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PION PHOTOPRODUCTION IM NUCLEI 

Mico de 3otton 

Service de Physique Nucléaire - Haute Energie 
CE:i Saclay, 91191 Gif-sur-ïvette Cedex, France 

ABSTRACT 

We discuss pion photoproduction experiments in connection with 
exoerimental techniques used for the pnoton source and the pion detec
tion. After presenting the physical motivations and the theoretical 
frame of interpretation, we report on a few significant experiments 
displaying different aspects of the field. 

1. Introduction 

A glance at fig. 1 will convince that pion photoproduction on a nu
cleus is the most important reaction channel in the photon energy region 
going from threshold up to 600 MeV. The data represented here come from 
a recent total absorption pnoton experiment on carbon performed at the 
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Fig. 1 - l 2 C photonudear total cross sections1) : total absorption, 
pion production, charged pions and neutral pions. 



Saclay linac1 ). In this experiment wnicn used a tagged annihilation pho
ton beam, partial identification of the reaction channels was possible. 
The sum of charged and neutral pion cross sections is shown to account 
for more than 80 "3 of the total absorption cross section throughout the 
explored energy range. The regaining part of the cross section is mostly 
emission of neutron proton pairs ; it is also a manifestation of a pion 
pnotoproduction process in which the pion created on a nucléon has been 
subsequently absoroea on another nucléon correlated to the first one. 
Variation with energy of all cross sections shows clearly the dominance 
of the A(1232) resonance. 

In fig. 2 we display a -C spectrum obtained using a quasi-monochro
matic annihilation photon beam on a 3He target 2). The spectrum exhibits 
a broad peak corresponding to the quasi-free photoproduction process and 
a narrow line at the upper tip related to the elastic production process 
leaving the residual nucleus in the 3 H ground state. 
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One is surprises to find out that there are very few such examples 
of inclusive data whicn :ive overall information on pion photoproduction 
on nuclei. Instead most of the work of these last years has been devoted 
to the study of very exclusive charged pi en photoproduction reactions 
using continuous 3rensstr3n1ung pnoton spectra or equivalently virtual 



photon spectra in single-arm electroproduction measurements. For instan
ce, we see in f i g . 3 the d i f ferent ia l cross section of the reaction 
2 3 S i ( y , s + ) 2 8 A l measured at 179 MeV for a 2.2 MeV excitat ion of the 2 8 A1 
resiaual nucleus3) corresponding to d strong Ml t rans i t ion . 
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The exolanation for 
ta l reasons 

this ^/eri/ peculiar si tuation l ies on experimen-
connected to the nature of available photon sources. I t is 

only very recently that well-defined energy pnoton beams with suf f ic ient 
f lux have become available allowing the study of inclusive reactions in 
the intermediate energy region. I w i l l s tar t by analyzing the proDlems 
involve.-: 1.-. . - i i ^ r . . ^ ^ioco-oion reactions and try to outl ine what ire 
the future prospects. I w i l l then turn to describe quickly from an ex
perimentalist point of view the motivations and the theoretical frame in 
which the experiments have been so far discussed ; I w i l l point out some 
d i f f i c u l t i e s encountered in these models and leave to more authorized 
speakers to deal with the perspectives in the f i e l d . I w i l l f in ish by 
presenting a few recent experiments performed at the Saclay linac whicn 
in my sense are signif icant f i r s t steps in the direction of future wcr< 
on the 100 ï duty-cycle f a c i l i t i e s available in the forthcoming years. 



2. Experimental techniques 

2.1 Photon sources 

Photons are produced by electrons or positrons in radiative pro
cesses y ie ld ing continuous spectra. There are two crucial proDlems in 
measuring photon induced reactions. 

i ) the determination of the energy of the photon 
i i ) the monitoring of the photon f lux. 

Experimental techniques of photo-pion cross section measurements are 
essential ly defined with reference to the photon energy deternination 
problem. 

2.2.1 Sremsstranlung 

With a continuous Sremsstrahlung spectrum produced by electrons of 
energy EQ (or the vir tual pnoton spectrum from single arm electrooroouc-
tion) one measures a y ie ld which is the convolution of the photon spec
trum with the cross section and the part ic le detection eff ic iency : 

E dN A 
Y(Eo) = / £

T O X dE y - * • ( E v , E o ) &-z 
u m i n f dE < cc 

The range of useful photons extends from a minimal energy £ ^ n to a 
maximal energy E m a x . This range can oe restr icted in various way's : 

i ) in some exclusive processes the pnoton energy can be established oy a 
complete kinematical determination of the reaction f inal state. 

