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ABSTRACT
Photopion production experiments are reviewed from an experimental point
of view. The experimeéntal results and their limitations are discﬁssed for

both charged and neutral pions.
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PHOTOPION PRODUCT 10N
Richard Madey

Radiation Laboratory, Department of Physics
University of California, Berkeley, California

June 27, 1952
I. INTRODUCT ION

The purpose of the following survey is to try to assess the contributicn
of photopion production experiments to our present knowledge of the nature of
the pion field and of the character of the pion-nucleon coupling., This material
was first preseﬁted in lecture form to members of the theorétiéal group at the
Radiation Laboratory. |

No direct cosmic ray experiments have been performed with photon produced
pions; however, the production of picns by photons, which were genergted by
the Berkeley synchrotron, was definitely established in 1949 by McMiilan and

' Petersonl.

II, .THE PHOTOPRODUCTION OF CHARGED PIONS

A, The Negative to Positive Ratio_of the Production Cross Sections

1. Deuterium
a. The Experimental Evidence
1) ‘NuglearﬂEmglsion_Deﬁegtionguv
The nuclear emulsion data prpvides evidehce that the nega-~
tive to positive ratio from a Dy gas target has a value close to ﬁnity and
is relatively insensitive eithef to the energy or to the angle of production,

The results are shown in Table 1.
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TABLE1. The Negative.to Positive.Ratio.of Pions. from Deuterium

Angle © E (Mev) Ratio Ratio
: (Alternate Method)
45° 43 0,79 £ 0,21 0,75 0,22
57 1.04 * 0.16 1.15 ¥ 0,21
87 0.89 * 0,21 0,91 £ 0,24
128 0,99 £ 0.30 0,73 £ 0,26
450 (Mean) 0096 X 0,10 Oo94 k4 0,13
90° C 34 1,24 * 0,20 1.38 * 0,32
70 0,98 £ 0,14 1.08 £ 0,19
90° (Mean) 1,09 ¥ 0,12 1,20 2 0,17
1350 39 1.37 0,22 1,06 % 0,20
57 . 1,05 * 0,18 1.13 2 0,26
135° (Mean) . 1,21 ¥ Q.17 1,08 * 0,16
All Angles ' : . ' -
(Mean) 1,07 % 0, 1,04 ¥ 0,09

Q
3

Results have beeﬁ obtained at three production angles, vi#° 6 = 45°rizg,_
'990 * 16°, 135° ¥ 10°, The’productién angles were defined by chaﬁnelé-lined
with granium° Data.hastbeen coilected at four production energies fo:H6 : 45°
and two production‘ene;giés each at 0= 9Q° and 6 = 13500 .The,enérgies héve
been defined by means éf‘absorb’er_s° The efrgrs‘shown are standérd deviaﬁions
due.to statistics 6ﬁly.~. | | _ | | o .
'ﬂ_2)’“quublé Focusing Magnef‘and Cquntéf$3
'7. ALitta§ef and Walker? uéed a;dougléZf¢cusing'magnetic
analyzer of Canac? tolfocﬁsvcharged pionsvonﬂb an afray>of.00unteréo They
found a W/t ratio'9f 1,l9 f,O,iZ for a pion enérgy of 65 * 15 Mev- and for
a pion production>ang1eiqf 135°; This value has beén,coffgcted for Y-ray ab-
sorption in thé targéi; The»timé Qf'fligh£ bf pions throuéh ihéyébparatus is
of the order of OQérhélf tﬁezhean life of the pidﬁs.(or.about lO‘SlseGOndS)o
b. The Ph&sicai Interpretati6n | |
| 'i) _.fo‘the approximétion»that the neutron-neutron fofces
are eéualito thg protoﬁ_proton forces, this'expéfimental result‘is an argument

that the nucleonic charge should not affect the photo-pibn produdtion process
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excepf, for determining the pionic charge,
2) Theoretical calculations have been made by Breuckner
and Goldberger*6 and by Breuckner'7 of the negative to positive ratio for the photo

pion production from free nucleons. If the interaétion of the electromagnetic

field of the photon is assumed to be only with the currents resulting from the
chargés of the '.moving protons and pions, then the calculation yields a ratio

of the negative to the positive cross sections that depends both on the en-

_ergy and the angle of pion production and that has values always greater than

one,

"The simple classical argument of Breuckner and Goldberger pointed out
that there is aﬁ esséntial asynnnetry in the préduction of ne_gative‘ and posi-
tive pions., ' When the hegative pions are produced from neufrons, the -charge-
carrying nucieon is the.-‘f‘inal proton with large recoil velocity. When posi-
tive pions"are produced, the proton is initially at rest and does ﬁot interact
through its éhai‘geo Thus, if photopion production is assumeci th> take place
accordir‘xg‘ to the reactions Y + N+ pand Y+ p—ywt+n, and if a GOX)

. C, -3 ) .
type interaction is assumed, where j = the current arising from a moving charge

N :
and A = the vector potential of the electromagnetic field, then the ratio of

the production cross. sections is

. e 2
O-Tr+ - ' (j"A) TT"‘ '
o - il 2 -
' " (J 01),“__ +_(J°i)recoil P
3 32 » o ' - ‘
Now, put j.A = ev.4 , and after some algebra, the result is
1 - 6 ros B _ ' .

: (;71.,, [l - ﬁ%z (1 - g cos 9):|‘ L= F (T;,r’ 8), where g’;iq?r'f- T ; M= nucleon

rest mass, © = pion "prqducjtion,a'ngle , and v. = g .¢ = pion velocity,
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Some typical values of this ratio for production at a laboratory angle

of 90° are:

ar= _ | 1.55 at Ty = 40 Mev

o
'oHT+¥' \ ,
1.83 at Tﬂ = 100 Mev

[:See Figure 1 of‘Bréuckner, Phys. Rev. 79, 641 (1950) for detailed dependence
of 7~ on © and T’F';]
0“17“ _
Effects of Coulomb field have been neglecied; celculations show that Cou-
lomb effect < 5 percent for T1r= 30 Mev,

- Disagreement of this theory ﬁith experiment is possibly due to fact that
assumption of negligible n—y‘intéraction is wrong, i.e. the interaction of the
neutron through its magnetic moment with the electromagnetic field probably
plays an impoftant role in éhoto pion production. Indeed, if the photon inter-
action with fhe magnetic moment of the struck nucleon is the predbminating
intefactidh, then the resulting thééretical expresgion for the negative to posi-
tive ratio is esseﬁiially independent both of the energy and the angle of pro- :
duction., The ratio has a value near unity proviaed the numerical values of
the anomalous magnetic moments, which are observed in a static field, are used. -
This assumption of the value of the anomalous moment observed in a static field
is probably the weakést point of the argument. |

Thus, the theory of the production process may be in agreement with the
experimental results if the prédominating interaction of the photon is with

the magnetic moment rather than with the moving charges of the struck nucleons,

2, The Z-dependence of W~ /1t Ratio

Several'investigatqfs have contributed to our present knowledge of the

w/w*ratio from light nuclei.

