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Current photomeson theory is exstremly compleX.
The mest recent formulétion of photoproduction amplitudes
through the application of dispcersion relation techniques
gives rise to formulae for crossections vhich are so compli
cated that it is almost iméossible for a person, not alrea-—
dy very familiar with the field, to sse the physical signi-
ficance of the various terms. Bach fterm expresses the inten
sity of the conitribution of & particular physical interaction
or pair of interactions, and therefore must be understanda-
ble in terms of basic physical concepts.

Tn planning new experiments it is useful to be
able to interpret existing thoory in terme of a simple model
so that those experiments which test the critical part or
parts of a theory can more casily be selected. Certain expg
rihents which can be performed with a machine of the type
under construction at Frascati are clearly demanded just by
reason of the new energy interval made available by this na
chine. In the interpretation of thesc, as well as in the plan
ning of others, an understanding of the situation at lower
encrgies is gssential., For thesc rcasons, it is probadly worth
- while to try to make a rational proscentation of the gxperi-

mental facts of low energy photomeson production and to de-



monstrate their theoretical significance.

Most of the ezperiments that will be discus-—
ged involts the bombardmasnt of H2 with X-qﬂys. Ths target
proton is cessgentially statienary. The bombarding proton is
part of a bremstrahlung spectrum. The events of intérest
will be production of TY op ﬁhﬁ mesons mesom can be
detected dircetly in emulsions or counters. Measurement of
tho energy {or momentum) and angle of ecmission of the mcson

defines completely the dynamics of ths two-body proces

O]

(It ig 2ssumcd that meson production accompanied by r@—emii
’sicn of a photon is negligible, being down in amplitude by
a factor 1/137 from thoe simplc meson emission), e mesonsy
because thcy are neutral particles, cannot be detected di-
rectly, but because their lifetime is very short (3 164%ecs)
the two ‘g—rays emitted in the decay of the ?Tﬂoriginateg
esgentially, at tﬁa roint of ﬁﬁ pfoductiona Detection of
both E—rays (anglc and cnergy) would specify compi@tgly
the kinematics of tho e and thus of the photoproduction
process. Good regolution of 'g— ray cnergics is difficult,
and double coincideonce deotection is slowitherefore other sy-
gtems ars usuvally usecd. Mosf dirvecet iz the detection of the
recoil proton angls and énorgy (or momontum)° Just as in

w + . .
the case of the H#  meson, such an obscrvation complete

et

ly specifies the phetoproduction process, if 1t truly is

T ‘ -
the proton rcoceil of a §” production thaet has been detocted.
There arc, however, othcr gourccs of protons and a careful

~identification of the ovents being obsaorved is esscntial.
7

A third method for investigating #° photoproduction is to
) .
. . . -~ . - T 3
observe the angular distribution of simgle Y -rays from i

decays., This angular distridbution ig related to the angu-
lar distribution of sho J 5s(2).
Combinations of proton and % -ray dotoctors

may also bec used.



The ezperimental data that will be used
at the ond of this paper are composites of data obtained
at MIT, Cornell, Cal. Tech, Borkeley and Illinois. The ar
guizeniyg will bellargely gualitative onesg, so experimental
uncertainties will not be discussed. In general, the expg
rimental results are good to better than 10%.

Thé approach will be to select certain -
expsrimental facﬁs and, from them, to develop a consisternt
the~oreticsal interprefation. Experimental facts have been
carefully selgcted und are presented in an advantageovus
order. Historically the development Waé not so sgimple as
it will appear here.

The basio interaction\We wigh to inve-
stigate 1s 29*39-%‘ﬁ:k¥¥ where kh, Tepresenits a nucleon,
proton or neutron, depeﬁding on the cﬁarge of the pion. 'In
analy%ing an inﬁeractibn of this kind, a multipole analy-
gis of the photon absorption or & partial wave analysis
of the cmitted mesons is often helpful., In order to make
use of one of theses technigues,we must find some. argument
which will justify cutding of the multipole expansion at
some finite multipole order or ocutting of the partial wa-
ve analiysis a% gsome finite angular momentum limit.

