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ABSTRACT

The relative yzeld of posinve pions from H C, Al, Cu, Ag, and Pb produced by 5\5:

335 Mev bremsstrahlung has héen measured with a counter telescope at 5 angles to
the beaw. line ranging from 45° to 150° and at 9 meson energxes extendmg from
12.Mev to 125 Mev. The pion production cross sections at all angles and atall -
energies of 65 Mev or lower follow approxiimately a Z/Al/?’ dependence Fair

. agreement with the optical model is obtained at the lower energies provided
‘account is taken of effects of the Coulomb potential and the potential arising from
the pion-nucleon mteraction In the intermediate region from 22.5 to 65 Mev, the

| | yields from the heavy nuclei are somewhat lower than predicted. At pion energies
of 95 and 125 Mev, where the producuon cross sections follow more nearly 2 Z

_ dependence, it is possible to get moderately good agreement with. theory by con-
sidering the effects of the Coulomb potential on the production near the cutoff '

' energy. -
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I. INTRODUCTION

The efficiency of photoproduction of pions from complex nuclei has been
" ghown to exhibit approximately an AZ/ 3 dependence. 1-6 This result has beeén
explained in terms of an optical model in which the mean free path for 2 meson
interaction is so short that mesons eifectively come only from the surface of the
mucleus. Such a short mean free path for meson interaction in nuclear matter,
“of the order of a meson Compton wa{relength for pions of ehergy around 60 Mev,
| has been confirmed by meson-nucléén and meson-nucleue scattering experlments.
But. these same experiments predict a meson mean free path of at-least 10 meson
Compton wavelengths for pions of energy less than 30 Mev. At the lower energies.
the optical model for the photoproduction efﬁciency would predict a yield per )
effective nucleon that would be nearly independent of A. _ '

The A dependence of wt photomeson production has previously been
measured only for pions of energy greater than 33 Mev and then only at one angle
in each case. Furthermore no data exist on the A dependence of the yxeld of
_positive pions having an energy greater than the cutoff value for production from
hydrogen. In this case, the internal momentum distribution and the Coulomb
potential should have pronounced effects. It was therefore felt desirable to
extend the measurements to lower and higher energies and other angles. In this
experiment, C, CHZ, Al, Cu, Ag, and Pb targets were bombard_ed at the 'EBfe&kiélAeyv
335.Mev synchrotron and positive pions of energies ranging from 12 Mev to 125
Mev were observed at a laboratory angle of 135%, Yields of 46- and 65-Mev

pions were measured at laboratory angles varying from 45° to 150°.
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II. EXPERIMENTAL METHQD

. To minimize accidental counts the spread-out synchrotron beam was used

.. 6o that the duration of each pulse was about 4 msec. The beam was monitored with.

both a thin-walled ionization chamber and a thick -walled copper ionization chamber
~ of the type uséd at Cornell, as shown in the experimental layout diagrams of
Figs. 1A and 1B. Positive pions emitted from the target were detected by their
characterictic v-u decay in a counter telescope, consisting in its most complete
- form of four plastic scintillators and one pléxiglaaZ\Cerenkdv counter as shown
in Fig. 2. The mesons are partially identified in the telescope by a prompt
coincidence 1+3-2-5, where 2 is the plexiglass Cerenkov counter thch is in-
sensitive to pions in the energy band selected by the telescope. This energy
" band is determined by the thickness of absorber necessary to slow down the
pions and cause ti:e'r’nto‘ stop and decay in the fourth couiiter, where the
'identificatién_‘ is completed by making a delayed cotncidence with the p pulse.
The block diagram of the electronics (Fig. 2.); outlines the operation o‘f.thg R
telescope and is essentially similar to what has been described in a previous -
' paper.‘s, ‘ - _ '
' The Cerenkov counter was used only for the heavier elements at the forward
angles where the electron background becameé excessive. In order to measure |
the meson yields at the lower energies it i_rvas necessary to remove the Cérenkov
_cbunter.‘ For the lowest energy points, one of the front two scintiuat_ors’wae
also femoved. The deflecting magnet shown in Fig. 1B served as an aid in’ v
reducing 'thie electron backgrdund 80 a8 to permit detection of low-energy mesons.
The ta'rgets"we re all conside rabij larger in cross ~sectional area than the
x-ray beam vahi'c.h was about 1.5 inches in diameter at the target. For meson
energies above 30 Mev, the targets were of thickness between 0.5 and 1.75 g/.cm2
in the direction of the beam. For the lower energy points, the targets were all
" less than 1 _g/_cmz thick. ' ‘
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IlI. RESULTS

Corrections were made for the absorption of the x-ray ‘bea;:n', in each target,
| the nuclear interactions of the émitted piona in each target, and the variation

with target of the energy resolution of the deiector. None -of tﬁeae_correctiqns‘_.

