William Imhof, Harry T. Easterday, and Victor Perez-Mendez 

Radiation Laboratory' 
University of California 

Berkeley, C~lifornia 

October, 1956 

ABSTRA.CT 

The relative yield of positive pions produced in various elements 

by the 340-Mev external beam of protons from the 194-in. Berkeley cyc1o-

tron was measured usinR a counter telescope to identify the mesons. The 

.target materials used ,,,,ere Li (normal), Be,B10, Bll, C, AI, Cu, Ag.~ and 

Pb. Mesons from these elements with enereies 36 .;t; 4 t4ev and 63.! ,4 Mev 

were observed at an angie of 1350 relative to the proton bea~. 

The effect, of t he penetration of the protons into the heavier 

nuclei'; on the resultant yield of pions \\fas observed and the result com

pared with Gasiorowicz' s· theory. In the lighter nuclei, the effects of 

the increasing momentum-density distribution from Li to C wer.e not'ed and 

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

tribiltions. 
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Z DEPENDENC~ OF POSITIVE Plor~ PRODUCTION BY '340 MEV PROTONS 

\'lilliam Imho.f*, Harry T. Easterday**, and' Victor Pere'l-Mendez 

Radiation Laboratory 
University of California 

Berkeley, California 

I. ,INTRODUCTION 
". 
'. 

The production of pions from complex nuclei, as contr~sted with the 
, . 

. "basic production process from a free nucleon, iis complicate~Lby the effects 

of binding energy, internal momentum, the exclusion principle, . the Coula/nb 

barrier, and meson reabsorption. l Some' experimental evidence for,these 

modifications lies in the observation that t he efficiency of photoproduc

tion of pions exhibits approxirr.ately at..fi..\-1/3 dependertce. 2,3 The pro-
f. 

duction of pions by proton bomb::lrdment is complicated further by t he inter-

action of the incident protons in nuclear m.'l.tter/" resulting in a more 

complicated A dependance for the production efficiency. In o,rder to learn 

more about such processes, we bombarded Li,. Be, BIO, all, C, AI, Cu, Ae, 

and Pb targ~ts at the Berkeley lS/.j.-inch cyclotron, and counted positive 

pions emitted at 1350 to the beam 11ne. 

-1'<, Present address: LockheE~d Aircraft Corporation, Palo Alto, California. 

** Present address: Department of Physics; University of Oregon, Eugene,. 
Orep:on. .... 
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The experiment was done using the scattered external beam of 

340-Mev protons produced by the lS4-i;;ch Berkeley cyclotron. .'fhe experi-

mental arrangement is shown in Fig. 1. The proton beam current was rnon-

itored by a parallel-pl.3.te ionization chamber filled \.rith arron. The 

positive pions emi~ted from the. tarpet at 1350 to t he incident proton 

beam were counted by a telescope consisting of three plastic scintillators 

in which identification of t he pions was m:3.de by their char:lcteristic 

11 to ~ decay. 5 The scintillators were 3 .in. by 3 in. ~W 1/'?. in. in size; 

and were each viewed by a mat.::hed pair of lP21 photomultipliers, thus in-

suring a fairly uniform pulse-heif,ht - response over t he area of the sdo-

tillator. The operation of the counter telescoue is as follows: Output 

p)Jlses due to the passa~e of charred particles through the first t·W'O 

plastic scintillators were selected at a sufficientlyhip.;h hias to min-

.imize the response to low dE/dx particles. The output pulses of t he first 

two scintillators were' .fed to a diode-coincidence circuit' (1:'" -;::::: 5 x 10-9 

sec) and the output was amplified and used to tri.!-:per <l. fast univibrator 

circuit which produced a pate pulse 6 x 10-8 sec wide. This gate pUlse 

-8 was delayed by 3 x 10 sec and put in coincidence with pulses obtained 

from the third sc.intillator. In order for a positive pion to be counted, 

. it had to pass through the first two scintil1ators with sufficient dE/dx, 

then stop, and decay into a 1-1. meson in the third scintillator within a time 

interval of 3 to 9 x 10-8 sec. Thus, by requiring t he pions to stop in 
. . 

the third scintillator, the energy band accepted by the telescope is deter-

. mined by the amount of absorber placed ir. front of the tele~cope. Fig. 2 

shows a block diagram, of the electronic circuitry. 