For a multipole expansion, for photon
energies above the meson production threshold, A pho-
ton S meson—nucleon system. Therefore ?fA ig not
<< E, for small 1f§)and thers is no strong multipole se-
lection from electro-magnetic consgiderations alone.

To find if there is a reasonable limif?
that ean bé placed on the angular momentum of an emitted
meson we shall assume that meson are produced within a rg
gion of radius ¥ = ik/ﬁ&ﬂ- around the nucleon (u=meson

rest mass). Then the maximum angular momentum for a meson



with linear momentum p, wiill bes
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Therefore for experiments in the intermodiate energy ran-
ga, it is recasonablec to hope %o limit a partial wave ana=
1ysis to S and P waves. (Por a I BEV machine r?;ai, =435
Therefore more terms would have to bo considered in a par
tial wave analysis).

For S and P waves only, the most general angn
lar distridbution may be represented by xﬁe*"ﬁﬂtﬁiéw%ﬂaiyggg
It is of interest to see what are the possible multipole
absorptions which can give rise %o S and P wave mesons

This can be determined schematically as indicated belows
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Tn the initial state there is a nucleon, with
spin-%a 7z component—%— with the z axis defined by the di-
rection of the incident photony ﬁ kY . This photon has
an angular momentum L consigtent with 1its multlpolarlty
(1 for dipole, 2 for quadrupole, etc.) and a 2 componont
of angular momentum, + 1, arising from its intrinsic s8pin
{(ciroular polarizmation) only, since it can have no orbital
angular momentum about the z axis, its direction of travel.

This photon absorption by the initlial nucleaon

state lecads to an intermediate state of determined J and’
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?ﬂ‘g and parity state. Blectric dipole, octopole etco
and magnetic gquadrupole etc. give odd parity states. BEleg
tric guadrupole, etc. and magnetic dipbl@9 octopole, etcs
zive even parity states. From the indermcdiate state, the
systen proceeds, by meson emisslon to a fiﬁal state consi
sting of a nucleon with B =~%-9 Mg = i'%—. The emiticd me-
gson has orbital angular momentum %* with z component

W g, . The meson-nucleon system has odd intrinsic pari
ty, and the value of Qﬂ must be chosen to congerve pa-
rity from intermodiate to final state, as well as angular

momentum. For electric dipole photon absorpiion the follo

wing are the possibilities.
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0f these two poasibilities, the firet gives
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rise éo D Wavé meson emission and therefore is‘not of in=-
torest in our analysis (S and P waves only). The second
loads to 8 wave meson e¢mission.

By following +through this procese for all mul
tipoles, 1% can be found that only.the following can give

rige to 8§ or P wave meson emissions
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With this framework before us, we are prepared
to exaninc more carefully the mochanism of photoproduction.
In some way, the incident é’—*ay interacts with the pion-—
~nucleon gystem. We know that a proton, for a linear theoory,

A

has two poesible meson configurationsg:
- -
y 75
T ({)ﬁ -7 ?
__}gﬁ-ft?f“*’“f

The electromagnetic interaction should certalinly
be much greater with the lower state than with the upper.
The é@—fzr*system has an electric dipole strength (er)

A 6x that for the p+n°® system. The same can bo shown for the

anomalous magnebic dipole. Thus we might conclude from the
se considerationg that the Trilphotopréductioh crossection
would be much bigger than that for the H

Experimonts sghow that for an incident photoﬁ ener
gy of 300 MeV, the Tt ana T° photoproduction crossections

(c.m.) arec about equal, A% §0° c.m. the differential cros

29

sections are both about 2x10 em?/ steradian. This is the

first surprising result of‘phntoproduction gxperiments.