" amounted to more than 5%, Corrections which would rherely:change the detection
efficiency by the same factor for all targets were not considered since only the
'Z dependence at each meson energy wae of interest. However, for measure -
ments of the energy spectrum from carbon, it was also necessary to consider

' 'ﬁhclear a‘bso‘rption and multiple Coulomb scattering of the pions in the energy
degraderf and the energy dependence of the detectioun interval. Tables 1, II, and III -
give the final data after the corrections were applied to the raw data. The errors

_shown are the standard deviations due to the counting statistics.

1v/ DISCUSSION
Curves for both a l/Al/3 and a constant dependence of the meson

production efficiency per proton on the atomic mass number are shown in Fig. 3

superimposed on the data taken in this experiment at 135°. Figure 4 ie a sxm;lar

- plot of the data taken at other angles. The pion production cross sections at all

angles and at all energies of 65 Mev or lower are seen to follow approximately

a I/AI‘/3 dependence.

These experimental results will now be compared with theoretical pre-

dictions based on the optical model. The efficiency of photome‘son_ production

from a nucleus was predicted by Brueckner, Serber, and Watson, 9 according
to the optical model, to be equal to 3 L LI 13 + 4 -;x e'x} where
. % % '_

= 2R/\, R =‘r‘0A1/3 = radius of nucleus, and \ = mean free path for absorption
of mesons in nuclear matter. In order to calculate the A dependence, it is also
neéessary to take into account effects of the Coulomb potential, the potential
arising from the pion-nucleon interaction, the internal momentum distribution

of the aucleus, and scattering of the pions inside the nucleus. Consideration

will now be paid to each of these effects.
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The Coulomb potential influences the A dependence of the production

‘ :"" " cross section in three different ways. Two of these arise from the fact that

“even though the momenta outaide the nuclei of the pions observed from the

o various nuclei are identical, inside' the nuclei the momenta of the xﬁesons to be

e detected are different due to the presence of the Coulomb potential - The meson

| ‘.production croes section depends on the kinetic energy inside the tmcleus of the
e;rfitted pion, . T -VR-VC. where 'I’ is the pion kinetic energy outside the
:iucle‘ue. ' -VR 'is the real part of the optical model potennal and . VC ie the
: ,Coulomb potential. Therefore, the relative yield of pions of a given energy at

-"«,;the detectors depends on the Z value of the nucleus. For calculation, Vg was
L i'a.ssumed to be the same throughout the nucleus as at the nuclear boundary, and

, :»VR wasg taken from the work of Frank, Gammel, and Watson. 10 since their ‘
' values of VR' at the pion energies considered here, can be fitted approxxmately
by the expression -0. 40('1“ -V -VC). the pion kinetic energy inside the nucleus

is 5/3(T 'VC)' The experimentally obeer\redu energy spectrum of pions

' - produced from carbon with a 335-Mev bremsstrahlung beam was used to calculate
. the change in the relative production of pions from nuclei with different values

of V... Toa first approximation the effect of changing Ve is to shift the energy

scale on this spectrum, the spectrum being alufted out in energy for the heavier

13 At low energles, the production frdm the heavy elements is reduced

‘ due to this effect. at intermediate energies. there is no effect; and at high
' enétgies, the yield from thé heavy elements is increased. In order to make
his ¢alculation at 95 and 125 Mev xt was necessary to measure the pion energy

spectrum from;caxrbon-in thls region; asgghown'inFig.:i5.0A-8econd conseguence of the

different pion kinetic energies inside nuclei of various elements corresponding
to-a common energy outside is that the pion mean free paths, which are a function
" of the meson kinetic energy inside the nucleus, (T, - Vg - VC). are different
inaide nuclei of different Z wvalues. The appropriate mean free path in each
cage was taken from the work of 'Ffank, Gammel, and Watson. -

A
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The third way in which the Coulomb potential influences the A dependence

. of the production cross section is that the production of low energy mesonsg from

