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PHOTCPRODUCTION OF NEUTRAL PIONS
AS A FUNCTION OF MASS NUMBER '

John D Anderson, Lester K. Goodwin, and Robert w. Kenney
Lawrence Radiation Laboratory
University of California
- Berkeley, California

November 4, 1960
ABSTRACT

'fﬁe :elatiye yield of neutral photep_ione from varidus_ elements has been
determined a"'é: A -f\inétioﬁ of the quantum limit ener.gy of 'the Berkeiey synchrotron.
. Single decay photons from neutral pions were observed at 45 90, and 135 deg to
B the incident bremestrahlung in the 1aboratory syatem Mean free paths for meutraf
pions in nuclear matter have been obtained an optical model prediction of the
photopion y1elds baaed u"pon pion-nucleus scattering data has been confirmed, and

the presence of coherent pion production in the forward direction has been detected.
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I INTRODUCTION
Thé éxi,stené'e of_ a neqt‘ral pion was first 'infe'}red by Bjorklund, Crandall,
: J_M-o-yer. and York.frém observations éf high-venergy ga‘mma..- rays ‘coming from targets
" bombarded by 340-M_ev protons. 1 | |
| Pa;zofsky et al, were the first to study the__phét'oproduction of neutral pions
'.froyn comi:lex nuclei in the region v_within 100 Mev éf threshold; they observed energy
| and éi;g'ular diétributiohé and found that the mesoﬁ'yi.eld was. proportional to nuclear
area. 2 Many inveatigatora have studied both neutral- and charged-pxon production
- from complex nuclei and have quite generally confirmed and also extended the early
results of Panof’sky g_t_.____ad. 3 Most recently, Davidsﬂon has measured neutrgl—photo-
.pion. anéular distributions for a number of eletﬁénts. discuésed_coherent ﬁroduction.
.Qnd'placed a lower ,H:pit on the wp 1ifeztim_e.4 Leisé and Schrack have studied the
‘probl'em of.coh;rei‘x;‘ ’"0. ﬁréduc‘tion andlita dependence upon nuclear size.
¥ The relation between yleld and nuclear area has been discussed in terms of
an optical model by Bfueckner, Se:ber and Watson._6 The nucleus is regarded as
a sphere po‘sse‘vsvs_ing a refractive index and an attenu’atioﬁ cénstant. vthe latter being
| _expressed i_n teriné of X\, ti:e mean free path for absdrpti}ﬁon of pions in nuclear
| .gmatter. |
| A mean free path of c'mevt.o two tin;és Tq is'inferred.'fro'r‘n t_he AZ/3 dependence

of the 85-Mev Tro production established by Panofsky, Steinberger, and Steller.

L]

*Thia work was dohg under the auspices of the U.S. Atomic Energy Commission.



T 2 UCRL-9465

On the other hand. Hales and Mc)-yer‘7 were able to infer_a m,evan free pathv of 10rg,
for the absorption of 40-Mev neu’tral plons produced by proton bomba-rdment of -
complex nuclef, These reeults indicate a strong dependence of the mean free path
upon energy for the case of neutral pio;; in nuclear matter. However, in deriving
mean free paths frem the"copius vdata‘ on prcduction"of ‘pionse by protons on complex
_nuclei.a, one must take {nto account the_m'ean ir»eepprath of protons in nuclear matter
as weli as Coulomb effects .4 9 Au of which make interpretetion difficult.

10

The value of A\ measured by Tenney and Tinlot™ " from scattex"ing of charged

- piOns on comple.x nuclei has a atrong energy dependence varying from ero to 3:'

~ for pion energies between 20 and 70 Mev, where the nuclear radiua R is given by

R =_roA2/3,; This energy dependence, as analyzed by Stork 1 was found to be the

sam_e as in the production of 1y+ mesons in complex nuclei by incident protons. 12

13 1/3

In o photoproduction. -Mozley ~ and Littauer and Walkerl found a Z /A
' dependence £or the total pion’ yield at pion energies in excess of 65 Mev. which leads arai
: again to a small value of A for charged pions at pion energies above 50 Mev.

