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ABSTRACT

Je discuss pion pnhotoproduction axperiments in connecticn with
gxperimental tachniques useqd for the pnoton sourc2 and the pion detec-
tion. After presenting the pnysical motivations and the theor2tical
frame of interpretation, we raport on a few significant experiments
displaying different aspecis of the field.

1. Introduction

A glanc2 at fig. ! will convince that pion photoproduction on a nu-
cleus is the most important reaction channel in the photon energy ra24dion
going from threshold up %o od0 MeY. The data representad herz2 come from
a racent total absorption pnoton experiment on carbon performed at the
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Fig. 1 - }2C photonuclear total cross sectionsl) : total absorption,
pion production, charged pions and neutral pions.




Saclay linacl ). In this experiment wnicn used a tagged annihilation pno-
ton beam, partial identificition of the reaction channels was nossibie.
The sum of chargsd and neutral oicn cross sections is shown o iccount
for morz than 80 % of the total absaorption cross section throughout the
explored anergy range. The remaining part of the cross section is mostly
samission of neutron oroton nairs ; it is also a manifestation of a pion
pnotapraoduction arocass in wnich the pion creatad on a nucleon has bHeen
subsequently absorpea on another nucleon correlatad to the first one.
Yariation with energy of all cross sactions shows clearly the dominance
of the a(1232) rescnanca.

In fig. 2 we display a =7 spec:rum obta1ned using 2 quas1-10noc1ro-
matic anninilation nnoton deam on a 3He target?). The specirum 2xhibit
a broad peak corrasponging to the quasi-iree pno;oproduc"on Drocass and
d narrow line at the upoer tip rela Led to the elastic proguction process
leaving the residual nucleus in the 3H ground state.
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Fig. 2 - The momentum spectrum of =% photoproduction on 3He at E = 300
MeY and 9 = 40.6°.

One is surprizez <: Find cut that there arz very few such examples
of inclusive data wni¢ca jive overail information on pion photoproduction
on nuc1e1. Instead wcs. 3. the work of these ld4st years has been devoted
to the study of ver: Tusive charzed picn photoprocuction r2actions
using continuous Bremss:ranlung gnoton spectra or eguivalently virtual




ahoton spectira in single-arm electroproduction measurements. For instan-
ce, we see in fig. 3 the differsntial cross section of the resction
28Si(-,z712%A1 measur=a at 179 MeV for a 2.2 MeY excitation of the 283
resiqual nucleus?®) correspending w0 4 strong Ml transiticn.
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Fig. 3 - The angular distribution of x* in 28Si(y,x*)28A1 (E, ~ 2.2 MeY)

The explanation fer this very peculiar situation lies on axperimen-
tal reasons connectad to the naturs of availadble photon sourcss. It is
only very recently that weil-defined enecrgy pnoton beams witnh sufficient
flux have become availaple allcwing the study of inciusive reactions in
the intermediate energy region. [ will start by analyzing the problems
favoiyzl {5 Zzaluriiy proto-aion reactions and try to outline what are
the future prospects. [ will then turn to describe quickly from an ex-
perimentalist point of view the motivations and the theorstical frame in
which the experiments have been so far discussed ; [ will point out scme
difficulties encounterad in thess models and leave to more authorized
speikers to deal with the perspectives in the field. [ wilil finish by
presenting a few recent experiments performed at the Saclay linac whicn
in my sense are significant first stens in the dirsction of futurs work
on the 100 % duty-cycle facilities available in the forshcoming vears.




2. Experimental tachniques
2.1 Photon sourcas

Photons are proaduczd Yy elecirons or positrons in ragiative nro-
casses yielding continuous spectra. There are two crucial propiems in
measuring photon inducz2d reactions.

i} the determination of the eneray of the photon
ii) the monitoring of the onoton fiux.

Experimental tachniques of photo-2ion Cross section m2asurements irs2

essentially derined with refesranca2 to the pnhoion energy determination
aropiem.