~ . 
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The accidental count:, in ths telescope were deter'Uined by use of a 

duplicate coincidence circuit in which the gate pulse was delayed by 

12 x 10-8 sec anti which, because of the long delay, counted mostly acci-

dental countSe The trackinp, of the two circuits was checked periodically 

by triggering t.he gate generator with an auxiliary I-Mc pul~er while the 

telescope was in its normal countinv, position in t he cyclotron beam. As 

there is no time correlation between the. mepacycle pulses and the detector 

pulses, both circuit fl should have statistically equal countinp r:.ites under 

these conditions, and their couhtinp efficiencies ;.,rere adjusted a.ccordingly. 

The trackinp, stribility of the circuits deviated less than 5% during the 

entire experiment. Because the background countinp.: ratr::s were always main~ 

tained at less than 30% of the meson count, these fluctuations could, at 

'Tlost, contribute a 2% error. 

The tarf!,ets were all con~iderably larger in cross-sectional area,' 

than the proton beam ,md were oft hicknesses ranging .from 1 g/ cm2 to 

2 
.1. 75pjcm. The boron tarf.'ets were in the for(n of compressed powder held 

ir: place by aluminum foi1a 0.002 in. thick. A similar container ",as neces-

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

used to obtain the background countinp, rates for these eleml!'Xlts. 

- "'i , 
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III. RF13ULTS. 

Corrections were made for the' nuclear absorption of t he proton beam 

and the nuclear interactions of the emitted pions in' 8::ich tar.P.'et J and for 

the variation, between various targets of· the energy resolution of the 

detector. None of these corrections amounted to more t han 4%. Corrections 

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

all targets wete not considered because only the Z dependence at. _ea.ch meson 

energy was of interest. 

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

the raw data. The errors sho~m are the standard deviations due -to the 

counting statistics. 

Table I 
• II!..... .._ .. ___ .. _ .... ~_, •• t"',N .... Jl",_..-.J'.~~>!;!Io~.,..~I" .... ~~fIoO't-·~~~----._ .. ____ ....... -...."...,..:_~ .. ~---'(..",......,~~~.~ 
~~"",",""'._._:~"~~<S''''w .... __ ~ .• f,·~~~~~~'''it~~ ..... ~~tri;;I~ __ }JOOf'' Ii. _.J_'IO\_~~~~...--. 

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

incident beam produced by ~Hev protons. At each pion enerf..Y the relative 

yields have been nonnalized to a carbon value of LOO. 

Pion Yields ---_._-------... __ .-.....-.. _-------_ .. 
T~rf!.et Pion i'.nergy, Pion E'ilergy, 
Nucleus 36 ± .~ Mev 63 j; 4. Hev 

-----------... --... -.-.-.- •• -.-~-.... ~ .. ~.~ __ .. _ .......... __ .... _ ........ ..__..._ .. \o ___ o+o_ ...... _"' __ .. _ ... ~ .... ____ ........... _____ ._ .... _.~._ .. , ..... ____ .. 

Li 0.858 j; 0.077 o. 569-1' O! 272 

Be 0.892 + 0.039 0.563 ;1 .0.039 

S10 00971 + 0.048 0.826 ± .0.112 

all 1.034 + 0.051 1.061 ;1 0.118 

C 1.000 :!:·0.031 1.000 :!: 0.104 . 