The ¥ /w*ratio from carbon was found by McMillan, Peterson and White8
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and‘by”?et§rsop; Gilbertjand White8 tonhave a vglue near_unity"(ﬁi 103)dand to
be_fairly independent»Of both-the energy and angle of observatiéno Thgse results
.wgre gbtaingd with nuclear eﬁulsion techniques9 Jakobséng_used ﬁhe nuclear
gmulsion techniQue to measure thé_negative'to positive ratio from 2He4 at a
production angle of 45°, His value of 0,99 * 0,15 is integrated over the pion
productién energies. |

The effect of nuclear structure on the negative to positive ratio is not
easily interpretgble‘quantitativeiy9 becanse the pion-nucleon interaction méy
be different.for ﬁhe'phétonproduction from a bound nucleon than from a free
nucleon, and also because the nuclear interactions of the pioﬁs before leav—
ing the nucleus héve to be considered. If these two considérations are neg-
lected for tﬁe photo-pion production from carbon; thén the interpretation is.
the same as that for deuterium, namely that the predqminant interaction of the
photén is with the magnetic moments rather than with the moving charges 6f the
struqk nucleoﬁso | | |

Littauver and Walke'r3 have obtained some interesting results for a production
angle of 135° and a production energy of 65 ¥ 15 Mev®, An especially prominent
deviation from a neéative to positive ratio near unity was observed from the

40

"double magic™ ,4Ca™" nucleus.

The 7 /nt ratios of the symmetrical (N = Z) nuclei that they observed

seem to fall on a smooth curve., They observed /4" ratios from lHZ, 6012,

80169 16532’ ZOGaAO targets and obtained the following results:

Nucleus v ¥~ /¥ per nucleus
F 119 %042
12 1,06 T 0,02

6C
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Nucleus | a1/t per nucleus
8oi6 o 1.04.% 0.05
165° - 0,85 £ 0,03
200a*° 7 0.58%0,06

No stable symmetrlcal Nuclei exist with mass number A > 40
The 11 ~/11* ratios of the nuclei 3Li7, ABeg, 9F19, 13A127, 15P3l, 19K39

each- having one unpaired neutron were found to be

3Li7 B 2,06 £0.18

4Be? | 2.25 £ 0.11 (cf. 6C'2 = 1,06 £ 0,02)
o7 | "1.42 £ 0,05
134127 1,20 £ 0.05

s 1.04 * 0,06
19K39_ . 1.02%foa

The negatlve to. p051tive ratios, measured by thtauer and Walker, are
plotted 1n Flgure 1l as.a functlon of the mass number, _ _;

Machida and Tamuralo obtalned excellent agreement with the experlmental

, results of thtauer and Walker for the negative to pos1tive ratio from light

nuclei° They assumed that pion production tdes place from a tightly bound .
alpha cluster w1thin the nucleus° The tlght bindlng means that re001l energy
is divided uniformly among all nucleons constitutlng the alpha cluster, there=
fore, in the flnal state, theﬁprobahility of protons belng in the nucleus
will be reduced compared to that for neutrons by the effect of the coulomb
potentlal barr;ero This reductlon of the probablllty for the final state
is larger for negatlve pion productlon than for p031t1ve p;on production
because three protons and one neutron exist in the final state for negative

pion production whereas three neutrons and one proton exist for positive

pion production. Since the coulomb effect increases with atomic number
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%4, the negative ﬁo positive ratio from the same type of nucleus (i.e. sym-
metrical or asymmertical) should decrease with 8, The asymmetrical nuclei
- were assumed to consist of a 'group of alpﬁa clusters plus zero, one, or iwo -
neutrons of protonso‘

Littauer and Walker have presented an empirical correlation of the

o1/t ratios with the mass differences Mg -1 = Mg 4+ 1 of the masses of the

ground states of the isobaré adjacent in € to the target nucleus, This
correlation is illustrated in two plots: Figure 2 shows the I /mtratios
and the mass diffefencés plotted against the atomic number, and Figure 3
shonvvs. the 7~ /41 Yratio piofted against the lmass differences.
_ Medicuslo-applied nucleaxj emulsion détection to obtain the ratio
("ﬁg/ﬂ"')Beé = 2,0 £ 0.3, at pion produc‘l}ioﬁ energies Ty= 40 = 70 Mev and
at the pion production anglé 8 = 909,

_ Carothersll has measured the m™/1r*ratio from Be? as a function of
production angle 86 af, a production energy Ty ~ 54 ¥ 16 Mev by means of BP
and time of flight, "\"He also measured this ratio from carbon at 9000 His

results are

8 | w/mt| Ty 54 % 16 Mev

600 1.93 £ 0.12
Be 9° 1,96 % 0.10
150° 1.92 £ 0.11
[¢ { 900 1,27 % 0,07

The magnitude of the difference between 'n’/v‘fratios from C12 and from
_Bé9 cannot bé explained mérely by the higher neutron-proton ra‘oié in the
Be? nucleus. Instead, the high Ti"/m*ratio from Be indicates .that the very
loose binding of the extra neutron in Be allows it to participate more ac-

tively in the production process than the other more tightly bound nucleons.
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For'gxamp}eévthg'ratio»of the yield from an unpaired neutron to that from
a paired neutrdg in Be9 may be obtained from the measurements by using the

following felationshipo

T unpaired neutren =, (77 4Be? 4
o paired neutron Cnvﬁﬁggclg

. The data of Littauér.and Walker give a value of 4.5 ¥ 0.4 for this
;ratio at a production angie.qf 135°§ | . .
“On the other hand, Carothers data at a 90° production angle gives the
value 2,2 £ 0,5 for the ratio of the yields from an unpaired neutron and
a paired neutron in Be9; however, this ratio is_qﬁité sensitive to small
changes in the measured values of fhe negative to positive ratios. The
positive pion photoproduction datal? at a producﬁion‘angle of 9Q° gives
the value 2.3 ¥ 0.4 for the ratio of the poSitive pion yield from hydrogen
to fﬁgt from a bound proton in beryllium.