. heavy nuclei is affected by the Coulomb barrier. Transmission of the mesons

‘ ‘ﬁ,:'.:'.“through-thia, barrier was calculated on the basis of the WKB approximationu for
: ) S—Wave mesons. Since it is possible that P,D,F, etc. wave mesong are also

i‘, © . produced, their transmission through the centrifugal and the Coulomb barrier was
' calculated, A prediction of the effect of these tranamission probabilities on the

';}.: ‘ré_fla;ive production of pions from the various nuclei requires knowledge of the
»f‘ractiESn of pions produced in s, P, D, etc. states. A reasonable aietributidn in
.?ang‘ul'ar' momenta of the pions was obtained by assuming that all pions are pi-oduced
.ig -é? § -gtate if they are produced at a position in the auclaus such that the :
ﬁérpendicular distance from the line of motion of the pion to the center of the
2991_6’“5» Ty is given by -+ <r .L< L‘....%-L)E- . The ??gul;ing transrﬁifsipqd
pions through the centrifugal barrier, when averaged over the different angular

" momentum states, 'did not exhibit any pronounced dependence on the mass number.
. Since iuglusion of pions in P, D, F, etc. states does not geem to affect the A
dependence of the productionA very strongly, only the effect of the Coulomb barrier
. .on the production of 5-wave mesons was considered. The transmission for S-wave
pions of energy greater than about .30 Mev is practically unity, 8o the Coulomb
" parrier does not influence the yields predicted for higher energy mesons.
The efficiéncy of pion production from a complex nucleus relative to that
from a free nucleon is also influenced by the momenta of the nucleons in the

o ﬁmcleus. 1_5 The presence of jnternal momentum results in & wide spread in the
gamma energy required for i)roduction of a pion at a particular energy and angle.
Dependi’ég on the gamma energy required for pion production from ‘a free nucleon,.

- the internal momentum in a complex nucleus can thereBy cause either an inc rease -
or a decrease in the production efficiency. ,
In inte'rpreting the data of this experiment, one must the refore consider the ." 
effects 6f any internal momentum differences between carbon, aluminum, copperl. :
gilver, and lead. To get a quaatitative measure of the relative internal 'm_omehtum'- .
distributions of these elemerr_ts; the pion productions'v'vere measured under extreme L
kinematical conditions. Pions of ene rgy' 125 Mev and 95 Mev were observed at 13502\

to the bremsstrahlung beam. The relative yields ére shown in Fig. 10.No such
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pions could be produced from hydrogen since a 385 Mev photon would be required

to produce a 95-Mev pion at this angle. For pions of this energy, the mean

. ,free path in the nucleus is known to be about 1 Ty where ry = 1.4 % 10'13 m .

The predicted A ‘dependence, whene the shift in the energy spectrum due to the

... Coulomb potential is taken into a_ecount. is shown in Fig, 10. Since a fair agree-
-'m‘e’nt is obtained with the experimental data in the extreme cases, it is concluded
that any internal momentum differencesubetween carbon, aluminum, copper, o '
silver, and lead should have a small effect on the pion pi-oduction efficiency at the
lower energies. .
Another indication of the effect of the internal momentum distnbution on
production of low-energy pions was obtained by comparing the production cross
' section from hydrogen to that from carbon. As shown in Fig. 6, there is no
" evidence for a strong energy variation of the production efficiency from carbon
" “'relative to hydrogen. Since the difference in momentum distribution between’
carbon and hydrogen is much greater than that between carbon and the heavie,i'
m’xc’lei. which b‘y the above analysis seems to be quite small, it is unlikely that
' the relative production cross sections from C, Al, Cu, Ag, and Pb as a, iunction
of energy are very greatly affected by the momenta of the nucleons in the nucleus.

The optical model interpretation considered here is based on the agsumption .

‘that the mesons are produced in the nucleus with an isotropic angular distjribution.
Although the angular distribution of photomesons from H at these energies is

16,17 McVoy18 estimates that in a nucleus,

isotropic within about a factor of two,
under the conditions of this experiment, production in the forward hemisphere.
may be much more likely because of momentum-space réquirements. Some
-e‘vidence that this effect may not be too serious appears in the"experimental
observation, shown in Fig. 4, that the A dependence of the meson yieldé is
approximately independent of angle. Although there is no experimental data

on angular dietnbutxons for mesons of energy less than 46 Mev, any pronounced

variatione would seem rather unlikely.