2.2.1 Bremsstranlung

With a continuous 3remsstiraniung spectrum aJrocuczd Hy 21scIrans 9
energy I (or the virtual pnoton spectrum from single arm siectrooroquc
tion) one meisuras a yield whicnh is the convolution of the ancton spec-

trum with the cross section and the particle deteciion efficiency :

[ I

E dN

Y(Eg) = [:™X GE —X (E_,£5) 92
Emin Y dEY 4 @

The range of useful pnotons extands from a minimal energy Zp;, to a

maximal energy E_... This range can De restricted in various ways :

i} in some exclusive procssses the pnoton energy can bDe establisiea Jv a

complete kinematical detarmination of the reaction final state.

For instancz in single pion pnotoproduction off deuterium
'(+2H"Tt-*p+p’

measurement of the momentum ane angie of two of the finai statz narti-
cles detarmines the nhoton snergy. dowever in order to prevent conirisu-
tions from double pion production one should not aliow in the iacigent
beam photons with energy exceeding the useful photon energy bv morz than
the pion rest mass. This is obtained by using an electron Deiam anargy
Tower than this limit.

i1) thresnolus in the cross section or the detection efficiency zan 2also
rastrice the range of useful photons.

Pion photoproduction near threshold can be studied by meacuri—:3 the
pion yield as a function of the end-point energy of a Bremssirznlung
scectrum. Since the shape of the crass section variation with 2n2-zv is
Kncwn, one gets the magnitude of the cress section from the yieiz :rovi-
ded that photon specirum and pion detaction efficiency are kncwn.




Another 2xample is neutral pion pnotoproauction in the A region as
weasured by Booth et al.*). Hers 2., is determined by the 23 deteczor
anergy threshold set by imposing the openina anale of the two decay
photons. The useful photons are restiricted to the top 1S MeY of the
3remsstraniung spectrum.

2.1.2 Photon differenca methods

More desirably one monochromatizes the photon bDeam. Two techniques
are usad : pnoton differance method or onhoton taaging. The lattar is oy
far superior with ali respects excant nigh flux ; this only reiason 2ax-
plains why the former is still in usa.

In the nnoton giffersnca metnod one performs two measuraments with
two photun spectra which diffar from 23ich other only in the tip region.
The yieigs ditTersncz is thus atzriputad to the contribution of the
onoton spectrum differenca wnich is usually rasiricted tn a few May
dSelew the end point. tiecirnn 3ramssiraniung for two differant Dezm
anergies nas deen mostly used.

When positrons are available one obtains quasi-monochromatic in-
flignt annihilation photons by sending alternatively positrons and elec-
trons on 3 low Z radiation target, or Dy using with the positrons a low
Z and a hign Z radiation target. In each one of these cases by suptrac-
ting the two yields one is left with apporoximately only the contribution
of the anninilation. Because of the annihitation peak, this method is
more advantageous than the 3remsstranlung difference as far as signal o
noise ratio is concerned. On the other hand positron intensities are
Tower than eiectron ones.

The major drawback of differencz methods is the difficulty encoun-
tered in <he study of hiagn excitations in inclusive reactions. Since the
pnotons producing these hign excitation states are in much larger number
than the useful photons, one nhas to perform a difference of two Dig
numbers in order to get the contribution of the photon difference spec-
trum tius producing large statistical uncertainties. This is exemplified
in fig. 4 in the case of x7 inciusive spectra measured on deuterium at
dackward angle’ ).

In a1l methods we have so far described, photon normalization re-
quires a Xnowledge of the pnoton spectrum snape. In principle a detailed
experimental knowledge of the pnoton spectirum can be obtained dy using a
pair specirometer dut due to the low duty cycle of exising accalerators,
it has very rarely been performed. One usually ralies on theorz%ical
spectrum snapes and zlectron intagrated cnarge measurament (Faraday cuc)
or inteqrated photon eneray flux measursment (Wilson quantameter). Sys-
tematic errors up to 5 % can result from theoretical uncartainties.
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Fige 4 - The quasi-monochromatic annihilation photons method. a) The
photon spectra corresponding to the H and Cu radfation targets and the
photon difference spectrum. b) The theoretical x* photoproduction diffe-
rential cross saction at =103.5°. c) The calculated yields correspon-
ding to the H and Cu radiation targets and the yields difference. d) The
experimental data compared to the theoretical yields difference.