14

Bo The Production of Positive Pions from Hydrogen

1. The Experimental Technique

Steinberger'andiBishoplL'identified positive pions with
scintillgtion counters bywequiringa delayed coincidence between the pulse
génératéd when the positive pion stopped in the material of‘the phosphor
and the subseqﬁent pulse geﬁerazed by the positron that fesulted from the
decay'éhéin A 7 . | |
- qrt——@q*;(ll/é = 2.6 x 108 sec)
wt— et (T1/e = 2.1:x 10~© sec)

The‘;esoiution of the electronic apparatus wasrinSufficiént'to distinguish

the separate pulSes.from‘thé M —> 4" part of the decay.
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20 The Angular Distribution from 255 Mev Photons

. B The kinematical relationship k = k(T , &), where k = the photon
energy, T = the pion production kinetic energy; and é S the pion production
ahgle, for the assumed iownbody reaction Y+ p— 1 "+n allows a measurement
of the angular distribution of the pions that are produced by'photons of a
given energy by appropriately varying the absorber thickness at each angle to
specify the pion production energy. In the Berkeley experiment, the meson range
was chosen at the various angles so that the responsible incident photons had
the energy 255 Mev in the laboratory system, or 204 Mev in the center of mass
system, | |

Figure / shows the differential production cross section ddydflin.cmzf

per steradian by 255 Mev photons versus the pion production angle in the center
of mass coordinéte system. This experimental curve has been describgd:éé'being
.'roughly isctropic, but perhaps with a slight peak in the backward diré¢£ion°
Now the angular distribution of a simple electric dipole effect.variesféccord=
ing to the function (sin ©/1 - € cos ©)2, where © is the pion 'pr'oductioﬁ angle
and.e is the pidn~Velocitya This function is sharply peaked; the retardaﬁion
factor in the denominator shifts the peak to the forward diréction;i Rathert
iéotropic angular distributions are predicted by those theories in which the -
electromagnetic interaction is chiefly with thé magnetic moment of the nuclecns

rather than with the electric charge of the pion,

3. The Energy Distribution at the Laboratory Angle of 909
¢ ~ Pion production energies were selected by means of aluminum
absorbers., Figures 5 and 6 show the.spectral'differential cross section

d___
dT dan| g = 900

-1
Q
in cm? per equivalent photon per Mev and per steradian at laboratory angle
of 900 versus the pion production kinetic energy. A comparison of the results
on a per nucleus basis for carbon and hydrogen shows that the cross section

of six bound protons in 6312 is only about twice that
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of a gingle free proton. The inhibition of this reaction for the case of protens

bound in nuclei is attributed!® to the Pauli Exclusion FPrinciple. The sffect
. of the exclusion.principle may be visualized gualitatively with the aid of the
independent particlé modél.(Fig. 7) ofvthﬁ carbon nucleus,

Since the target proton changes

its charge during the photoproduction

4

 process, the photon must transfer

sufficient momentun to the target

proton to elevate this nuclecn to

some higher energy state., Hence,

O~ ¢
R~ R B~
-® @ ~®

very small momentum transfers are

sup?ressed in the photo productioﬁ

. Fig. 7 : , of charged pions from'nucieons bound
in nuclel, This same result is

nsually expressed by saying that the volume availableAin the phase space of

the residual nucleon is greslsr for a free proton than fcr a bound protomn,

o The Excitation Function

The exc¢itation function of the differentiasl cross section is
derived from the energy distribution date. ILet the photon spectrum I(k) be

normalized seo that

Skmaix k) kax = k¢
“fo

where { is the number of %equivalent" photonslé incident on the target. Then
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where L %é?&fu is the number of pions per steradian per unit pion energy per
”equivalent" photon and per target atom, and where the derivative dIK/Hk b of -2
lates the produced pion energy interval to the produc1ng photon energy 1nterva1,
It is computed from the conservation laws for the two body brocesso -

2 per steradian at a

Figﬁre SIShCWs the differentia17éross section ihbcm
léboratory pion énglé of 90° as a function of photon energy for photon energies
in the iﬁterval from about 190 Mev to about 310 Mevo  This curve ié uncorrected
for nuclear absorp£i9n ofv.the‘pions° Nofe that the cross section rises approxi-
mately lineafly to a platéau which starts at phqtsn energiés of gbéut 260 ﬁev,'
the'magnitudé increases roughly by a factor of two’from‘its value at a photon
energy of 190 Mev to its value at a photon energy of about 260 Mev,

Co 1Dependence of the Production Cross Sections on the Atomic Number Z

and the Mass Number A

1. The Experimental Evidence

a, Electronic Identification of rfkby Delayed Coincidences with

Decay Flectronsl?

) Mozley12

employed the Steinberger-Bishop_electfonic‘method
of positive pion’detection to measﬁre the dependenice on the atomic number of
the prodﬁction cross section at the productiop.energies of 42 2 7 Mev and 76 % 6
Mev at the production angle of 90 i 8%, : The experimental'result, illustrated .

in Table 2, is that.thé yield per proton decreases with increasing atomic

number
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TABLE 2

Standard . Standard

deviation ' deviation

Element 42 Mev (percent) 76 Mev (percent)
H 6.6 17 8,07 11
Li 3,32 10 2,80 11
Be 2.82 11 2,13 10
B 3,02 11 2:,28 15
. C 2,60 6 1.93 5
Al 2,50 11 1,68 9
Cu 1,92 19 1,17 15
Sn 1,66 25 0.51 55
Pb 0.51 91 0.80 65

Identical shaped targets of approximately 1.5 g/cm2 were used except for the
tin and lead targets, which were about 1/10 the range; consequentlj, target

thickness corrections of about 10 percent were required for the tin and lead
-points. The other corrections required for pion fangeSX‘-ray absorption,.imn
purities, and decay of pions in flight were ofvthe order of 2 percent or less

in most cases, No correction was made for nuclear absorption of the pions in
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the material qf the absorbers., The hydrogen cross section wés obtained by

means of a polyethylene-carbon subtraction.