Butler has pointed out alternatively that the Z/Al/3 dependence of the charged
photopion cross sectiou for all’ v_alues of \- could be explained on the basis of pref-

15

erential snrface production of pions. Thie effect arises from a mechaniam postu-

lated by Wilsen, in which a‘photopion pnoduced within the nuclear volume is imme-

diately reabeorbed by its parent nucleon and another nucleon with which the parent is

interacting at the momen_t; 16 .The results of Imhc»f8 for charged pion_e a_re in suffi-
ciént’l_y good agreement wftn, eptical-modei predictions that it appears unnecessary

to invok‘e the snfface4production mddel | ) .

R " Inour work the production of neutra! photoplone was atudied as a function
of mass number and of the photorx energy at three laboratory angles in order to in-
vestigate the uo mean free path in the nucleus for photon energies near threshold,
to observe the coherent production in the forward direction. and to'_test'th'e Qalidity

: of a result of Francis and Wateon. 17 These latter authors have applied the optical

model to the pion-complex~nucleus system and have shown that the Z dependence of

. photoproduction is the same as that for pion scattering from complex nuclet.
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This work bears out'the strong energy dependence of pion mean free paths

inferred from the work of Panoiakyz and of Hales and Moyer. 7 It indicates the
& Ea
presence of coherent production of neutral plone and reasonably well conﬂrm‘s the

'result of Francis and Watqon. 17

I. METHOD =~ R | ,
Eicperiﬁiental’ informatidn ébéui interaction cross sections of neutral pibna
with nuclei must be inferred from pmoduction experiments because of the short "0
' mean life Froin the various methods of observing "O productxon. the counting of
3 single decay photons was choeen because the relatively high counting ratee to which
the method givee rise make it especxally convenient for measuring ratios of yields, 18
- The 340~ Mev bremsstrahlung beam frorn the Berkeley synchrotron was incident
| upon ta:.gets of various elements, and a counter telescope wae used to detect single
decay phot.gn; at laboratory angles-of 45. 90, or 135 deg. The- apparatua is s}mwn
i Fig 1 - | | o
| At interm‘e'diat‘e plon éﬁergiés (-Tv 70 Mev),. the decay photons preserve
the'directi-c)n of the parent plon cloéély, soAthat‘ at intermediate e'nergie.s one measuré'sm
‘relative valuea‘;df de/ dQ when observing relative'yieliﬁs of singlé'decéy photons.
EVen'a; Ty = 25 Mev, the phbton flux per unitt solid Qngle at 45 deg to the “0
direction in the iaborajtoryl system is one third its valué at 0 deg.
An upper limit wasg placeﬂ upon the energy of the obsérved pions by selecting
a different maximum photcn energy of the synchrotron for successive runs, The
relation between pion,eaergies and the bremsstrahlung quantum-1limit energy ié