e7- UCRL.-3846 .
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The expression 3 A . 3,1 + ! ’;x e *! assumes that all the meson

s-Zx p.4 x B

"interacnons are of an absorption nature and that the pions are not scattered in the

v : aucleus. Scattering would permit mesons, initially created at an energy too high

for detection by the counters, to be degraded in energy, before leaving the nucleue,;?"'
Lo .aufficxently to be detected. Mc\'oy18 has shown that the contribution of such’ ‘

" gcattered pions to the: experimentally measured cross sectiona would have a’

dependence on x and A given by—(1-f)f where f= 3[ % + l+;n e'x]
2x x = SN

- and x = 2R/\ = Zro 1/3/)« . The contribution of v''s resulting from a charge

B 'exchange scattering of “0 ‘s would have a similar dependence on ) and R. Fot

a ngen A these scattered-m contributions have an efficiency, (1-f)f, which .

' decreases less rapidly with increasing A than the direct contribution, f, does.’
Thus,. the presence of a scattering-in contribution would, if anything, raise the

predlcted production efficiency at the heavy nuclei. So scatte ring effects would

B not improve the theoretical agreement with the data between 22.5 and 65 Mev,

Theoretical predictions of the A dependence of the pion production

- ‘efﬂciency based on the optical model and the effects considered above are
o superimposed on the data in Figs. 7,8,9, ‘and 10. Theoreucal curves are given
++ both with aﬂwwithout consideration of the effect of the Coulomb potential, '

At pion energies of 12 £ 6 Mev and 16.5 £ 4.5 Mev, effects of the Coulomb

_‘ potenﬁal are seen to be sufficient to bring the theoretical predictions into general
- agreement with the data, Similarly, consideration of the effects of the Coulomb

potential on the optical model predictions at 95 = 3 Mev and at 125 & 3 Mev gseems

Ahearly sufficient to explain the data. The slight discrepancy that still exists could
‘probably be explained by considering differences in the internal momentum distri-
Abution of the various nuclei. At the intermediate energies, 22.5 to 65 Mev. the

data seem to be somewhat lower than predictione based on the effects considered
above. However, these theoretical predictions are based on anunyy approximations
and might well be brought into agreement with the data if more detatled calculations

‘are made.
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In addition to the optical model as considered above another mechanism .
which would effect the. photopion productionsefficiency has been postulated by

'iBuﬂer. 19 He suggested that photomesons are produced preferentially on the:

 surface of nuclei, producnon in thé nuclear core being suppressed. A mechanism
R for such suppression, in which the emitted meson is reabsorbed by the parent

" 'nucleon and its nearest neighbor. wag proposed by Wilson. 20 This surface.

- production model predicts al/Aa 1/3 production efficiency regardless di_‘ thef,
magnitude of the mean free path for meson absorption. Although the results of
this experiment are consistent with such a surface production model; it does not
appear to be necessary to invoke its additional assumptions since the data are '

'a?.lisio° in fair agreement with the optical model.
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Table 1
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'Relative positive-pion yields per proton in the nucleus at 135° to the incident

-beam,

”  value of 1,00,

At each pion energy the relative yields have keen normalwed to a carbon

Target Nucleus

1

v :’Pion energy H < Al Cu Ag _I-_’_t_:“
; ' (Mev) :
12 %6 2.612,76  1.00%.09 0.77#.12 0.68%.10  0.452.08  0.31£.06
" 16.5%4.5 2.46£.36  1.00£.06  0.98+.09 0.76£.08  0.458.05  0.28%:04 .
L 22.546.0  1.26£.27  1.00£.04 0.77£.04 0.67£04  0.51£.06  0.30£.04 |
30 4.5 | 1.00£,05  0.92#.05 0.79£.05  0.60£.06  0.31%.09.° ©
36 &4 1.73£.36  1.00£,03  0.89£,03 0.74%£.03  0.66£.03  0.43£.06
46 =4 1.924,16  1.004,04  0.89£.04 0.765.04  0.65%.04 0,494,083
65 £4 1.95%£,42  1.00£.03  0.86+.03 0.644.03  0.61£.03  0.424.04 =
.95 3 1.00+.08 1.03£.09 . 1.15%10 0,802 ° 7
125 3 1.00.14 1.754.30  1.96%,28 1.70+:30"
U e Lable I1 N
”""'-'.‘..'Relanve positive -pion yields per proton in the nucleus at 45°, 90°, 120 P 135

‘and 150° to the incident beam.