The number of positive.pions produced per nucleon in the target may be

fitted approximately by an Afl/3 curve, where A is the mass number of the

target nucleus. These data are not incompatible with the possibility that

only the nucleons on the surface of the nucleus take part in photo-pion pro-

duction.

bo Double Focusing Magnet and Counters’

Littauer and Walker® measured the yield of both posi=

tive and negative pions at a production angle of 135° and at a production

energy of 65 ¥ 15 Mev from several target elements. The results are given

in Table 2,
TABLE 3

Ele~- B .
ment A Z ¥ ev) Y (r-) Y (rH)+ ¥ 6) Y (w)/Y (et)
H 1 1 1,00 £ 0,05 0,04 £ 0,05 1,04 = 0,07 -
D 2 1 0,87 £ 0,07 1,04 10,07 1,91 £ 0,10 1,19 Q.12
Li 7 3 2,25 L 0,14  4.65 £ 0,28 6,90 £ 0,31 2,06 = 0,18
Be 9 L 2,39 £ 0,01 5039 £ 0,02 7,78t 0,03 2,25 L 0,11
c 12 6 3,54 £ 0,05 3,77 £ 0,06  7.31% 0,08 1,06 £ 0,02
0 16 8 4,08 £ 0,13  4.25 X 0.13 - 8,33 + 0,18 1,04 * 0,05

-~ F 19 9 4e26 1 0,13 6,04 0,14 10,3 = 0,18 1.42 = 6,05
£ 27 13 6,01 £ 0,20 7.18 £ 0,21  13.2 * 0.29 1,20 * 0,05
P 31 15 7025 % 0,28  7.54 L 0,28 148 & 0.4 1,04 £ 0,06
S 32 16  7.76 £ 0.18 6,63 £ 0,16 1hod L 0o24 0.85 © 0,03

> K 39 19 9037 : 0042 9058 i 0042 1900 Z 006 1002 't Ool
Ca 40 20 9.01 £ 0,46 5,20 T 046 1hol "L 0.7 0,58 £ 0,06 .
Mn 55 25  9,08% 0,56 10,9 & 0,7 20,0 0,9 1,20 £ 0.11
o 59 27 9,791 0,35 13,1 0,35 22,9 £ 0.5 1.34 £0.07:
is 75 33 0 9,721 0,49 13,9 F 0.7 23,6 % 0.9 1643 £ 041
I 127 53 15,8 0.7 23,2 £0.8 39.0 f1.1 1,46 + 0,08
Bi 209 83 19,2 % 1.4 25,3 T 1obh  4he5 £ 2.0 1.32 £ 0,12

4 9

The densities of the D, G, O, F, &1, P, 5, Ca, I, and Bi targets were adjusted.

by choosing the mode of subdivision and packing of the material so that the
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mean energy loss (~5 Mev) cf the escaping pions was roughly the same as
that in the uatef targeto The stopfing‘pOWer for pions was too low for Li
and K aﬁd too'high>for.the Be, Mn, Co, and As; The yields from D, F, Ca,
Mn, and As were obtained by a subtraction method. The measured counting
rates were’ corrected for the. measured dead-time loss | (-i5 percent), the
empty target background (,,10 percent), and the gamma ray absorptlon in
)'the target (usually 1 - 3 percent, but_reaching 30 percent for Bl)o

if pions that are created below tue surface of the nucleus have a small
escape probability;_then one would eipect that the sum of the yields per
nucleus of both positive.and-negative pions should'be prcporﬁicnal to the
. surface area of the nucleus° Indeed, because of the observed fluctuations
of the negative to pos1t1ve ratio w1th mass number, Littauer and Walker
cbtained a better fit to their:data by plotting the sum of the yields of
both positive and negat.,ivevpionsvvs° the mass numcer A than by plotting the
yield of eithervthe_positive or the negative pions alone vs, the mass'number
K. The total charged pion yieldiper nucleus is plotted in Figure 9 against
the logarithm of the mass number. The known absorptiou5 of pions in nuclear
. matter predict the observed A2/3 dependence in the case of the heavier nuclei.

. 2. The Physical Interpretatiqg

'AThe decrease in the charged pion-photoproduction cross sections
per nucleon versus the atomic number has been attriﬁuted to two causes.
Firstly, the exclusion principle limits the volume in phase space available
“ to the residual nucleon so that the cross section per bound nucleon is smaller

than the crcss.section_per free nucleon. Secondly, a furthef decrease is

~ ‘not incompatible
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_ wiph the possibilitj that only the nucleons on the surface of the gucleus take
part in photopion preduction. ~Since the mean free path for photons in nuclear
matter is large compared to the nﬁelear radius, the decrease in the photopion
yield versus Z cannot be exple;ned by "screening" of the internal nucleons from
the bombarding‘)k-ra;yé° If the entire decrease in the cross section per nucleon
vereus the atomic nuﬁber is assumed to be due to the egforption of outgoing
.piehs by nucleons, then an upper limit for the mean free path of pions in nucleer_”
“_ﬁefter is calculetedl7»to be_less than a small;ﬁultiple of the nuclear radius.: |
This conclusion is in‘agfeementbwith recent experiments oe nuclear interactions
of high energy plonso Since the nuclear interaction decreases rapidly with
decreas1ng plon energy, the yleld per nucleus of low energy pions mlght be

expected to increase directly as the mass number A of the target nucleus.