2.1.3 Photon taaging

Photon tagging solves both proplems of energy derermination and
photon counting &t anca (7ig. 34), dut at the expense of the flux. Tne
snoton is tagged by the detection of a particle emitted during the ra-
diation procass. Tnis associated narticle can De an 2ieciron in the case
of 3remsstraniung (or Compton laser backscatiering) or a photon in the
case of annihiiation ; it gives information on the jnhoton anergy and an
its time of creation. A coincidence with a reiaction product aetactor
will indicate that the procass was initiatad py & photon of definea
energy. A coincidenca with a nign efficiency photorn derector will count
the tagged shoton rata. The maximum usaeful flux of ohotons is limited by
the random coincidenc2 rate Detween the tagging and the reaction dertac-
tors ; therzfore it is prooortional o the ratio of the duty cycle by
the tagging coincidencz resoiving time. For a 10 ns coincidence width
and a ratio of true vs. accicental coincidences squédl to 1 the numoer of
pnotons is limited to 10857+ for a IUC % duty-cycle beam.
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Fig. 5 - Bremsstrahlung and annihtlation photon tagging.

In the case of Bramssirahlung tacging, data can De obtained simul-
taneously for a large range of photon energias cepending on the tagging
detactor momentum accantanc2. For anninilaticn tagging, the photon ener-
gy range is limited by the pnoton 3cceptanc? anagie due to the two-dogay
kinematics, and is more adapted for investigation of narrow structuras.



2.2 Pion deteciion
2.2.1 Charged pions
2.2.1.1 Near thresnoid

Pions of 10 MeY kinetic energy nave a 0.3 g/cm® range, less than 3
mm ath in grapnite. Tne slowing down proc2ss is much shortar than the
25 ns mean 1ife.

Positive pions in most targets w~ill stop and decay according to :

1++;++\1' ;
muons have a 4.1 MeY energy, their range is 0.15 g/cm? less than 1 mm in
graonite ; thev decay oy :

[.L‘..*e?:“l+'d,

#ith a mean Tife of 2.2 us ; the positrcn energy spectrum extands up to
53 MeV. The positrons are detected in Cerznkov counters. Note that all
angular direction information is lost so that one measures in this way
only total cross sections®).

Negative pions will make a transition to an atomic orbit when thay
r2act the 1 2 energy region, then cascade down to oroits from which
they will get capturea dy the nucleus. Stooped pion capture takes plac2
prefarantially on neutron proton pairs giving rise to neutrdn pairs. In
a deutarium target the =~ + d - n + n reaction which nhas a branching
ratio of 75 %, has been used’ ) to measure Tow energy nions by detecting
the 70 MeY neutrons at backward angle in a ragion where the maximum
energy for single neutron photoproduction is lower. As for positive
pions, angular direction information on the pion is lost.

2.2.1.2 Higher energies

Pion magnetic speciromet2rs hnave been devised to detect low and
medium energy pions. Owing to the smallness of the cross sections they
snculd combine a large solid angle and because of pion decay a short
fiicht path (50 % of 50 MeV pion decsy in a 4 m flignt path). Oetactors
allowing discrimination between electrons and pions may be usaful at
forvard angles wnere most of the electromagnetic showers are amittad.
Jecay muons are mistaken for pions, they cocme mostly from the region
betueen the exit polar face and the detectors ; for low energy pions
thay can inducs large corrections which must de estimated by Monte-Carlo
simuiations.




2.2.2 Neutrai pions

The two gamma dec3dy of the neutral pion is instantaneous (0.34 <
10-i6s mean literime at rest). The x¥ are usually detacted througn their
decay photons in lead giass total absorption Cerenkov counters. The
Cerenkov light output is directly oroportional to the incident pion
gnergy. Yeto counters in front or the lead glass blecks allow charged
particles rejection. Position sensitive aetectors oermit localization of
the photons and subsegquent determinaticn of the pion emission angle. Faor
two nearly equal photon energies a Jood measurement of the opening angle
yields a good measurement of tne pion energy. Anaular ressiution in-

r23sas dramatically at low energies. Tvpical characteristics of the
LAMPS neutral pion specirometerd) are 3 MeY energy rasolution ana =z i°
angular uncariainty at IS0 eV pion kinetic energy.

