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ABSTRACT

The differential cross sections for reaction y+n—7 +p have been
measured for Taberatory photon energiss between 606 and 1250 hieV, using
a liguid dewieriura target. The measurements were made using a magnstic
specirometer and a2 recoil counter in which 7's and n's were detected in

various combinations. Measurements of the # counting rate, thew /7

- ratio, and the 7, p ceincidence counting rate were used to

counting
caleulate three independent values for the # photoproduction cross seciion.
The eroes sections from the latter two measurements were less sensitive (o

deuterivm effects and were averaged to form the set of final data. The mosi

notable fosity the data is the absence of an enharncament near the Fw(’ 335}

The .‘D1 {1520) resonance appears to be excited by & helicity 3,2 amplituds a5

- . -+
wag the cgse in m photoproduction.
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PART I IXTRODUCTION

There have been maay 7 pholoproduction experiments in the resonauce

regicu elow 2 GeV) since the first ones were done in 1655, and yet there
remain targe holes in the experimenial data where interesting physics can
still be discovered.

I the experiinent described in this thesis the differentic] cross sections
of the raaction -+n -7 +p were measurad at laboratory energies 696 to
1200 MaV and e.m. 7 angles 6° 10 160°%. ‘The ezperiment was done in resﬁzonse
to a neod to bying the cxperimental wnowledge of the 7 photoproduction cross
sections to a level comperable to the 2" and 70 photopreduction cross sections
in the same energy region. Before this.experiment there exisied only
measuremens at a Tew energies balow 1000 MeV ,rf}, and the region above
1000 MV had not previcusly been covered., The latier region was of special
interes! in ovder {o ohserve the efferts of the Vihird resonance’, the ¥, (1880,
The new measurements, when combined with other photoproduction data, wiil
yield rruch fnformation on bow tha haryon resonances intevaci elecire-
magaeticailv,

The ocxtensive measurements from this experiment were requived In order
to be able to carry out a meaningful pariial wave analysis. This is the only
way to preduce a quuntita.tive result for the ampiitude to eleciromagnetically
exciie the bevvon regonances,  The notation fov the partial wave amplitudes
in this fhesis witl be the ones used by Walkey [#]. ¥or each (7, nucleon) final
state of orbital a ;m daw 'mt::m’antmn ¢ there are four emplitedes designated

A, and j{%{ .

F3 f

Hieity 1/2 weplitude wheve the initizl photon and nucleon



spins are opposite, and B is the helicity 3/2 amplitude where the spins are

aligned. The iotal angular momentum j for each amplitude is given by
jo=12=1/2 @)

where the + corresponds to the = of the amplitude. The parify for each
amplitude is given by (-—1)(—1)2 where the extra (-1) is needed {o account for
the intrinsic pariiy of the 7. We see that in general there are two 7 photo-
production amplitudes for each resonance, in contrast to 7 elastic scaitering
“where each resonance has only one amplitude.

As with = clasiic scattering, various 7 photoproduction reactions can be
related through isospin conservation. However, this involves some basic
assumpiion about the nature of the photon. We use the Gell--Mann-Nishijima
formula

I +Y/2 )
which ¥ eiai(,% a particle‘s charge Q to its isospin component I, and Lyper-
charge Y. In < ler*tromagnehc mteraei:mns the charge Q is censerved 50 the
photon at leasi acts as a combination of an isovector, E3, and an isoscaler, V.
With ihis assw ‘i{‘floi‘i any photoproduction amplitude:;

A ¥ P — '/T +n
A v+p - 7.'0 +p

()
A y+n == % +p

no ¢
A7 yt+nee 7 41

into the isospin amplifudes

Q
jae]
=
ok
e
3]
)
[
)
k)
5
fl)

AV A and AS



e -

rhere A is the iscspin 3/2 ampiitnde p*‘odur‘ed from the isovecior part
of the photon, and A vi 2nd AS are the isospin 1/2 amplitudes produced {from
the isovecfor and isoscaler parts of the photon respectively. The isospin

decomposition is given by {3]

VE NS

—— vl s
J1/3 AV -AS)