I1I, THE PHOTOPRODUCTION OF NEUTRAL PIONS

A, The f— $001n01dence Detectlon Techm.que18

~S‘teinberger, Panofsky anq Steller18 have developed the gamma—gaﬁma
coincidence technique.te study the;photoproduction of neutral pions, fThevgeometxy
of the detection apparatus for observingjw—xcoincidences'from ﬁeutral pion
disintegrations is shown in Fig. 10, Eachrseinti}lation_counter teleeeope con-
sists of'aﬁ anti—coiﬁcidence phosphor, a positron—electron pair converter of
hlgh energyzﬂrays, and two coincidence phosphors,_ An absorber may be introdﬁced;:i
between the two coin01dence phosphors to measure the energy of the conver51on .
' productso_ A "count" is registered if each of the four coincidence phosphors
responds simultaneouely (wiphin the resolution time of fhe apparatus) to a
pafticle‘of minimum ionization of more and neither of the two anti-coincidence
phosphors responds. The arguments for the detection of a neutraiwpion that

decays into twe gamma'rays are the following:
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1.7 The particles counted in each telescope are non—ionizihg initially

but are converted into ionizing radiation at the converter.

™ ‘

2. Data on the conversion products as a function of the converter thicke

ness and of the converter material are in agreement with the initial non-ion-

WL

izing radiation 'being ¥~rays but not neutrons.

#Y- TP the ionizing conversion prodqcts-are_assuméa to be pair electrons,
fﬁhen the gobserved mean eléctron‘energy of the more ehergetic of thé éair elec-
éfqns corresponds to aY'-ray énergy that is in good agreement with the.kinematics .
of a71°,.of rest mass oftébout 135 Mev, disintegrating into twog‘—rgys.

- 4o The angulaf correlation of the pﬁotons, no@ably the exigpgnc§~of‘a
minimum correlation éngle g, measured between the two telescope érms, iénin
agreement with the kinematical relationship approprigie to 77° disip@égfgtion.

’ B. The Depehdence of ﬁhe Production Cross Section on the Mass Nggber A

| or Atomié Number 2 | l
The Z dependencé'of neutral pion production was studied by measuring
the yield of y;&coincidences at a correlation angle qbz 750 and a "yoke" angle
°<:.45°o Thé,?yoke" angle defines ‘the orientafioﬁbwith respect to the beaﬁ
direction, of the plane containing the two télescopes, The "yoke" réfers to
the yoke-like mounting arrangement for the twthelescog§§, Theg‘—}ﬂcoincidehce
counts as a funétion of the atomic number Z of the targ;t material are tabulated

in Table 4
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TAELE 4
Material g/cm® . counts/monitor/nucléon Number of counts
observed
1 2.7 0,190 * 0,012 365
Be 8,80 0,148 * 0,007 458
c 8,09 0.145 £-0,009 307
A1 1.5 0,126 £ 0,012 129
Cu 0,90 0.077 ¥ 0,010 4
Pb 0039 00051 & 00020 ' 20
H | 0,208 0,025

' The G and Be targets were solid cylinders; the Li, A1, Cu and Pb target§ con-—
sisted of these elements inserted in bakelite cvlinders., ‘Thefbo yield per
nucleon is a decreasingifupctibn of Z, Figurell shows a logflog plot of the

7 yield per nueleon and also of the t{*yie}d per proton (according to Mozleylz)
versus A‘l/Be Both sets of data are compatible wi£h a straight line dependence
so that the yield is proportionai to ﬁhe‘nuelear area, Thus, if the decreasing
yields versus atomic number result from nuclear absorpiion of the picns, these

data suggest that the mean free path for absorption of neutral pions.is approxi-
M 'f;,“-‘

mately the same as that for charged pions.

Co The Disintegration Kinematics of Neutral Pions

Some kinematical relationships of neutrsal pion decay into two phoicns
aid in interpreting the gamma-gamme coincidence counting rates as a function

of the correlation angle ¥ and the yoke anglee{.
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The minimum'included‘angle ¢ﬁin between two'photons from a neutral pion
" -
of a given vslqcityfﬁc will occur when the photons are emitted, in the neutral
 pion rest frame, perpendicular to the direction of motion of the neutral pion.

Hence, from the geometry of Fig.12, we can write immediately cos Q_%ia - g

=l
=
T
[e]
Q
w
;
H
~_~

@

{a) : . {b)
B ; Fig, 12

Figure 13 shows a plot of ¢ﬁin versus the neutral pion kinetic energy in units
cf the rest mass of the neﬁtral pion. Note the qualitative feature that larger
neutral pion energies are associated with smaller values of the minimum cor-
relation angle @. | : -

If the &ecay photons are emitted isotropically in the neutral pion rest
fraﬁe, then the calculated probability P(¢) d@ of cbserving a given included
‘angle @ in the interval df from neutrsl pions of veioéity}S(ﬁhich is functionally
related to' f) is

I 1 , (1= B d
P($) d¢ = sin (1 - cos $)77/< ﬂ (2@2 -1 - cf; ¢)1/2

" This correlation function is shown (Figo li) plotted against @ for three values

of gcorrespdnding to neutral pion kinetic enwrgies of 20, 60 and 100 Mev,
Note that the probabiliﬁy for any given value of’@ is largest near the minimum
correlation angle g%in for that g . Hence, an approximate ons-to-one corres—

pondence exists between the cbserved correlation angles and the neutral pion
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irelocity° The detection efficiency'of the'experimental arrengement”further
emphasizes thismonefto—one:correspondnece; the reason is that, for a given
neutral pion velocity, both ¥ rays will have nigh energy and thus be detected .
efficientlj néar@z(’; ;m, wherees one of the two Y-rays will 5nav_e lou‘ener.gy:_
nearq) 1800 This discriminatory effect on the energy spectrum of tne neum
tral pions is greater for:the high energy end of the'ﬁg spectrumo The lowest
neutral pion energy that can produce'photons at a given correlation angle ﬁ’

is determined by the relation
, -E -

%min 2 gin_:, ‘ 1 .]_/4 f = CSC _é_ .
o "”6 mln) 2
or |

Do ggg Pﬁotoproduction of Neutral Pions from Begxllium

1. The Observed Angular Correlation

Figure15 shows the relative coincidence counting rates from
a beryllium target as & function of the correlation angle ¢ for three values
| of the yoke angle & = 459,.909, and.135 o The qualitative features of”the “
kinematics of neutral pion disintegration into two photons is confirmedwby
these spectra, Note that the minimum correlation angle decreesesiwith forward
yoke angles because the upper limit ~of neutral pion energy 1ncreaseso"

Ro The Epprox1mate Evaluatlon of the Eneggy Distribution of the

Neutral Pions h'