3. Tne theoretical frame of interpra2tation

The most popular thedraticai model of pho;ooraduc icn is the dis-
tortad wave impulse approximation (DWIA)I raf.?)]. The amplitude for tne
nucleus is taken eaual to the sum of the amplituades for the nucleons ana
the only nuclear medium effect is the distorsion of the pion wave Dy the
rasidual nucleus. Thne ampiitude of photoproduction on the individual
nucleons 1is taken to be the ampiitude on the free nucleon ; the 3lcm
quist-Laget!?) amplitude is the most convenient one for the nuclear case
sinca it is valid in any referencs frame; It countains in addition to
the Born terms a phenomenological A contribution which has the ne:t
effect of changing the magnitude of <the nucleon maagnetic momentum as a
function of energy. Tne nuclear ampiitude for transition from initia
nuclear state ¢;{Jy,M;) to final state weldg,Mg) and pnoton polarization
state A reads

oik.F

U|
(\N
—r

2. [ BFEE sTE 3 v (%)

A|'1'zl'1f ‘ !
(Us.e\)r is the elementary amplitude, »{=) is the nion wave distorted by
its strong interaction with the residual nucleus. Usually it is the
solution of the Xlein-3ordon eguation with the pion nucleus optical
potential.

The strategy of pion pnotoproduction measurements is to study cases
in which two of the three ingreajents of the model are known in order to
isolate the influence of the third one. For instance in charged pion
pno»oorouuf Son at thfesho1d, tne elementary amplitude reducas to

, strong interaction pion distorsion is small and can be
ca1cu1atea : one learns apout scin-flip transition form factors at mc
mentum transfar of the pion mass ; sinca pion photoproduction is 3imest
not affectad by mesonc exchange currents it is a valuable information
which must be confrontad to the electiron magnetic scattering data.

Lat us guote 38 few difficylties with DWIA



i) off-shell or on-shell prescriptio
duction takes place makes large 4iff

the nucleon on which nhotopro-

n for
arances in the ampiitude value.

£~
v
ran

ii) to preserve the non-locality of the 3laomgvist-Laget operator (due to
the aropagation of «,N,)) one must excress all wave functions and carry
the inteqrations required by Fermi motion in the momentum spaca.

iii) in principle pion distorsion takes place becausea of rescittering on
all nucleons excant the one on which photoproduction took nlace since we
are using effeciive elementary 2amplitudes ; consequently one is not
entitled to use optical potentials which account for pionic atoms and
low energy pion elastic scatizring data on the initial nucleus ; this
ramark can be very impor<cant for iignt nuclei.

iv) rescattering effects including charge-exchange procassas should be
taken into account and it is nct clear whnether they are not alrz2ady
partially present in the optical notential treatment.

More ambitious and icdeaily mora satisfying is the isobar-nole mo-
dettl), It gives a unified description of 1 and y reactions for \ domi-
nat2d processes. Medium modifications 4ire included corsistently in both
production and final state interaction. The photon excites a a hole
doorway state which propagatas and eventually decays by emission of a
pion. 3 properties in the nucleir medium are strongly modified (coupling
to the pion anninilation channel, Pauli blocking...). Beciuse of the
large contribution of Born terms in cnarged photoproduction this model
has been so far only applied to = ccherent photoproduction away from
thrashoid.

4. A few selectad pion photooroduction experiments

de will ncw discuss a few significant experiments which shed lignt
on various aspects of pion pnotoproduction : reaction mechanism, elemen-
tary amplitude on the nucleon, nuclear structure, pion distorsion. The
selection of these experiments is strongly biased because of the speaker
prajudice.