At = /173 A"
A% = /273 AV

3
-
¥

(4)
& = Ji/z AY® - /273 (AN AY
/273 A 4 V173 @ A5
wWe ses a {4) that the A baryon resonances have one isospin amplitude,

whereas the N baryon resonances have two icospin amplitudes. An isospin
decomposition of the W baryon resonant amplitudes wﬂl give the relative
strength with which the isovector and isoscaler parts of the plicton interact.
Thet* are ofher reasons for doing 7 photoproduction experiments, I
the photon has an moteusor part as well as isovector and isoscaler parts the
equations in (4) are no longer valid. I amplitudes for all four photoproduction
reactions were known, the existence of an isotensor term would be quickly
determined. There has been an indication 4—] that such an isotensor term
. : + - ' . .
gxists from the comparison of 7 and 7 tofal photoproduction cross sections
- e e "o v3 .
in the region of the "first resonance! where the A"~ amplitude should
dominate i no isolensor terms were present.
One other feature of the 7 photopreduction reaction is the effect of the
one pion exchange (OPE) diagram in charged 7 photoproduction. The cross

section due to the OPY disgram alone is given by



, 2 .2
: 3~ sin
. GZ 2 qcm i £ cm ﬁ‘cn
T = Sl Ty 2
23 2 LN et
cm/ 4W 2K (-8 _cosf )
e o cmi
i ) (5)
X WM,~ MY - +2K w _ {d-£2  cos@
L‘l‘a’ K cmem" " Pem Uk
wheve
:2 - 3 .. 'S 3 .’"
G?TN = 7w, nucleon coupling constant 14.7
2 o -
e = fine structure constant 1/137
g = ¢.m. T momentum
‘cm
Kc-m = ¢.m. photon momentum
W = c.m. energy
¢ = T mass
M} = jpitial nucieon mass
3’,\,{{2 = final nucleon mass
and ‘ )
90'}*1 = 7 c.mm. production angle .

The inclusion of (5) in fitting procedures with G,j

N considered as 2 fitting

parameter [5] will yield an experimental value for Gv%‘N'
Since 7 photoproduction has one vertex involving electromagrnetic inter-
actions, which are well understood, there is some hope of being able to interpret
the results, A Symmetric guarkmodel in which ’3 quarks arebound by simple
karmonic oscillalor potentials has had some success. The agreementbatween the
baryoen p}}éteﬁmduc?ticn amplitudes predicied by the guark medel and the

ampiifudes available irom the partizl wave analysis is quite promising [Gﬁ 7].
e J

The agreeraent is sufficiently good fo warrant using the quark model ampli-

. . es . s . - . T
tudles as an initial solution for the ferthcoming partial weve analysis L*}}



Ir: mc) manner the quark moedel will be tested to see how well it is compatibie
with the experiinents] data. The © photoproduction cross sections of this
experiment will be used in the new analysis,

The guark model predicted a result which was directly related to this
axperiment. The helicity 3/2 amplitude, BS—— , of the F]5(1688) resonance was
predicied to be © r9j by the quark model. This amplitude in T photoproduction
produces a very marked peak in the cross sections and its absence in #~
phctoprsriuctiem would be very obvicus. Qualitatively this is what has been
seen.

The mathemaéical details of the symmetric quark moedel are presented
from Valker. [6} The baryon is assumed to be composed of three quarks

ooa:ud together by simple barmonic oscillator potentiais. The Hamiltonian is

3
H = > -—1“- P+ %—,1\([0)2 e (r )2
et 2M T ¢ j
i=l i<j
where

M = mass of the guark

_P: = guark momentum

‘1':;. = guark position

wy = harmonic oscillator constant .