A1 0.950 ! 0.054 

Cu 0.7/45 ± 0.Oh3 

Ag 0.453 :i 0.033 

Pb 0·321 ;1 0.027 

" 

" 

. i" 
1 
t , , . 
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IV. nITE;Rpl~Sr.WION OF DATA 

A. Interaction of Incident Protons 

Figure 3 shows the Z dependence for the production of 36-l-1ev pions 

at 1350 ! 70 to th.e incident beam by.31 .. O-i<1ev protons and by 335-Mev brems-

6 
strahlungo A comparison of the two sets of data for tarp.et nuclei heavier 

.. than aluminum indicates that t he pion-product ion efficiency. drops off 

faster with increasing A under proton bombardIl)ent than under pamma bombard-
, , 

mente It has been pointed out by Gasiorowicz~ that in. the former case meson 

production is possible only in tho" frontn of the struck nucleus due to 

the energy degradation of the incident protons in nuclear matter. Figure 3 

shows the A dependence for the production efficiency predicted by 

.Gasiorowicz for a proton ~ean free path in nuclear matter of about 4.3 x 

10-13 em and for a meson mean free path of 2 ro' ..... here ro "'·(nuclear. radius)/ 

Al/3. On the same praph is shown the photomeson yield curve predicted by 

, Brueckner, Serber, ani ':"<itson 
7 

on the basis of the optical model for a 

meson mean free path 0 r 2 r o. Because internal momentum, discussed in the 

next parapraph, has a dominant effect for elements iif-hter than alumiunum, 

th th t · 1 h t b xt d d i t thO . 8,9 ese. eore 1.ca curves ave no een e, en e n 0 1.S reg1.on. 

B. Internal Momentum 

The increase in meson .yield in the light elements fl"om lithium to . 

carbon can be exr:,lained in terms of the 'internal-momentum distribution of 

protons in these nuclei, for, under the conditions of this experiment, the 

yield of 36- and 63-Mev mesons from a proton at rest is kinem;:ltica1ly 

impossible. 

The Z dependence for the production of 36-Mev and 63-ttlev pions at 

1350 by 340-Mev protons as well as Clark's datalO on the production of 

,0 
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1 ... Q....Mev pions at 11+00 by 2l ... Q....Mev protons is shown in Fig. I.... For ea.ch of 

these experimental conditions Table II lists the minim!.!m momentum, POJ 

that t he struck nucleon has to have in order to make the reaction possible. 

For the purpose of calculatinf Po. it was aS5U1lled t hat ~n t h.e prot~n;;"proton 
, . ~1, ~ "., .'";; .... ' ~.{ 

collision the final nucleons form a deuteron. Such a. deut:~~on-f~rming 
~. ~ ~ 

reaction account s for about 70% of the 1i +, S produced in p_p collisions. 11 . 

It. was also assu'Jled, as ·proposed by Neher-; If that 20 Mev must be supplied 

to cover 8-1-4e..,.· bindinp; energy for the removed proton' ~lDd approximately 12 

iliev for the excitation and recoil of the residual nucleus.· . As t he value 

20 Mev is 'somewhat arbitrary , Po was also calculated assuming that 30 14ev 

must be supplied. The resulting values of Po are 10% to 14:% high~r •. In 

applying these v-cl.lues of Po to estimate internal-momenttlffidistributions, as 

discussed . later, the resulting di fferences in thel/@ enerp.,y values are . 

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

countinp statistics in cases I and II, so only resuits based on the sup-

plyinp: of 20 Mev to the residual nucleus will be given. 

Minimtnn momentum, Po, that t he struck nucleon· must have in order to ma.ke 

the reaction possible eiven as a function of meson angle, .pion energy, 

,,-,-a.9.~~P>;-P~$.?!?-:~·:eg~r g;:r:: :c.···. '., "'-"",.,', "" >:_":T,' "" .'." ':<"·C·'"~""·"':i':·:·. "". '~'.'" .. ;,.,",,,. ,.. t ''''';''''''-'';~'''.:'':';:- "<::'" "'.'- '--.";:.:"' ..... : ""''''c'' ;:.;:' ., ., 

Case Meson Anrla. Pion Energy Proton Enerf,Y' Po 
':.:;;:.""~' ........ , , .. ~ .. ","",- .. (.deg. );'~':'":"'~:"""'.:": ,:,,{M ev~ ... :: .. :~:.":,:",,,,: ,::.,,(~1.~~):;:.: .. ,~:,,: ':;':-.:.' :d~vl:::.):. "'"":---~"':~"':~".'.. 