For instance in single pion photoproduction off deuterium 

Y + 2H + z" f p + p , 

measurement of the momentum and angle of two of the f inal state p a r t i 
cles determines the photon energy. However in order to prevent contr ibu
tions from double pion production one should not allow in the incident 
beam photons with energy exceeding the useful photon energy by more than 
the pion rest mass. This is obtained by using an electron beam energy 
lower than th is l i m i t . 

i i ) thresholds in the cross section or the detection eff iciency ;an also 
res t r i c t the range of useful photons. 

Pion photoproduction near threshold can be studied by measurv:g the 
pion y ie ld as a function of the end-point energy of a Sremsstrar.lung 
spectrum. Since the shape of the cross section variat ion with *r,2r?j is 
known, one gets the magnitude of the cress section from the y ie ld provi
ded that photon spectrum and pion detection eff iciency are known. 



Another example is neutral pion photoproauction in the d region as 
measured by Booth et al. u). Here £ m i r 1 is determined by the * 3 detector 
energy threshold set by imposing tne opening angle of the two decay 
photons. The useful photons are restricted to the top 15 MeV of the 
3remsstrahlung spectrum. 

2.1.2 Photon difference methods 

More desirably one monochromatizes the photon beam. Two techniques 
are used : pnoton difference method or photon tagging. The latter is by 
far superior with all respects except high flux ; this only reason ex
plains why the former is still in use. 

In the photon difference method one performs two measurements with 
two photon spectra which differ from each other only in the tip region. 
The yields aifferance is thus attributed to the contribution of the 
photon spectrum difference which is usually restricted to a few MeV 
below the end point. Electron Sremsstranlung for two different beam 
energies has been mostly used. 

When positrons are available one ODtains quasi-monochromatic in
flight annihilation photons by sending alternatively positrons and elec
trons on a low Z radiation target, or by using with the positrons a low 
Z and a high Z radiation target. In each one of these cases by suotrac-
ting the two yields one is left with approximately only the contribution 
of the annihilation. Secause of the annihilation peak, this method is 
more advantageous than the 3remsstranlung difference as far as signal to 
noise ratio is concerned. On the other hand positron intensities are 
lower than electron ones. 

The major drawback of difference methods is the difficulty encoun
tered in the study of high excitations in inclusive reactions. Since the 
photons producing these hign excitation states are in much larger number 
than the useful photons, one has to perform a difference of two big 
numbers in order to get the contribution of the photon difference spec
trum thus producing large statistical uncertainties. This is exemplified 
in fig. 4 in the case of n"1- inclusive spectra measured on deuterium at 
backward angle 5). 

In all methods we have so far described, photon normalization re
quires a knowledge of the photon spectrum snape. In principle a detailed 
experimental knowledge of the photon spectrum can be obtained by using a 
pair spectrometer but due to the lew duty cycle of exising accelerators, 
it has very rarely been performed. One usually relies on theoretical 
spectrum shapes and electron integrated cnarge measurement (Faraday cup) 
or integrated photon energy flux measurement (Wilson quantameter). Sys
tematic errors up to 5 * can result from theoretical uncertainties. 
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2.1.3 Photon tagging 

Photon tagging solves both proolems of energy determination and 
photon counting at once ( f i g . 5^), but at the expense of the f lux . The 
photon is tagged by the detection of a part ic le emitted during the ra
diation process. This associated oart ic le can be an electron in the case 
of 3renis3tranlung (or ComDton laser bac:<sc3ttering) or a photon in the 
case of annihi lat ion ; i t gives information on the photon energy and on 
i t s time of creation. A coincidence with a reaction product aetector 
w i l l indicate that the process was in i t ia ted by a photon of defined 
energy. A coincidence with a hign efficiency photon detector w i l l count 
the tagged photon rats . The maximum useful f lux of photons is l imited by 
the random coincidence rate between the tagging and the reaction detec
tors ; therefore i t i s proportional to the rat io of the duty cycle by 
the tagging coincidence resolving time. For a 10 ns coincidence width 
and a rat io of true vs. accidental coincidences equal to 1 the numoer of 
pnotons is l imi ted to I t ^ s " 1 for a 100 » duty-cycle beam. 
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Fig. 5 - Bremsstrahlung and annihilation photon tagging. 

In the case of 3remsstrah1ung tagging, data can be obtained simul
taneously for a large range of photon"energies depending on the tagging 
detector momentum acceptance. For annihilation tagging, the photon ener
gy range is l imi ted by the pnoton acceptance angle due to the two-ooay 
kinematics, and is more adapted for investigation of narrow structures. 