Clearly it cannot beunderstood in terms of the ¢lectroma-—

snetic interactions. Thercfore we must look for the effect

of some othoer Proccess. Wevmust turn cur aitention to the

other interaction which is present, that of pion and nucleon.
To undsrstand the offect of this interaction it

ig neceesary first to roview briefly the results and analy

gig of pion nucleon séatterihg experiments in the same e-

nergy region for the pion nucleon systom,

Results of the scattering experiments can be sum-

marized roughly as follows
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Relative magnitudes

P%é crosgections
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To fit these resulie into a simple patbern, the
concepd of isotopic epin ia useful. The charge indipenden
ce of nuclear forces suggested a formaligm in which n,p '
were same particle in itwo different charge states. Follo~-
wing the familiar spin formalism, thesc states may be cal

led states of different z component of isospin. Thercfore

for the nucleon, with 2 states,

7 &g Aok
- 7 e U ot ."ﬂ G‘JH}
L =35 Ly = = Z i Heptvrom,
;7-',"
similarly for the pion ;ﬁ;}=3 states, therefore I=1, -
+ 4 7

o

Jo= gINowg holding to analogy with spin angular momen tum

svstems, We can express various nucleon-meson combinaticns
in terms of probability amplitudes of isospin eigen states,
that, is, instead of expressing the state of the system
in terms of the particle eigenstates, Wo CXPross, it in
toerms of isospin eigen-gtates. Those are the tgood' sta-
tes under the pion-nucleon interaction. The amplitudes in
the varioug isospin states are given simply by the Clebsch~
~Gordon coefficionts,
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In the above %table, the isospin states are de-—

3 1
fined by the expregsions in parenthesgis, GE-, —-EO is the
3 1

total ~ 3 7 & 2
Theory suggests the exsistence of a strong pion-

state with I

2
—nucleon interaction in the P3/2, Ez-é-state, We can exgami-
ne the expected ratios, of that part of the above scattering
c¢xperiments, which goes trough this so-called (3,3) state.

In the T =-é~stateg

2 ‘
Product of ampli- Relative magnitudes
s e ! 2

tudes in initial of g#'e ~ (Anpl)

and final studes

(Pﬁﬂj'@ CPJTW VX | o= 1

(p i) = (pT°) V% xV¥/s 2/
(p,T7) = (p,T7) V72 x\7s 1/9

Thus we sce that the scattering truugh the (3,3)
state should have relative intensities 932:{9 Since thisg rou=
ghly represents the expprimental observations, may assume
in the first approximation that tho (3,3) interaction is ro
strong, in this ensrgy region, that it swamps‘all othersf

In a partial wave analysis, including S and P
waveg only,.there arc six phase shifts, Qﬁglﬂsj{%ﬂﬂ) &LSJV
5%312 5£3£ » the single sgubscripts denoting the total I-spin
for the § - states, and the double subscripts denoting I~gpin
and I~angular momentum for P-states. The dominance of the
interaction in the (3,3) states indicates that Cgsg the 1ai
ge phase shift. Hew can we make use of this state of affairs
to help explain the photomeson production results?

The sirong # —A/ intoraction in;ibhe (3,3) sta-
te gives rige to a gystem which sslcetively responds to tho-
se multipolarities of photons which can coxcite this state.
The mubseguent interaction in the intecrmediate state gives
rise to meson emission in the final statc as for the am=—

plitudes discussed above,
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Then we can explain the large photoproduction
of neutral-mesons as the result of this meson-nucleon inte-—
raction, the relative amplitudes pf the (3,3) state in (yﬁ,
Hm}) and ( %,’TT+ ) systems arc 5;; ; Jtzé + Thereforeo
we expect a 2:1 ratio of &'s favoring ﬁmg% . Then the
original difficulty ie¢ not removed but symply reversed. The
question now is, why is ®° equal to &% instead of to 28T,
Let's approach this question by comparing é?g and E?* data

with predictions of the model we have so far developed. P -

wave only will give an angular disiribution Ag4w£a£@§%% s 4
momentum dependence proportional to p3, A%ﬁﬁa = =0,6 for pu
re M.D; = +1 for pure T.Q.