_ The energy distributlons shown in the first paper by Steinberger9
Panofsky and S’teller18 have been evaluated from the observed angular cor*elation
curves by assuming that the energy)‘G=HE/Eo)_of the neutral pions at a given

wJ :
correlation angle Q is given by the median correlation angle, viz.
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’ L : 2
#edian ='2-s%??? (3p= +1)/%
The fact that neutrai.pisﬁé of a given energy are concentrated heavily within
a small range of'co;§éf;%§6h'ghgles is illustrated once more by the following
example, For 70 Mev neuf?al pions, the minimum correlation angle is‘84°§ the
median correlation angle is 92°, The ‘energy’distribition at yoke angles of
45° and 135° were»evaluéﬁéd Ey making the further assumption that the production
angles do not deviate very much from the yoke angle, The basis for this aén
sumption is the near ¢pé;t§§one correspondence between the observed correlation
angle and ﬁhe neutré[ipibn:§éio¢it&, A yoke angle of 90O collects Y- aﬁcdinci-
dence counts from neutral pions emitted always at production angles of 90°

a yoke angle other than 90 collectsg‘ rcoincidence counts from neutrsal pions

emitted over a distributjon of productlon angles for a dlstributlon of neutral

pion velocities,

The energy distribﬁfibn 6f the neutral pions appears in the integrand of

an integral equa.tion foﬁ the U‘aa"coincldence counting rate. This vin'tegral'
equation has been wriz own'and inverted exactly19 by farmal methods fa'
a yoke angle of'9b;' : ;lfersion has not been aceompllshed at s more gen-f'
eral yoke angle chlefly‘because:of the complicated relations 1ntroduced by the
more general geometry., If N& (,¢,O<) d@ de{represents the observed J'=}*coinci-
dence counting rate at a correlataon angle ¢ in the range d¢ and at a yoke

angle A in the range. ddé then sincec( Q= .Zl :
p(qz) am%@-’l&dz I )
L : LTy 2“531n 0d Q

where ﬁ“&éﬁfg;ég) is the spectral differential cross section per equivalent

photon and per target atom for production of neutral pions at a laboratcry angle

of 90 and at a laboratory energy E in the range dE.
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AL, and A7, are the solid angles subtended at the production targets by

2
the 1im1ting aperture of each telescopeo
A ‘ .
The factor >hsin $.4 0 gives the probability of catching the second

.f-ray in the second telescope, after having already caught the first‘fLray
in the first telescope. | |

The factor 2 appears because the photons are'indistinguishable,'that is,
eithef,f&ray can be caught in the first telescope., |

Eﬁax is the energetic upper limit of the produétioﬂ process,

Emin is the lowest neutral pion energy that can produce 8‘-.¥coin__cv=idences
at a cbrrelation angle ¢o We wrote-down previously that Emin = E cse gi,_

For the purposes of "unfolding® the energy distribution, note that the

integral to be inverted has the form

N .
¢ (¢)~ [d%a—%- 8 (¢), E) dE— iél & O; (4,E)a B

Panofsky et all®

fitted the obserﬁed angular cqrrelation curve for € ='900

by a finite number N of step furictions and "synthesized" a step function en-.

ergy distributioﬁ as follows: v | | o n
Since GV~ Z A TYN (@ s E )AEi, the N a.rbitrary amplitudes 4; are ob-

tained by fltﬁln;_%he observed angular correlation curve at N p01nts and solva

ing N 51mu1taneous linear equations. This analysis is illustratgd in Fig. 16.

For example, picking a value ¢ determines CNo Then, by also-choosing a value

of E ﬁ (¢ Ei)_is determined,

Fig. 16
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-Figure 17 shows the ene£gy'distribution of neutral pions that would give
rise*té”thefebsefved"yivrebintidenCé correlation curve for a yoke angle of 909
from a berylliﬁm-targetzJ‘THe'fi% is made with six nsquare step® distributiems
of suitably adjusted émpii%ﬁde;-k~ | ‘

Piguis 18 eHQWSL&‘06mpefiéen of -the observed correlation data with the
curve7Eelcu1éted'on“theQbaSiSEbf?theﬂ"Square step" energy distributicn of Fig,
17. The observed correlation curves are not very sensitive to-details in the;r;
energy distribution@'Buﬁ'theyfarelsufficiently_sensitive to give the rela-
tive amounts of low energy and high energy contributions in the distributionp
The ?eason is that each high energy component will contribute intensity between
the corresponding lower limiting éorrelation angle and 180°° Hence, if the high :
energy .components already account for the entire intensity at ﬁvz 18009 then
very little low energy ceﬁpoﬁents cah>be present, The sypthesized-energyvdisw
' tlrbutlonmshows that thls is the case for’ho's from Be. Figure 19 shows in con-
trast the expected correlatlon curve, if theYT energy distribution had been

identical with theZY*'spectrum.photoproduced from .Hﬁ at 909145

3. The AbedluterCross Sections and the Angular Distribution of

3

Neutral Pions from Berzllium

’The absolute crcss sections per effective quantum are. dlreetly _
obtainable by numerlcal-integratlon of the observed angular correlatioen date.

The published results are:

o  dc(e)
- an | |
‘ 45°>ej “hebl x 10™2? cmz/effective quantum/%teradian
90° 3,13 |
135°  1.06

:/f%jf dn = 3.7x 10728 sz/effeeitve quantum
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\True absolute cross sedtions perzphotén at a definite photon energy can
be derived from obsérved_datafin'the following approximatioriso
a, The production kinematies of a neutral pion that is photo-
produced'from'a Be nucieus is the same as that from a free nucleon. That is,
a unique relatiéhship is assumed betwgen the neutral pion energy, at productien,
and the primary photon bombarding energy.