2.2 Pion detection 

2.2.1 Charged pions 

2.2.1.1 Near threshold 

Pions of 10 MeV kinetic energy 'nave a 0.5 g/cm2 range, less than 3 
mm path in grapnite. The slowing down process is much shorter than the 
26 ns mean l i f e . 

Positive pions in most targets w i l l stop and decay according to : 

* * * > + + ^ ; 

muons have a 4.1 MeV energy, their range is 0.15 g/cm2 less than 1 mm in 
graphite ; they decay by : 

ii" + e~ T v + v , 

with a mean l i f e of 2.2 us ; the positron energy spectrum extends up to 
53 MeV. The positrons are detected in Cerenkov counters. Note that al l 
angular direct ion information is lost so that one measures in this way 
only total cross sect ions 6) . 

Negative pions w i l l make a transi t ion to an atomic o rb i t when they 
reacn the 1 eV energy regior., then cascade down to oroits from which 
they w i l l get captures by the nucleus. Stopped pion capture takes place 
preferent ia l ly on neutron proton pairs giving r ise to neutron pairs. In 
a deuterium target the *~ + d -• n + n reaction which has a branching 
rat io of 75 %, has been used7) to measure low energy pions by detecting 
the 70 MeV neutrons at backward angle in a region where the maximum 
energy for single neutron photoproduction is lower. As for posit ive 
pions, angular direct ion information on the p1'on is lost . 

2.2.1.2 Higher energies 

Pion magnetic spectrometers have ùeen devised to detect low and 
medium energy pions. Owing to the smallness of the cross sections they 
should combine a large solid angle and because of pion decay a short 
f l i c n t path (50 * of 50 MeV pion decay in a 4 m f l i g h t path). Oetsctors 
allowing discrimination between electrons and pions may be useful at 
forvard angles wnere most of the electromagnetic showers are emitted. 
Decay muons are mistaken for pions, they come mostly from the region 
between the exi t polar face and the detectors ; for low energy pions 
they can induce large corrections which must be estimated by Monte-Carlo 
simulations. 



2.2.2 Neutral pions 

The two gamma decay of the neutral pion is instantaneous (0.34 x 
10~ i 5s mean l i fe t ime at rest) . The rt° are usually detected through their 
decay photons in lead glass total absorption Cerenkov counters. The 
Cerenkov l i gh t output is direct ly proportional to the incident pion 
energy. Veto counters in front of tne leaa glass blocks allow charged 
part icles reject ion. Position sensitive detectors permit local izat ion of 
the photons and subsequent determination of the pion emission angle. For 
two nearly equal photon energies a good measurement of the opening angle 
yields a good measurement of tne pion energy. Angular resolution i n 
creases dramatically at low energies. Typical characteristics of the 
LAMPF neutral pion spectrometer3 ) are ô MeV energy resolution ana t 1° 
angular uncertainty at 150 MeV pion kinet ic energy. 

3. The theoretical frame of interpretation 

The most popular theoretical model of photoproducticn is the d is
torted wave impulse approximation (DWIA) [ r e f . 9 ) ] . The amplitude for tne 
nucleus is taken equal to the sum of the amplitudes for the nucléons ana 
the only nuclear medium effect is the distorsion of the pion wave by the 
residual nucleus. The amplitude of photoproduction on the individual 
nucléons is taken to be the amplitude on the free nucléon ; the 31cm 
qvist-Laget 1 0 ) amplitude is the most convenient one for the nuclear case 
since i t is val id in any reference frame; I t countains in addition to 
the 3orn terms a phenomenological A contribution which has the net 
effect of changing the magnitude of the nucléon magnetic momentum as a 
function of energy. The nuclear amplitude for t ransi t ion from i n i t i a l 
nuclear state tî - (J^.M^ ) to f inal state o,f(Jf,Mf) and photon polarization 
state \ reads 

( Î S . C J J T is the elementary amplitude, a 1 " ' is the pion wave distorted by 
i ts strong interaction with the residual nucleus. Usually i t is the 
solution of the Klein-Gordon equation with the pion nucleus optical 
potent ia l . 

The strategy of pion photoproduction measurements is to study cases 
in which two of the three ingredients of the model are known in order to 
isolate the influence of the th i rd one. For instance in charged pion 
pnotooroduction at threshold, the elementary amplitude reduces to 
to-r(a.£ )-c l i , strong in te rac t ion pion distorsion is small and can be 
calculated : one learns about sp in- f l ip t ransi t ion form factors at mc 
mentum transfer of the pion mass ; since pion photoproduction is almost 
not affected by mesonc exchange currents i t is a valuable information 
which must be confronted to the electron magnetic scattering data. 