4.1 Coherent neutral pion photoproduction on nuclei

Neutral pion photoproduction cn nuclei near threshold gives infor-
mation on the conersnt reaction mecnanism which is dominant in this
energy ragion. The non spin-flip oroduction amplitudes on all nucleons
add coherently providing a large ennanca2ment of the cross section. In
the case of a spin zero nucleus as 12C, only p-wave production can take
nlace in the elastic procass sincz O»J electromagnetic transitions with
r2al photons are forbidden. The %fotal 12C(y,rx%) cross section has been
recently measuredi?) in the 0-30 eV region above threshold. The experi-
ment was carried out at the saclay Linac using the tagged photon beam!?)
ootained from in-flignt anninilaticn of e on a LiH target (fig. 6). The
tagging detector consisted in a drray of 16 muiti-wire preoportional
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Fig. 6 - The Saclay in-flight positron annihilation tagging installaticn

chambpers, each of them being equipged with a lead converter and a scin-
tillation counter for fast timing coincidences. Typicai pnoton flux at
150 MeY was 10 Q00 photons ner second in a 8 MeV energy range ; photon
energy resolution was around ! Me¥ FiHM. The two photons from the z9
decay wera observed in coincidencz in a 0.8 * 4n set of twelve 13 cm
thick lead-glass Cerenkov counters (fig. 7). Plastic scintillator vers
countars were used to reject elecirons originating from showers inducad
by the primary photon beam in the target. Small contributions of =
producea on the protons of the acive CH target and of nY events associa-
ted tc proton-decaying leveis of 12(, were eliminated off-line.

Results of the ¢ross section measurements are prcsented in fig. 8.

Overall accuraCJ of the data points is approx1mat=ly Exoerimental
values ar2 30 % larger than those of a orevious Bonn measurament**)
a thesrzticz] calculation S. B8offi and R. Mirandol3) obtain a 70 %
ennanczment of the plane-wave cross saction by including the pion final-
state interaction »hrouuh an optical potent1a1 treatment using the Stri-
cker, tc!unus and Carri?) potential. One can look at near-threshold pion
photoprocuction as a testing ground for pion nucleus optical potential
in a pion eneray region intermediary Detween pionic atoms and low energy
pion elastic scattering (pion kinetic energy > 30 MeV), which cannot bde
rzached ctherwise. [n the case of neutral pion production the model is
checked for a different iscspin state without Coulemd contribution.
Moreovar in the elastic procass one selects the p-wave part of the po-
tential.
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Fig. 7 - The 29 detector used in the near-threshold photoproduction
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Fig. 8 - The x0 elastic photoproduction cross section on 12C [ref.12)1
Dashed and solid curves are respectively PWIA and DWIA from ref.l5
Dash-dotted curve is Laget PWIA calculation.



rescattering corrections should De evaluated berfore any conciusion is
drawn. An expariment is in progress now to study the 2ffact on a faw
other zero-spin nuclei.

Unfortunately no calculation using the isobar-nole mcdel is availa-
ble in this energy range. A very interesting meisurement has been per-
formed at 3ates by Booth et al.l7) in a difficult experiment which mea-
sured differential cross saction for the same process in “He at 230 Mey
photon energy. The good energy resolution of the 29 spectrometer was
instrumental to the separation of the elastic rziction. The excalient
agreement of the cross section size with the isoba--noie model predic-
tion is imporessive. Mora work on cardon is orasaatly in progress at
nigner energies than those 2xplored in the Saclay exceriment (fig. 9).
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Fig. 9 - The =9 elastic photoproduction differential cross section on
“He [ref.!7)].

4.2 Charged pion photoproduction on deuterium in Ih2 ra2sonanc2 ragion

Faw body nuclei are especially well suited Tor rzaction mechanisms
studfes because realistic wave-functions descrisinc these systems ars
available and because the number of deqrees of fr2ecca {s small enoughn
to allow for a multiple scattering tr2atment of %2 pion-nucleon and
nuclean-nucleon final state interaczicons. Usuaily =iz multiple scatter-
ing series converges rapidly and procassas up to orzer 2 are sufficient

i
2



to accaunt for the data. Yarious aiagrams illustrating these rescatier-
ing processas are shown in {ig. IU.
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Fig. 10 - Pion photoproduction on deuterium mechanisms.