discussed below. |
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1. APPARATUS AND PROCEDURE
: Tbe counter teleacope (Fig l) consisted of three plastic acintlllatora and a
! lucite Cerenkov radiator viewed by RCA 6810 photomulltpllers The fifst and third
) acln__tlllators meaaured 6 by,_fl by 1 io. . The .aecond -vsclntﬂlator. -wl;'ioh detei'mined the
telosoope.apermro. was 4 by 5 by ll in. aod sub-mﬂded_ a solid angle of 0.0’5. vsv_r at the
target «The ﬂr‘st eolotlllatof was an anticoincidence counter whlch' ‘:ejelcted all
* counts due to charged partlcles mcident upon the toleacope | |
The counter was surrounded by 4 in. of lead, except for a 4. by 4«- by 4- in.
berylllum entrance wlndow through which the couneer telescope viewed the target
The beryllium atteouoted the. wo decay photons by approximately 15% and ite thickness
-'ezlcvcoeded the range. of lOO-Mov ‘oh;.ar’gedv plions. . The borylliuro also roducecl the number
of low-energy olo‘ctro-na'vreaohln'g the .counf.ern. Al / 2-inch-thick altlmlnum absorber
was located botweeh scintillators No. 2 and No.? ‘to_orlestrlct further the response
of the telescope to low -energy electrons., |
Each scintillator was viewed through a 3.5~ ln. -long lucite light pipe in order
to achieve a light collection efiiclency that was uniform to within 20% over the
_ entire volume of the scintillator. |
B To show that photons from “0 decay were being detected the counting rate
of the photor_l t‘el_esco_pe was ume,aaured as a function of bremsstrahlung quantum-
' limit energy and of the thlckneos of the l_ead Conveffor. The lead transition curve
: (se_e'Fig”. 2) fite the.o'xp‘ect?ed oomve §ery well and yiolds‘a mass-absorption coef-
" ficient of 0.09 cmz/ g, vlhich is in agreemont withcthe absorption coefficient of 100-
Mev photonia in load The sol‘o ooint on thé*'tx:a-nsiélon c{trvo'ls estlmatod on the
-' baaw of the pair conversion due to the ﬁrst scintillator
The meson target was removed, and the counting rate fell by a factor of 80.
When the bremsstrahlut_xg qoantum;limit energy wae decreased, the counting. rate
decreased in accordance with the excitation funotion for neutral pions, ‘and when the
quantum-limit energy was lowered below threshold, the yields were zero within

statistical error.
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The yiéla of décay photons was observed at three laboratory angles as a
function of the atomic’ weigbt for a series of targets and also as 2 function ef the
quantum—limit energy. kmax’ of the synchtotr:m (five such energies were used).

, “I‘h'e snergy k | vms detezmined by meaauring the high-energy end of the brems-
strahlung epecerum with a higb. relulution thrae ehannel pair opectromcter, Thic
instrumont angmented the thin-wa).l preconimator monitor chamber and the Cornen

.kthic'k;w:all monttor ‘chamber in aasurlng gtabi}ity_ of synchrotron gperation. '

| | . N The diairihutiozi of beérﬁ-'ln time 'Q;s fhénitored by.a vaciint_i'natar plaf:ed -
-glén_g the beam center ine. The duraéiqzi_.bf- fhé l:a:ea’;mv was 'aﬁproxiﬁaﬁtelf 1 msec,
cé'nté;-ed at the peak- magnetic‘ﬁeld of tﬁé svneh.rotron. 'rhe anargy spread of the '

'&elactrons striking the target was lesa than 1% due to the spread in time of the electrona

. atrlking the s;mcbrotron internal target ' | | _

Data were taken with the lead converter in place in. the scintination tele-

- scope; as well 4o with lt removed' the manting rate dne to phatons is given by th@

) difference of these two observsd rates. ’l’he net co\mting rate was negiigibly small

when the quanmm-limit energy of the awchretron bremsstrahlung was balow the
p‘ ' threshold ' The accidental counting_ rate was held below 1% on all runs by limit-

v ing the synchrotron beam intensity. | \ | | |
A block diagram of the électronics ia ahown in Fig 3. A minimum-ionizing
paruele passing through a scintillatnr gave a Z-v negative pulae into a 125- ohm :
cable. The pulsea were. amplilied and iimieed in Hewlett-Packard 460 wide-»band
| ampliﬁera, and ware then fed into a diatrlbuted triplo-ceindiéance eircuit equipped

" with a sing}.e anticoincldence input for the aaticoincidence scintillator stgnal

' A (2,3, Eerenkev) count signiﬁed that a photon converted into charged parﬁ.cles