Experimental data on ﬁf?photoproduction (2)
(3)»(4) shows angular distributions which have A, ¢ .
Thorefore the p~wave component is predominant as predicted
by our model. Also, the ratio AZ/{gaf"fi{; corregponding %o
¥.D, for By 2 220 MIV. (Below this energy, the ratio apparen
tly deécreases in absolute valuc, approaching zero at threshold
(4)5; but we shall ignore this point for the time being.). Da
ta on the 909 differential crosgsection (4) ghow that fthere is
a momentum dependence < p3 a3 g’ cnergies less than 270 MEV,
and then that the crossection peaks at abous E}X = 325 MNEV.
To see whether this‘is congistent with the prediction of our
model based on scattering experiments, we must compare the
results at corresponding energies of the pion—nucleon systems.
For Ty = 325 MEV, pion energy is about 185 MEV, and this is
just fthe energy at which the sgcattering crossections havé their_ 
maximum. In a more qumentitative analysis (1) (4) it can be |
shown that the total crossection for photopion production is

related to the total crossections for the three scattering

processes discribed above, by the féllowing formula.

;Zélbéafaﬁmn# - d.ooZe
S ra
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whera &5 T+ + ' is crossetion for scattering + -—3 +
g = is crossetion for scatterin = -~ -
& — @ ig crosgetion for scattering = == &

/%5- is velocity of incident pion in scattering
experiment, ‘

This relationship is found to hold well, (4), thus
lending s%rong support to the model we have selected for 7Y
photoproduction. We shall call this model the enhanced p-wa
ve model since it depends largely on the strong interaction
betwesn pion and nucleon in the P 3/2, I = 3/2 state.

Since Zﬁaphotoproducfibn cxperiments seem to be in.
good agreement with the proposed medel, we nust look at pho
toproduction data for an answer to the large observed
Zri%?“ ratio. If we lock Tirst at the 90° excitation func-
tion (5}, we see that here & dbes: not increase with p3°
Near threshold it ovidently has a depcndence more close 1o
p1. If we look at a scries of angular distributions (5) from
170 to 300 MEV we find that below 200 MEV, cmission is rou-
ghly isotropic, whercas from there to 300 MEV thore is a
gstrong asymnmetry about 90°. The coefficicent Ay evidently has
& negative value; Both of thesce facts suggest the prescnce
cf an S-wave. The first, because of the momentum dependence
proporticnal to py thée second, because the asginnetry is. of
the type that would arise from an S-P interference,; What;
then, is a possible source of a ﬁ“iphotoproduction S~wave
whioh Wwould not bo & scurce also of a T S-wave? I+t must be
a strongly charge-dependent intéracﬁion which docs not go
through an intermedihtc state of strongpisn-nucleon interag

tionwhore charge-state mixing could occur. For a pscudosca-
, A
lar meson, the meson-~nucleon coupling is of the form Gﬂ&%
Now,;, when an elctromagnetic field is introduced into this
system, for a charged meson the Hamiltoniam for the new sy-
stem can be formed by making the substitutions V= Vﬁﬂayé

i - & Y .
and G G - 27’4 z . Thus in the photon-nucleon-char-

ged pion systom, there is a photon coupling present which
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is abscnt in the case of a neutral pion, namelys

~2 g Th

Fa . A oY
f}""t}s — é: {?,_é‘.,&g_): 6“*'?“2" G A

term is isotropic for ulpolarizéd photon and pro

| 0>

A

Thig &+
tone and is momentum independent. It thereforc 1eads to a
term in the photoproduction crossection which is isotropic
and which incrcases with momentum as p1 from the phasé spa-
ce factor only. |

Looking back to our original table we see that this
is an elcctric dipold produccd S-wave term.