I 135 184 

II 135 63 340 291 

" 

." \ 

.' 

. ,,: 
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It is sean that the hip,her t he value of Po' the g-r'eater is the 

variation of me son yield wit h atomic number for elements liphter than 

carbon. This suggests an increase with atomic number of the occurrence 

of high-momentum components in the momentum distribution. The data indi-
;, ';':;;::' . 

- ' 

cate that the protons in Bll have a larF'Rr mean momentum than trtr.::l?l9._;;_;,tal:tho-~J'.h, 

because of the statistical error, the difference of the two cross sections 

is not very significant. 

The apparent difference in average internal momentum het-ween t.he 

li~t nuclei can be expressed quantitati vel.Y in terms of t he change in 

1/ e value for as.surned gaussian momentum distributions. The experimental 

ratios were first corrected for meson ann proton abso,rption as discussed 

above. Assuming the lie value for carbon, ~~c to be 19.3 Mev, the lie 

values for Li and Be, E:Li and EBe respectively, were adjusted to predict the 

corrected experimental pion prl>duction from Li and 8e. 'l'his calculation was 

made on the assurnption that all the protons in a nucleus ,with an internal 

momentum greater than Po are equally effecti va in producing the mesons 'db-

served. The val~es of ELi and EBe so obtained are fiven in Table III. The 

errors indicated are due solely to the countinp statistics of the 

experimental data. 

Table III 

Relative lIe values for Gaussian distributions 

Case 

I 

II 

III 

EC 
(Mev) 

19.3 

19.3 

19·3 

Esll 
(~1ev ) 

19.9 :t 2.0 

19.8 ± 1.5 

ES10 
(Mev) 

17.1 ... :t 1.6 

17.2± 1.5 

[~e 
(Hev) 

15.0 :t 1.4 

15.5 :t 0.3 

, ELi 
(Mev) 

11 .... 6 % 3.0 

.: .. : 

.. 

, !, 

) 
l , 
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In view of the siq'lplified nature of these calculations one should 

probably take the absolute values less seriously than the relative va.lues. 

1iattenberp et al. l ) have obtained internal-momentum distributions 

from studies of the hi8h-enerr.,r photoe,jection of neutrons and protons •. They 

obtained lie values of 9.0 ± 1.0 i1ev and 19. 7 ± L 5 Hev for Li and C 

respectively, indicatinf. the sa'llep.:Emeral trend among the light nuclei as 

observed in this experiment • 

Wilcox and Moyer1! .. find by bomha.rdinr, lif-ht nuclei .... 1. th 340-Mev pro-

tons and. detectinf- two emereinfj protons in coincidence, .that the protons in 

beryllium have a la.rger momentum th':l.n the protons in lithium. Beryllium 

and boron were seen to be rather similar • 

; . \ 
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FIGUEE CAPTIONS 

Fig. 1. Experimental lay-out in t he meson cave showin,!?: rel~1tive positions: __ :of 
target, detector, and shielding. 

Fig. 2. Block DiaRram of ltlectronic Detecting Apparatus. 

Fig. 3. Relative 3b-Mev n + yields per 'proton in the nucleus at 1350 pro
duced by 340-Mev protons a.nd by 335-~·l.ev bremsst.rahlunp,. Both sets 

Fig. 4. 

of data have been normalized ;1:/0 a. carbon value of 1.00. Curve A
describes the photomeson yields predicted by Brueckner, Serber, and 
::iatson on t he basis of the optical model for a rriesonmeantfree ¢th of 
2ro• Curve B represents the pion production efficiency for 3'.j.O-Mev 
proton bombardment predicted by Gasiorowicz for a meson mea.n free 
path of2ro. 
Itelative yields per proton in t he nucleus of 36-Hev and 63-Mev pions 
at 1350 produced by 340-Mev protons and of hO-Hev pions at H.Oo 
produced by 2.40-Mev protons. F~ch set of data has been normalized 
to a carbon value of 1.00, carbon bein!: the most accurately measured 
element co~mon to all three experiments. 
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