, ~ b, The one-to-one coriespondence between the correlation angle
¢ and the neutral pion velocity is exact, That is, the calculated angular
correlatipn curves ére assumed to be delta functions located at a mean cbrrelation
angle;-hence5 the "yoke" angle ol is taken equal to the production gngle @ for
"yoke™ angles differght‘fromhéoo. | |

C. The ﬁumber of quanta in a primafy X~-ray energy inpervai
dk of the bremsstfahlung 3peétrum from the synchr&tron is given very closely
by 4@ = Q dk/k . | |
The correiatﬂon_angie~was.adjusted at each produ¢£ion angle %o correspend
to the production of néutrél pions from 260 Mev photonso. The differential

cross sections, calculated:in-these approgimations from the observed data, are

given in Table 5.
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TABLE 5
Angular distribution ofrTO photoproduction in beryllium

(The zero subscrlpts refer to quantities in the center of mass coordinate

system)
0 | € 8, ga"(k 260 gezg29 5%%} 10720
| cm?/steradian em®; steradian
70° 3°  w® © 4.66 0,27 2,35 £ 0.14
759 45° 571/ 7064 t 0,36 4e52 & 0,22
- 80° 55° 692 | 6069 £ 0,33 4o52 % 0,22
g2 1/2° 67 1/2° 83° 7,36 & 0,37 5,90 & 0.30
90° C9° 106° 50,62 * 0,26 6033 * 0,29
97 1/2°  112°  126° 3,00 & 0,22 | 453 % 0.33
105°  135° 145° 1.35 + 0.10 2,52 £ 0,21
115°  150°  157° 0,676+ 0,08 1.42 & 0,17

The integrated neutral pion production cross section for 260 Mev photons
is 5 55 % 10728 cm? per beryllium nucleus. (The integrated poasitive pion pro-
duction cross section for 255 Mev photons,is'lo9 £ 0.3 x 10-28 cm2 per hydfogen
nucleus)° The fact that the total cross section per 260 Mev photon is almost

twice as large as the value (3.7 x 10778

en) quoted per effective quantum is
reasonable since the excitation function rises slowly near thresholdo

The autpors claim that-the quoted absclute walues should be accuratévto
a factor of iwo; hdwever, three significant figures are given'tc pernit internal
.comparison, Proeable errors refer to St&tlSulGS onlye |

Figure 16 1s ‘e plot of the absolute cross section per 260 Mev photon for

neutral pion production from Be as a function of the leboratory producticn
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' angle. Thié result, based on the above anélysisg indicates that the anguiar
distribution for the photoproductioﬁ of neuﬁral pions from photons of a given
energy is strongly péaked forward in thevlaboratory coordinate systemo.

If this angular distribution is transformed to the center af mass coordinate
system, then the result®* is shown in Figo,21o The positivevpion angular dis-
tribution from hydrogen is plotted also for comparison, _

Three effects would make the angular distribution of neutral pions from
é beryllium nucleus differ from that from a free proton.

a. The ée croSs_Seetion includes production both from protons
and peutrons,

| bs The internal motion of the nucleons in Be would favor the

productién of neutral pions from nucleoﬁs that are moving toward the bombarding
photons .because of the steep excitation function for‘the neutral pion photo-
production process.

Co The exclusion principle could introduce a modification |
because the energy available to the recoil nucleon is a function of the neutral

pion production angle,

E. The Photoproduction of Neutral Pions from Hydrogen (Preliminary Date). -

1. The Cross Sections

a. The Polyethylene (GHz) - Carbon Subtraction Method
' No data Qere taken on either the correlation function or

the angular distribution beéduse adequate statistics were difficult to obtain

% The calculation of the center of mass angular distribution from the laboratory
angular distribution was accomplished by assuming that the kinematics of
the reactiony+ p—=75° + p is the same as the kinematics for the reaction
¥+ n—=~n=+ po This assumption was made for convenience because ,the kine-
matics of the latter reaction had already been calculated in detail<0,
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with the subtraction method; however, data were observed at the correlation

angle of 90° and at the yoke angle of 90°, These data_give the result that

- |
H - 0,120 t 0,025
Hi

If the correlation functions for hjdrogen aﬁd beryllium are assumed to be simi-
lar, then the total cfoss section for néutral pion photopreduction from hydrogen
is estimated to be |
o g = 0,60 x 10728 cp?/effective quantum at 320_Mev;
b. The Production from Liguid Hydrogen

Figure 22 shows some preliminary angular correlation data
for the photoﬁroduction of neutral pions from liquid hydrogen ét a prodw tion
angle of 90°, Angular correlation daté were also t&ken aﬁ 8 yoke angle of |
4500‘ Note that the observed angular correlation from hydrogen is very similar

.%o that from bei'yllium° Absolute cross sections were estimated from these

data to be
%g% o = 3,5 x 10-30 ¢u2/steradian/effective quantun
e = 90° S
%ﬁi = 8,2 x 1003 oz?/ steradian/ effective quantum.
92450 '

Ve i 0.55 % 10‘28 cmz/effective quantum,
Théftétal'cross section is in gbodvagreement'with the result derived from the
subtraction method. | |
A correction factor of 0,70 ¥ 0,05 was applied to the raw data from liquid
hydrogen because the empty target background averaged 30 ¥ § percent, and sta-
tistics were inSufficient to justify a point-by-point correction of the observed

data,
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2 The Excitation Function

-Figure 23 is a step function energy spectrum that is compatible
with the obgerved gamma-gamma coincidenée angular correlation from neutral pion
.‘photoproduction at 90% This four step energy ‘distribution was synthesized
for the hydrogen data in the s=me manﬁér as that for the beryliium data,

The solidvcﬁrve on Fig, 22 is the expected correlation curve if the spectrum
wgpe,this synthesized four step spectrum, The dotted curve is the expected
cofrelation curve if neutral and positive photopion production were identical,

This analysis of the observed angular correlation curve from liquid hydrogen
leads to the conclusion that the excitation function for the photoproduction of

neutral picns has a higher 6rder contact near threshold than that for gositive pions.