To, verify that thisg term does indecd cxist and
is the one which gives rise to the apparent S—wave effaocts

in the ciperimentally observed angular distributions, we can

wn

makc some guantitative mcasurements and compare the results
with e¢valuations of this term of the Hthecry.Whem various u~
nitary conditions,; etc. arc applied,tlic theory predicts the

/6\

A .
value of the coefficicnt of the & & term. In fact in

the 90° & , it involves a phasc space factor, the sguare

of the two coc pling constante involved, a2 ‘g2, and a func-
tion of h, ¢ and themasses., ALl of these are more or less
well known. Bernardini + Goldwasser at Ilincis and Bene&en—
tano, Stoppini, Tau Lee here performed an oxperimont which
was intended o geparats S+? wave contributicns and obtain‘
the velue of the squarc of the S-wave matrix slement at thrg
shcold (5) (6), The method uscd was to divide the low energy
¢xperimental G0° crosscction by the calculated value of the
phasc space statistical factor. The result of thie division
should give gquantities made up of an S-wave torn which is
constant, and a p-wave tecrm which increascs with energy as
pz. The prints thus calculated were then plotied against p2
and a straight line drawn trough them:. The intercept of this
gtraight 1ine at »=0 should be the quantity we werce looking

for. This type of enealysis save o velue of thé pion-nucleon co -

Z
upling constant, 3 ™12 comparecd to a value of 15 + 3 from
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scattering experiments. This seen to”be reasonable verifi-~
cation of the hipothesized S—Wave term,

It is worthwhile now to examine further the S-P in
terference to see what can be learned from it.

Since the S-wave is spin dependent g;, %. ) it
can interfere only with a spin dependent part of the P-wa-

Ve, P’.MGD. and E.Q. P~wave amplitudes both have the form
.9( - ’ ) 2 . ;
smtl 5, 7,0 2 Re Sk Plonlh = 2K Leaty 3 dinolys b6 = K fyaa 26 Lo 6

and we see that the magﬁitude of the interference term de-
pends on the wvalue of 3553.

In particular, the term should have a maximunm at
0(33 = 450 agnd ghould go through zero when 0{35 = 90Q¢°,
The angular digitribution chtained at Cal. Tech. at cunergies
‘up To 450 MBEV clearly indicate é change of sign. of the in-
terference term betwesn 300 and 350 MEV. Thus Gz%g goog
through 90° in this region, Until now we have intentionally
referred only.tb a strong pion-nuclcon interaction, not to
a resonance. Original analysis of the scattering cxperimen
ts, indicated that ©(y3 did not go through $0°. This behzy
viour of the 7?*' photoproduction interferanoe'term is per
haps the strongest experimental evidence that there truly
ls & resonance..

Is everything now in good shape? To test, we can
do the following manipulations with 00° crossections. Start
with 6”+(90°), subtract S-wave part (now known). Subtract
enhanced p-wave {1/2 €?°(90°)' }. This should leave nothing,
but there is still something, left, figure 1. What is 17

Evidently we agalin have run into & charge dependent
effect, is.e. it contributes differently to W and T pho-
toproduction.

I+ is readsonable again to suspect that it is a term
which existe for Tr¥but not for W O, It has a maximum at
270 MEBEV and =‘-O at ~~ 325 ¥MAV, What kind of term beha-—
ves like that? |

It has been shown that t@p real part of the enhan-
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‘. =0 at

ved p~wave ig proportional to giéiiﬁfgﬁ and .
™ 32, =90° ( ~ 325 MEV) and = max at ©{33 = 45°

(~280 UEV). Thus the residuc that we have found in Figure 1
looks like an intorference effect, but S-P interfercence

(GOS B-) = 0 at 90°., Thus within our original hypsthesis of

é and P waves only, we must have a P=P interference. So far
we have expresscd only the enhanced P-wave. If a non enhan-
ced p-wave tern werepresent, 1t could interfere with the en
hanced p-~wave giving just such an effect. Another source of
photomesons, so far not expressed, is the meson photo~cffect