Let us quote a few d i f f i cu l t i es with DWIA : 



\ 

i ) o f f -she l l or on-shell prescription for the nucléon on which photopro
duction takes place makes large differences in the amplitude value. 

i i ) to preserve the non-locality of the 31omqvist-Laget operator (due to 
the proDagation of I : ,N,A) one must express a l l wave functions and carry 
the integrations required by Fermi motion in the momentum space. 

i i i ) in principle pion distorsion takes place because of rescattering on 
a l l nucléons except the one on which photoproduction took place since we 
are using effective elementary amplitudes ; consequently one is not 
ent i t led to use optical potentials which account for pionic atoms and 
low energy pion elastic scattering data on the i n i t i a l nucleus ; this 
remark can be very important for l i en t nuclei. 

iv) rescattering effects including charge-exchange processes shoula be 
taken into account and i t is net clear whether they are not already 
par t ia l l y present in the optical potential treatment. 

More ambitious and ideally more sat isfying is the isobar-iiole mo
del 1 M . I t gives a unif ied description of T and y reactions for A domi
nated processes. Medium modifications -.re included consistently in both 
production and f inal state interact ion. The photon excites a A hole 
doorway state which propagates and eventually decays by emission of a 
pion, A properties in the nuclear medium are strongly modified (coupling 
to the pion annihilation channel, Pauli b lock ing. . . ) . Because of the 
large contribution of Born terms in cnarged photoproduction this model 
has been so far only applied to -:° coherent photoproduction away from 
threshold. 

4. A few selected pion photooroduction experiments 

We w i l l new discuss a few s igni f icant experiments which shed l i gh t 
on various aspects of pion photoproauction : reaction mechanism, elemen
tary amplitude on the nucléon, nuclear structure, pion distorsion. The 
selection of these experiments is strongly biased because of the speaker 
prejudice. 

4.1 Coherent neutral pion photoproduction on nuclei 

Neutral pion photoproduction on nuclei near threshold gives in for
mation on the coherent reaction ûiecham'sm which is dominant in this 
energy region. The non spin- f l ip production amplitudes on a l l nucléons 
add coherently providing a large enhancement of the cross section. In 
the case of a spin zero'nucleus* as i 2 C , only p-wave production can take 
place in the elast ic process sines 0*<J electromagnetic transit ions with 
real photons are forbidden. The total 1 2 C ( Y , H ° ) cross section has been 
recently measured12) in the 0-50 Me/ region aoove threshold. The experi
ment was carried out at the Saclay Linac using the tagged photon beam13) 
obtained from i n - f l i g h t annihilation of e + on a LiH target ( f i g . 6). The 
tagging detector consisted in a array of 16 mult i-wire proportional 
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chambers, each of them being equipped with a lead converter and a scin
t i l l a t i o n counter for fast ' t iming coincidences. Typical photon f lux at 
150 MeV was 10 000 photons per secona in a 8 MeV energy range ; photon 
energy resolution was around 1 MeV FWHM. The two photons from the ,t° 
decay were observed in coincidence in a 0.3 * % set of twelve 13 cm 
thick lead-glass Cerenkov counters ( f i g . 7). Plastic s c i n t i l l a t o r veto 
counters were used to reject electrons or iginat ing from showers induced 
by the primary photon bean in the target. Small contributions of ^ 
produced on the protons of the acive CH target and of n° events associa
ted to proton-decaying levels of 1 2 C , were eliminated o f f - l i n e . 

Results of the cross section measurements are presented in f i g . 8. 
Overall accuracy of the data points is approximately ± 5 * . Experimental 
values ara 30 * larger than those of a previous Bonn measurement1* ), In 
a theoretical calculation S. 8off i and R. Mirando 1 3) obtain a 70 % 
enhancement of the plane-wave cross section by including the pion f inal -
state interaction through an optical potential treatment using the S t r i 
eker, Melanus and Zârr1* ) potential . One can look at near-threshold pion 
photoprcduction as a testing ground for pion nucleus optical potential 
in a pion energy region intermediary between pionic atoms and low energy 
pion elast ic scattering (pion kinet ic energy > 30 MeV), which cannot be 
reached otherwise. In the case of neutral pion production the model is 
checked for a di f ferent iscspin state without Coulomb contr ibut ion. 
Moreover in the elastic process one selects the p-wave part of the po
t e n t i a l . 

A calculation by Laget using a mere complete operator gives neariy 
the sane prediction for the plane wave impulsa approximation. However 

http://uo.ay.jus.3u
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rescattering corrections should be evaluated before any conclusion is 
drawn. An experiment is in progress now to study the effect on a few 
other zero-spin nuclei. 