Single arm <experiments emphasize the quasi-free onotoproduction
mechanism on the individual nucleons. In fig. 1l we display =7 and n»~
spectra obtained with a 300 MeY onoton annihilation guasi-monochromatic
beam at 46.4° [ref.3)]. The broadening ana the energy shift of the
quasi-free peak from the pion production Tine on the nucleon result from
the Fermi motion and the Dinding eneray of the nuclesns. Pion rescatter-
ing corrections are small throughout the spectra. Final state strong
attraction of the two nucleons when their relative energy is small prc-
duce an enhancament at the high momentum tip of the spectra. The data
snhow good aareement with a calculation by Liget which includes the first
orger rescatiering processes. Such experiments are important because
they give an overall constraint on the models in a region where one-body
nrocasses ar2 dominant ; they constitute a necassary stage before look-
ing into deviations to one-dcdy procasses.

The strateqy of double arm coincidence experiments consists in the
salection of kinematical conditions which minimize the contribution of
quasi-free photoproduction in order to emphasize specific many->ody
effects. Far single pnotoproduction on nuclef, one needs monochromatic
nhotons to define completely the three-body final stata kinematics by
the detection of two particles in coincidenca, However in the case of
deutarfum the nature of the undetzcizd particle is Known and one can use
instead 3remsstrahlung photons without oringing any ampiquity. This is a
definite advantage which ccmoensatas for the smallness of the deta2ctors
accantances and also the low duty-cvcle beam which werz used in this
experiment.




' ' P i . 1

1.s =~ DEUTERIUM

Ex = 300 Mev
L 8 = 4§.5°

]
¢ Gy fun gk Lo for.mevfe)
¥ £
)
>
1 — -

_ 05 PoiMevie) T
e
T | :
]
I Vi
- 0 e A T
< I
2
2 4 2
$ 22
3 2, L =12 -
c _’g 2
=2 a I
\' - = I8 1
z >3 -
~ 1.8 = 2> - —
° e g :
- s %% - R
{' h
1. = s E -
e O
' 190, 120. 260.
P (Mev/e
0.5 | x (Mev/ -

SACLAY. LS 90
| ! . |

0. 210. 220. 232, 260, 250, 260. .

PION MOMENTUM (Mev/c)

Fig. 11 - z* and =~ photoproduction spectra on deuterium at E. = 300 MeV
and @ = 46.4°.Dashed 1ine curve is the prediction for quasi-f?ee produc-
tion ; solid 1ine curve includes nucleon-nucleon rescattering. The cor-
responding doubly differential cross sections are shown in the insats.

Pion nucleon c.m. frame

Fig. 12 - Schematic representation of the quasi-free pion photoproduc-
tion on deuterium.




The principle of the measurementsid) carried out at the Saclay
Linac 2ight years ago is sketcned in fig. 12. The modulus Py of the
spectatar nucleon momentum ana the Xinematics of the photapracuction
proc2ss on the other nucleon (pnoton nucleon invariant mass QN,I, and
pnotoproduc-ion anale » of the two-dody system in the canter ot mass
raferantial) arz2 kept constant wnile the spectator nucleon angle 3q is
varied. UDepending on the angies and mcmenta of the three particies one
can perform 2ither a3 dly,pr”ip or a dlv,pp)n~ experiment. For quasi-iree
photoproduction one expects the angular distribution obtained when 3g is
varied, to be flat (fig. 13). Indeed this is observed to de true for low
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Fig. 13 - The ratio of the measured yield of the raaction d{y,px")p to
the calculated quasi-free pnotoproduction yield as a function of cosag
PR s 50 MEV/C.



values of PqiPy = 30 Mev/c). Conversely for large values of PaiPq > 150
ile¥/c) the ancular distribution shows sizabie deviations from the quasi-
free (fig. 14).
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Fig. 14 - The same as fig. 13 for Py = 400 MeV/c.

A systematic exploration of the three-body state system =N would
requira higner energy and nigher duty-cycle machines associated with
larger solid angle and acceptance detectors than those presently avail-
able. Also an extension of these experiments to nuclear systems more
bound than deuterium would be desirable since nigner nuclear density
would enhanca the many-body effects. This would necsssitate very per-
forming tagged photons installations on high duty-cycle accalerators
associated to d4n detectors.
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