- in the lead g::onver!;er and the chargedparticlea passed through the counter talescope. I

a ché‘rged parﬁela Ir.mh the %arget passed thrcmgﬁ fhe entire telescope, the signal fromi-e {1
the ﬁrat (ar anti) acintﬂlatar electronically cancened the coincidence-circuit output.
Counting rate plateaus were plotted m phototube voltage. They extendad
V over am}eral hundred volts for éosrﬁic réys and v&efe feéheck_&d during the experiment

by use of electrons from #0 decay gammas converting in the beryllium window,

4
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Accidentalncounte were held to a small Irection of the real counts thtough
the use of closely i‘itting m,achined lead bricks to ohield the counter, and by the

reductioa of the charged-particle ﬂux with the 4-in.-thick beryllium window. All

, amplifiere and coincidence circuite were temperature-controlled dnd obtained their

- power from regulated llQ-v sources to ineure stability.

IV TARGET CORRECTIONS

An upper limit of 5X10° 16 sec to the mean life for decay of the neutral pion

aseures that the neu’tral -pion decayo'were very near to the nuclei in which they were

.,_produced 9 The principai correctione to the data account for the abeorption of both

§

incident bremuetrahlung and pion decay photone in the targets and vary between 10

and’ 20% depending upon the element in question. The uncertainties in these photon-

' absorption corrections are 2% for light eiementa. increasing to 3% for the heaviest

elements. The corrected data and their accompanying errors are ehown in Figs.

.4, 5, and 6.

V. RESULTS AND DISCUSSION

The validity of an application of the optical model to the photoproduction of

neutral pions in complex nuclei can be tested by using the results of Francis and

Watson, in which th’ey. show that the differential cross section for the production of

photopions exhibits the same dependence upon atomic number in complex nuclei as

the pion total-absorption cross section in complex nuclei. 17 In order to effe‘ct this

,comparieon, the varioue known experimental pion total absorption cross sections

20

‘ at each of eeveral incident pion energiea, were. plotted as a function of InA. Weighted

lealt-equarea fits of straight lines were made to the data at each pion energy » T

Some examples are shown in Fi:g 7 Tha fitted slope for each pion energy was then

plotted in Fig. 8 as a fanction of the ""equivalent energy" of the bremsstrahlung,

Keq =T_+ p.cz, where Keq is taken equ‘alk'to the quantum limit energy of the

bremestrahlung beam, kmax' The 'emooth curve drawn between the points in

-
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Fig. 8 then descri_bee the depende:}aceoi' the pion scattering upon A. It is to be
o ‘Cfb!fn'éa'll’.ed’tvith x'falue's, of the slopes, n, of lines fitted to relative cross sections
for corrected neutra'l‘#-pion }Si'oduction at irarioue laboratory production angles
. and ior eeveral different quantum-limit energie‘ah kmax’ of the i‘ncid'eﬁt BremsQ

' etrehlung Table I lists the least-equaree veluea of - n and \/ To ‘at laboratory

. anglel of 45, 90, endl35vdeg for varioeev valueed_o‘fv’__ :’l'ﬂ_. Figures 4, 5, and 6.

show the leaet-oqueies fitted curves and their aseociated' ei-rore. " The 'slope, n,
of the photopion-yield curvee depends very weakly upon k max’ 9° that
.k-r'na = 'l‘ + p.cz- was taken to be the proper value for the compariaon with scat-

tered plons of kinetic energy T, % The exeitation function £or “0 production

, from a given element is not eimply related to the relative yields ata given angle.

' ' The efﬁciency of the photon counter changee by approximately SO%Wr the photon

'energy range, and the uncertainty in the "0 angular distributio:m reflect sufficient

-uncertainty in the 1:0 decay epectra at any given observation angle that no attempt -

-~ was made to extract an. excitation iunction from the data.