*':.,;._‘.,:notmalized to a carbon value of 1.00 at 1359,

At each pion energy the relative yxelds have been B

Target Nucleus

Tt fame 2 ¢ e om0
” 46 £4 45 1.232.19  0.752.04  0.51#.04 0.44%.04 . _

- 90 2.19£,.24  1,05£.04  0.752.04 -0.71£.04 . 0.43%£.07
“ 120 2.03£.26  1.05£.04  0.78£.04 0.59£.04  0.56.07
- 135 1.92¢£.16  1.00£.04  0.76£.04 0.65£.04  0.49%.03
A 150 1.774.23  0.95£.04  0.724.05 0.67%.05  0.42%.,05 -

65 4 45 1.292,21  0.84£,05  0.484,04 0.412,04  0.36%,05

90 2.16£.24  1,16£.05  0.78£.05 0.60%,05  0.44%,04

* 120 2.20£.21  1,09£.04  0.69+.04 0.62£.04  0.46%.04
135 1.93£.42  1.00£.03  0.64%£,03 0.61£.03  0.424£.04

) 150 1.70£.23  0.912.04  0.602,04 0.60£.05  0.442.05




Table 1II

ema i e
sy oarn

Relatiw}e ylelds of pio%s of various energies from carbon
at 90° and 135°

Mean pion energy 90° : 135°
(Mev) S
45 94.243.8  19.062.9
65 82.444.2 - 65.643.0
85 55,1£3,0 31.9%2.0
105 29.9%2.0 11.241.4 -
125 8.6%1.,0

2.120.6




© Fig.

: Fig.

. i CFig.

~ Fig.

Fig.

Fig.

Fig.

f‘ig.

-13- UCRL-3846
LEGENDS R ‘-
1. Experimental lay-out showing relative positions of tafget, detector,
and shielding both without, Fig. (1-a), and with, Fig. (l-b), a magnetic .
field for deflecting the pions. ,
2. Block dxagram of electronic detecting apparatus.
3. Relative wt yields per proton in the nucieus at 135° normalized to a

" carbon value of 1,00, Superimposed on the data are curves for a consta.nt ‘

and for a l/A 1/3 production efficiency.

4. Relative w' yields per proton in the nucleus at energies of 46 and 65

"'Mev and at angles of 45°, 90°, 120°, and 150°. The yields at each energy

‘and angle are normalized to a carbon value of 1.00. Superimposed on the

1/3 production efficiency.

data are curves for a constant and for a 1/A
5. Ene rgy digtribution of w* mesons from carbon at 135°, Only relative .
crosas eections are given, |

6. Ratios of w* photomeson production efficiency from carbon relative

to hydrogen at backward angles. '

7. Relative n* yields per proton in the nucleus at 135° at pion energ:ee

of 12 and 16.5 Mev. The yields at each energy are normalized to a carbon
“value of 1,00. The dashed curve represents the yield calculated on the
basis of the optical model with ne_g!ei:t of the Coulomb potential., The

molid curve represents the yield prédicted when the effects of the Coulomb

" potential are included.

8. Relative wt yields per proton in the nucleus at 135° at pion energies of

© 22,5, 30, and 36 Mev, The yields at each energy are normalized to a carbon

value of 1.00. The dashed curve represents the yield calculated on the basis
of:the optical model with neglect of the Coulomb potential. The solid curve
represents the yield predicted when the effects of Coulomb pctential are
included, :

9. Relative w' yields per proton in t.he nucleus at 135 ‘at pion energiee of

46 and 65 Mev. The yields at each energy are normalized to a carbon value
of 1.00. The curve represents the yield calculated on the basis of the
optical model with neg’lect of the Coulomb potential. Since at these ene 'zfgies

' the Coulomb barrier has little influence and the production cross sections

can be considered independent of energy, effects of the Coulomb potential

~ are not considered.
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10. Rela'tive tr+'yields per proton in the nucleus at 135° at pion energies of .
95 and 125 -Mev. The ylelds at each energy are normalized to a carbon

value of 1.00. The dashed curve represents the yield calculated on the ba'aié o

.of the optical model with neglect of the Coulomb potential. At fhese
?er_xer'gies‘the Coulomb potential is important oniy because of the stfong
dependence of the production cross section on pion energy. The solid |
curve represehta the yield prediétea in the pr'esenvce of a Coulomb
potentjal when the dependence of the yield on pion energy shown in Fig. 5

' {s included.
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