Unfortunately no calculation using the isobar-hole model is avai la
ble in th is energy range. A very interesting measurement has been per
formed at Bates by Booth et a l . 1 7 ) in a d i f f i c u l t experiment which mea
sured d i f ferent ia l cross section for the same process in ^He at 230 MeV 
photon energy. The good energy resolution of the ^° spectrometer was 
instrumental to the "separation of the elast ic reaction. The excellent 
agreement of the cross section size with the isoba--hole model predic
t ion is impressive. More work on carbon is presently in progress at 
higher energies than those explored in the Saclay experiment ( f i g . 9). 
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4.2 Charged pion photoproduction on deuterium in the resonance region 

Few body nuclei are especially well suited for t a c t i o n mechanisms 
studies because rea l is t i c wave-functions describing these systems are 
available and because the number of degrees of free^c.-n is small enough 
to allow for a multiple scattering treatment of ".?.- pion-nucleon and 
nucleon-nucleon f inal state interactions. Usually the multiple scatter
ing series converges rapidly and processes up to or-tar 2 are suf f ic ient 



to account for the data. Various diagrams i l l u s t r a t i ng these rescatter-
ing processes are shown in f i g . iU. 

31 X'X-

f i g . 10 - Pion photoproduction on deuterium mechanisms. 

Single arm experiments emphasize the quasi-free photoproduction 
mechanism on the individual nucléons. In f i g . LI we display u + and * " 
spectra obtained with a 300 Mr/ photon annihi lat ion quasi-monochromatic 
beam at 46.4* [ r e f . 3 ) j . The broadening and the energy sh i f t of the 
quasi-free peak from the pion production l ine on the nucléon result from 
the Fermi motion and the binding energy of the nucléons. Pion rescatter
ing corrections are small throughout the spectra. Final state strong 
attract ion of the two nucléons when their relat ive energy is small pro
duce an enhancement at the high momentum t ip of the spectra. The data 
show good agreement with a calculation by Laget which includes the f i r s t 
order rescattering processes. Such experiments are important because 
they give an overall constraint on the models in a region where one-body 
processes are dominant ; they constitute a necessary stage before look
ing into deviations to one-body processes. 

The strategy of double arm coincidence experiments consists in the 
selection of kinematical conditions which minimize the contribution of 
quasi-free photoproduction in order to emphasize specif ic many-body 
effects. For single photoproduction on nuclei, one needs monochromatic 
photons to define completely the three-body f inal state kinematics by 
the detection of two particles in coincidence. However in the C3se of 
deuterium the nature of the undetected part ic le is known and one can use 
instead 3remsstrahlung photons without bringing any ambiguity. This is a 
def in i te advantage which compensates for the smallness of the detectors 
acceptances and "also the low duty-cycle beam which were used in this 
exoeriment. 
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The principle of the measurements13) carried out at the Saclay 
Linac eight years ago is sketched in fig. 12. The modulus ?^ of the 
spectator nucléon momentum ana the kinematics of the photoprbcuction 
process on the other nucléon (pnoton nucléon invariant itrass QiNj. and 
pnotoproduction angle u of the two-body system in the center or mass 
referential) zr* kept constant while the spectator nucléon angle 9q is 
varied. Depending on the angles and momenta of the three particles one 
can perform either a cKy ,pit~ïp or a d(y,pp)n" experiment. For quasi-free 
photooroduction one expects the angular distribution obtained when 9^ is 
varied, to be flat (fig. 13). Indeed this is observed to be true for' low 
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Fig. 13 - The ratio of the measured yield of the reaction d(y,pn')p to 
the calculated quasi-free photoproduction yield as a function of cosa» 

?R » 50 MeV/c. 



values of P (̂Pa - 50 MeV/c). Conversely for large values of ?^(?^ 
MeV/c) the angular d istr ibut ion shows sizable deviations from the 
free ( f i g . 14). 

> 150 
quasi-

Ï * Q — p • p * IT" 

a = 1200MeV — * - favour A 
P2= C00MeV/c-«»-t'urn down Q.F 

1 ~ 
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Fig . 14 - The same as f i g . 13 for PR = 400 MeV/c. 

A systematic exploration of the three-body state system zM would 
require higher energy and nigher duty-cycle machines associated with 
larger sol id angle and acceptance detectors than those presently ava i l 
able. Also an extension of these experiments to nuclear systems more 
bound than deuterium would be desirable since higner nuclear density 
would enhance the many-body effects. This would necessitate very per
forming tagged photons instal lat ions on high duty-cycle accelerators 
associated to <k detectors. 
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