_ In order to comper.e theee varioue data over.the compiete _energy i-ar_ige
' under dieeueaion'. tlze alopee .of the straight lines fitted to t’he' fao yield curves
in_Figa. 5, 6, and 7 are shown plotted versus kmax for laboratory a‘nglee of 45,
90, va"nd 135 deg in Fig_st' 9, 10. .end 11. fsuperitnpoeed upon these pointe is the

curve 'giiriiig the coi-i'eeponding slope for pion-scattering.data in mg; 8.v 1t is
j'.'aseen that the agreement is reasonable for angles of 135 and 90 deg. |

'I‘he 45-deg yleld date show marked disagreement with the pionoscattering

oata. It s concluded that the validity of the optical model as applied to neutral
photopion production at large angles is bovrne out by the 90- and 1345-deg data.
The wo yields at 45 deg in the laboratory' system are considerably greater than .‘
wonld be expected from the _optical-model comparison ~witl_1 pion scattering. The
_optical-model7consideratiorle are not sufficient then to account for this forward

wo-production data. The'e.nhanced yield at 45 deg is due to coherent production,
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that process which involvee the nucleue recoiling esr-a whble in ite éroend'atate.;‘
X _.'The coherent ;r - production amplitude is given by the sum of partial amplitudes
from all nucleons in the nucleus Its coutnbution to the total production crose
: sectiou variea with Az. and the angular diatributton is eharply paaked near the
forward direction. The data do not include aufficiently complete angular distribu-
tione to observe. quantitative details of thie coherent prodnctiou
In the attempt to estimate the absorption mean free path of neutral pions in
vni_xaclear matter, the optical—model calculations of agoeckner. Serber, Aa_ud _W;ateon6
were appl'i“ed to the 90- and 135--chagr nO irields The yield per nucleon is th'e éroduct'
| | 'of the probability of a nucleon's producmg a pion and the probability of the pion's :
'; eacaping the nucleus Brueckner et al. have averaged over the nuclear volume the

- probability that a pion will- escape the nuclaua if its. producuon probability ia aseumed

'constant throughout the nucleus. 6 The probability of_ escape is given by

£(A,N) =3 Ll/Zx‘- 1/5° 4 1/5°.(1 - x)e™ ],
where x.= 2R/\. He;e we have the nu.clee'r radius R = r, Al'/s. and )\ ie the plob
mean free path in huclear r_natter'. for 50-Mev neutral pions the mea!i free path
for pion-nucleon ‘ocatteri;zg within nuclear rriatter,,(including charge exchange) is
eati;na'ted to be 12 Ty and the scattering mean free patbh'incx_'ea‘se's_ with decreae- |
iné pion en'erg)f. ‘Since the .fneain free patb- for scattering ie large :c-om'p‘a'r’ed with
X, the -X.ia jest the mean free path for absorption, | and tbe yield per \nucleon is .
then prOportiooal to the escape probability f(A, ). - |

Values for the g.o _mean free path were del-ived from the data..for eech energy snd
kﬂdal‘woratomgladglmby mﬁking a wé«‘:ghted leaat~equafes fit of \the function f(A,\) to
' __the dala Figures 4 5 ‘and 6 compare the fitted functions with' the data pomts

The derived values of x for all casea are given in Table I with their errora from

4

B the least-squares analyﬂis

The values of \ derived from this experiment at 90 and 135 deg are in

reasonable agreement with those obtained by lmhof8 from the photoproduction
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éf pos.itiv_e pions from complex ’nuc'lei. These values ate'_valo‘o in ieisonable
agreement with the values obvtiainédhy Stork“ and by Teniey and ‘Tinlotm from
analysis of _éharg.ed-pipn gcattering on ,c'ompiox nuclet. E‘i'gurve 12 compares the