This conclusion, that the neutral pion photo excitation curve starts more slowly
from threshold than the positive pion photo excitation curve, has been verified
independently by the experiment of Silvermen and StearnsL at, Cornell,

F. The Photoproduction of Neutral Pions from Hydrogen

1. The Experimental Techniguse
21

Silverman and Stearns at Cornell observed the reacticn

\

¥+ p— 7%+ p by detecting coincidences between the recoil proton and one of
the dec;y photons.from the neutral pion. The experimentél arrangement is shown
schematically in Fig. 2. The rece&iéﬁfotﬁns come to rest in a Nal phosphor,
twhiég is located at 30° % 3° to the beam;: the puise height in théwproton de-
tector is a measure of the protdﬁh%heféé:jgﬁe f=fay detector consists of an
gnticoihcidence phosphor, a positron-electron pair converter of high energy
gamma rays, and two coincidence phosphoré: ~For a proton angle of BQQ,_the
correlated neutral pioﬁ angle is 90 % 10° for incident photons between éQG

Mev and 310 Mev; hence the y-ray détéctcr-was éet at 90° with an ang?;ar apere

ture of * 59 The y-ray counter was placed in the direction of emission of
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thevneutral pion for maximum efficiency.  Very thin polyethylene (GHQ) and
carbon targets were réquired in order to prevent exbessive degradation of the 
energy of the recoil protdns in the target. The CH2 target was 0.23.g/cm2
(O.lOOth“thick;vthe thickness of the carbon target was chosen to provide

equal stopping power for protons,

2., The Excitation Function and the Cross Section

The measurements of the énergy<and the angle of the fecoil pro-

ton are sufficient to uniquely determine the kinematics of this reaction., The .

croés section for neutral pion production at 90° in the laboratory system as
a function of the incident géhma ray energy is shown in Fig. 25, The indicated
errors include estimated instrumental as well as statistical errors. The data
can be fitted by‘the pqwer;law'
%ff Ak ﬁ24)1.8 X 0.5

where k = the bémbérdiﬁg'photon energy, and

M = the rest nass of the neatrai pion.
The curvature .of the nggﬁral pion excitation functipn is 'in sharp contrast

with the curvature of thefpoéitive pion excitation function. The data of Stein-

der
d-
The absolute magnitudes of the two cross sections are roughly the same at a

berger and Bishop can be approximated very crudely by ~ (k= )095 o
bombarding energy of 300 Mev.

3. The Angular Distribution

| The ratio of thérdifferential cross sections at the labofatary

pfbductioh angles of 60° and 90° for photons from 250 Mev to 310 Mev is

b

- o
8=80° - 1.50 t 0,25;
de

P
46 = 900



cm?®

STER.

X IO30 '

10.0

75

Ho

(35)

N
3]

-48

T T T T T T T T T
40\ 20 7 1330, |
(o) =27 x10°0CMrpg e
2 ' -

1

R

N A D D I R I I

145160 180 200 220 240 260 280 300 326
E (MEV)

 MU3887

Fig. 25



45— UCRL-1856

the ratio of the differential cross sections at the corresponding center of

. mass production-angles of 760 and 1129 is

&%)
ads °o = 769

) = 1.10 t 0020
(=) '

d/g = 1120

]
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ILLUSTRATICNS

The negative to positive ratio of the production cross sections
versus the nuclear mass number of the target nucleus,

The negative to positive ratio of the production cross sections
and the mass differences of the ground states of the iscbars ad-
jacent in stomic number to the target nucleus versus the atomic
number ¢f the target nucleus.

The negative to positive rétio of the production cross sections
versus the mass difference of the ground stetes of the iscobars
adjacent in atomic number to the target nucleus.

Angular distributicon for the production of positive pions by 255
Mewv photons on hydrogen.

Energy distribution of positive pions produced at 90° by 325 Mev
maximum energy bremsstrahlung on carbon and on hydrogen by sub-
traction.

Energy distribution of positive pions produced at 90° by 325 Mev
maximum energy bremsstrahlung on a liguid hydrogen target.  The
s0lid curve represents the number of photons per unit pion energy,

viz. & 2L,
aE
Independent particle model of the G2 nucleus.

Excitation function for the production of pesitive pions by photons
on hydrogen at 90° to the beam.

The total charged pion yield per nucleus versus the logarithm of
the mass number of the target nucleus.

Geometry of the detection apparatus for observing gamma-gamma
coincidences from neutral pion disintegrations. The ®correlation
angle®g and the "Lelescope plane angle" or "yoke angle® © (approxi-
mately the neutral pion production angle) are indicated.

Cross section of neutral pion production per nuclecn and cross
sec?ion of positive pion production per proton plotted ageinst
A=1/3, vhere & is the mass number,

Disintegration of a neutral pion into two gamma rays (a) transverse

and (b) parallel to the neutral pion velocity vector,

Plot of the neutral picn kinétic energy in units of the rest mass
of the neutral pion versus the minimum correlation angle @ no

Plot‘of‘§i£l= against the correlation angle ¢ for three values

of the ngﬁ%ﬁgl plon kinetic energy. This function is the relative -
detegtion probability for a given correlated Y ray pair,
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Fig. 15 The relative gamma-gamma coincidence counting rates from a berrylium
target as a function of the correlation angle @ for three values
of the telescope plane angle 8.

Figs 166 Tllustration of the method of synthesizing a step function energy
distribution from en experimental gamma-gamma coincidence correlation
curve,

Fig, 17 An energy distribution of neutral pions that would ;jive rise to
the observed gamma~gamma coincidence correlation curve for a pro-
duction angle of 90° from a beryllium target. The fit is made

" with six "square step" distributions of suitably adjusted ampli-
tude.,

Fig. 18 A comparison of the observed angular correlation data with the .
curve calculated on the basis of the "square step® energy distri-
bution of Fig. 13,
Fig. 19 The correlation curve expected if the neutral pion energy distri-
butlon from beryllium at 90° had been identical with the positive
. pionh spectrum photopro%%ced from hydrogen at 90° (as observed by
Steinberger and Bishop

Fig. 20 The absclute cross section per 260 Mev photon for neutral pion
production from a beryllium target as a function of the laboratay
production angle,

Figs 21 The center of mass angular distribution for the photoProductlon
of neutral pions from beryllium. The positive pion angular dis=
tribution, in the center of mass, from hydrogen is plotted also
for comparison, : :

Fig, 22 Some preliminary angular correlation data for the photoproduction
of neutral pions at a production angle of 90° from liquid hydrogen.
The solid curve is the expected correlation curve if the spectrum
were the synthesized four step spectrum of Fig. 19. The dotted
curve is the expected correlation curve if neutral and positive
photopion production specira were identical,

Fig. 23 A step-energy spectrum that is compatible with the observed gamma-
gamma coincidence angular correlation from neutral pion photopro-
duction at 909,

Fig. 24 The{experimental arrangement for detection of neutral pien-proton
coincidences produced by photons on protons.

Fig. 25 The cross section for neutral pion production from hydrogen at
90° in the laboratory system as a function of the incident gamma

ray; energy.