¥ T

. /2 | PPy
Hore there is no strong interaction beitween meson and nucleon
this is often called direct effect, or, because it was Tirst
treétod in detail by Chew, (7) the Chew termsor,; becausc of
the fofm of thc denominator, the retardation term. Its ampli

tude has the forms

S®-Dal
f+ (K- )
-
where W = photon momentum
%? = meson‘momentum (%n e units)

Thus the donominator (% —-_93'] )z-t-i = KZ--ZﬁiférﬂQ* +Ci1+4 =
= K = 2gRkte8 + o % 2KH1-2Vine +4) = 2RE(-Vie 62)
Calculations of theoretical &' including this term
show 1t to have a iarge effect at very forward anglos and
at v 270 MEV,.During the past year Peros-Mondes at Berkley
and Malmb@rg + Hobinson at Illinois have made muersiioonenis
which clearly indicate its prcsonce.
We have now found the effect of an interference be
twecn the enhanced p-wave and a non-enhanced P-wavo, Sinoe‘

[e
wo know gquantitatively (from theory or from TT— phetopro-
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duction cxporiments) the amplitude of fthe crhanced p-wave,
we can caleulate from the observed interference the amplitu
de at 270 MZV of the non-gnhanced P-wave,. Knowing this, we
can exirapolate its intensity (phasc space sgquared amplitu-

de) to 320 MEYV using n p3 momentum dependence for the p-wa-

Ll v

)

ve, and we ecan thus predict a contribution of ~ 7 pbarns
from the non-gsnhanced P-wave a2t this energy. This should rg

]

main a8 & regiduasl in the experimental crosscction after suh‘
tracting the s-wave end ocnhanced p-wave contribution. Actual
ly we¢ have found the residusl crosscction, fellowing these
manipulations, to be about mero at 330 MBEV. This can be ex-
peincd as follows: Whon we sguare the sum of the two ampli-
tudes arising from the gauge invariance and the photocffect

interactions,

G
fve>
.i.

we find that there ig a romarkable canceliafiong first poin
ted out by Chew (7) between the square of the sccond and t1s in
terforonce between the first and sccond.The residual from
this cancellation is of the order of 1 pbarn at 330 MEV which
is %too small to be detoctable through the suggestod mdnipu—
lations of’ﬁho currcantly availaﬁla data.

Wo now have accounted for all of the qualitative
ecffeets and incorporated them in a rough model of photo-nu-

.

clecon intgraction It is not}worthwhilg to pursue further this
somi=-quantitative discussion. The dispersion relation have
beeon applied (1) to the problem to give numbers for the va-
rious amplitudes. They take into account not only the piom%-
-nuclcon intsoraction in a (3,3) state but also include the
reclatively smaller effocts of the other statoes.

Furthermore, tholoalculations can be made comple-—
tcly relativistic and all corrsction of the order AJ/M can
be oxpressed. Cne of the most interosting of those is the
effect of the nuclcon recoil. In *the case of an infinite mass

nncleon, there is nc nucleon recoil and one would expect the
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T~  production from a proton to be identical with the

o - ) ) .

il roduction from & necutron. When wo consider & nuclcon
of finite mass, thc interaction between the photon and the
aut 1 0311 (: STl + 3 - . ;
noutral rceol (for 1 produculon) and the charged rccoill
4 & rulland . . . X . L3
(for ?f productlan) is different, For istance, ths clectric

. v S
dipole stroenght of the i — proton system is greater than

-t + YA :
T ~anocutron system by a fTactor of iﬂg;** =1,%E at.
= Y

for the
throshold. This factor is of great interest at present. It
Wwill be discusscd in nsro detail a4 a2 later dato.

Appended to the 1list of referconces, 1-9, are some

additional rcferences not spocifically :it2d hore, which gi=-
ve doscriptions of other important cxporimental work and thep
retical analysis.

C
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