. results of this experiment with «° op’tical{mod'el predictions gdrreCted for pi;m
Qéatéeriﬁg"within the nuclear médiugﬁ asbrovpeaed by f‘rank. Gammel, and Watson, 21
and co:rect‘éd_ by. Watson and Zeémach?? for ‘more-accurate nuclear-radius measure-
ments. The p}ot'ent;ia.la of Frank, Cammel. ‘and Watson have been used to relate

tfw i;ién e‘nergy-wvithin the nucleus to its labérat'bry e_xfefé'y after paﬁé?;ﬂg through

the nuclear \s'grface'; 2‘; These potentials‘ are for charged pions; “‘0 meén free

pat_h_s' a;'e ex’éccted to be 'twi¢c-_£h§t "for"the corresponding ch#r«ge'd-pion case if it is
assumed that. piof: :aptﬁrﬁ; occurs on virtﬁai deuté.:pnl i'rn»t.h‘e nucleus. The processes _
' iiworae to cépture are -p + p'é wt + d, andn+ p - 11'0 +d; the cl;afged cross section®’
:  ‘ is.the greater by a factor of 2. Accordingly. the calculated charged-pion mean

ffree paths have been doubled for presentation in Fig 12. The optical-model pre-
dictions” and these experimantal results are in quite general agreement, includ-

f ing our derived mean t'ree pathe. which have quite large statistical errors. -
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Table I Least-Squarea ﬁtted values of n and )./ o at laboratory angles of 45, 90 and 135 deg fer
‘ : - various pxon energies ' ‘ 1 o
"~ | Quantum ' ' o . B
Pion ~limit 45 deg 90 deg 135 deg Run
energy | enérgy - - ' S — N
(Mev) - (Mev) n - A/, n \/rx n Y4 No.
30 165 - . 0.8722.057 12.421022 1
30 165" 1.77%.10 = 1.04£.04 23.6262.1 1. 30:.14 _— 2
42 177 | o 824%.030 5.43:2. 86 1
55 190 1.402.11 ®  0.964.07 5.80:4.14  0.934.11 5.53£6.80 2
65 200 1.37%.22 ® R 2
70 205 | 0.7952.020 1.29%.25 1
95 230 0.842.08 4.99£3.94 | 2
120 255 ' 0.756+.015 1.454.23 1
205 340 . | | 0.7452.012 1.63+.25 1 g
205 7340 0.80+.03 2.32+.26 0.642.84 - O 0.77+.01 2.10%.27: 2 e
o
N
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_F"IGURE LEGENDS

Fi.g.j 1. Schematic diagram of the experimental aetup

'Fi‘g..ﬁi--Z. Transitxon curve for. the lead c0nverter in the counter telescope

"Fig_._.-_;3.z Block diegram of the biectronics. |

,,_Fig’.z 4, l};;elaeive wo yiel‘d _v_é mass num_i:er at 45 deg (lab).

_Fig. 5. Relative # yield vs mass number at 90 deg (lab).

. Fig. 6. Relative w° yield vs mass m';n-zber at i-35 deg (lab)..

I‘;‘igfv; ) .. Pion totalc-absorption cross sections for various nuclei and pxon energies
'I‘he atraight lines are leaat-squarea fitted to the data. Their alopes and errors
‘are shown. . A ‘ , |

_Fig. 8, Slope of tl';e pion absorptionvw-ith respect to massimumbeht vs the eqhiv‘alent

peak energy of the bremsstrahlung | o | -

- Flg 9 Slope of the w yield with respect to nta:s.stnumbglr‘ at 45 deg (Iab) vs the

: peak energy of the bremastrahlung. The dotted line corz_'.esponds to the solid )

- line of Fig. 8. T - |

- Fig 10. Slope of the w yield with reapect to massmumqm at 90 deg (lab) vs the

| peak energy of the bremastrahlung The dotted line corresponds to the solid

curve of Fig. 8, ‘ , | A

' Fig 11 Slope of the 1r yield with respect to atomxc weight at 135 deg (lab) vs
the peak energy of the bremsstrahlung The dotted hne corresponds to the
solid curve of,Fig. 8»._ 7 A

Fig. 12 Mean ﬁ-ee path o_f a .neutx'-alvpio:n in nuc'lear"matte_r !:E'pion. energy. The
curves are those of Frepk; Gammel, and Wetson, and of Watson and Zemach

‘0 E , .

corrected for neutral pions.
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