Uging the substitutions

B - §1_ 6}: +“§?2 -%?é) ,

" 1 - e o

A= \76: (ry 1, - 2r5)
and- s I e

po= =y - '17-2} )



gives /=52 \
T Bt T A R 2.2, 2
f oo e ) (A P !
E=\gmn/ - (23;;5 Fy FHpir M4 )) ©)
where
“%:M‘I\“‘* , N =%.7o0r B
and
2 g
= 3w .
[63] uJO

The Hamiltonian in (6) combined with the SU(G) guark states gives a reasonable
spectrum of the baryon resonances if the total wave function is reguired to be

tofgﬂy symmetiric. The photon-guark interaction is given by

o =" BF - 5 OV T ™
wher'e
é = quark charge cperator (i.e.,1/3, -2/3)
e = e¢leciron charge
g = guark gyromagnetic ratio
and -

A = phoion wave function .

We calevlate the zmpliiundes for radiative decay (i. e., time reversed photo-
. N . b . N o
production) for a phofon emitted with momentum, K, and polarization €.

The photon wave function is

- 4 + o iK'y

VIR ® °©
where € = —(e HIEON2
We need s:msadﬂr' mu\;f phofons emitted in the Z direction with positive helicity,

because rotational matrices an,d parity will take care of the other cases.



~3

e

Alsg, the symmeiric syrametry uf the baryon wave function reduces the baryon
mmtrix element to three times the matrix element on one quark. Using (7) on

the third cgrark we obtain

Hem = ( Ti,)g" Tk (HS + H (8)

where H,% = _3Q383" exp(i/2/3 K?\Z) (spin~fiip)

Bans

Yo = 3% -gx V3 exp(iv2/3 K2 )P, —iPl\) (orbital-flip)

A
7
‘x Y

anc ng = SSX— iSSy {the spin }.cw.ler‘in,é operator) .

Copf.e , Karl, and Obryk[9] predicted that the By amplitude of the

{I688) rescnance in 7 photoproduction would be zero from the symmetric

guark model. Using (8) we can quickly point out this prediction. The F (1 8%
is masmmed fo be the Regge recurrence of the nucleon. In this case it has the
sarzme SUE) wave function as the mucleon which makes it @ member of a SU({)

g@ % . spin 1,/2 symmetric [56) super-multiplet. The space wave function is a

syvemenefric 2 state, The B3 amplitude reguires a baryon helicity change

/2 to 172, This is not provided by HS, because the initial quark sfate can

onlw reach helicily 1/2. The HQ syoplitude is possible, but then the matrix

ant is proportional to the charge of all three guarks, which for

F 1688) = 5+ y

e
o

‘.,i,.,q—-{} th(*eﬁ =,

i'.:



- The partial sucecesg of the quark model to predict the electromagnetic
behavior of the baryon resonances rests on the fact it is dealing with a well-
mmderstood inferaciion. The success of the quark modél to predict strong
deeays of the baryons is somewhat more limited. We see then that the
electromagnefic interactions such as photoproduction are perhaps the best
tools in probing the struciure of the hadrons. In fact the ondy clear evidence
of the composite naiure of the proton comes from electron scattering experi-

ments.
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PART [I APDARATUS

The experiment was carried oui with the California Institute of
Technoiogy 1.5 GaV synchrotron.  An internal target placed in the path of the
accelerated electrens produced the bremssiranlung beam which illuminated =

3 diameter LLP imget For further discussion on the beam and target, see
Apperndix X1, Arn illusiration of the beam and experimmental area can be seen
in Figure 1. In the experimenial arca there were two magnetic spectrometer
availaeble, HEMS and LEM, which are pictuved in Figures 2 and 3. Both
spectrometers were plvoted about a vertical axis concentric with the center of
the target and could be rotalad to different lab angles. The EEMA spectro-
meter bad a maximurm momentum of 1200 MeV/c and was restricted to lab
angles < 55°  The LEM's maximumn momentum vns 800 MeV/c and was re-
stricted to lab angles < 147. 7°.  The maximum momentum of the HEMA
speétmmé{er could be Increased io 1870 MeV/c by adding an extension onto the
HEMA frame 'ar}.d% m'cfving the counters to the higher momentum focus. This
rearrangement was referred to as the ff)UTR configuration. The extended
frame restricted the available lab angles to < 39.1°. For the HEMA-DUTR
spectrometer the Al counter defined the solid angle of the spectrometer and
the small bodogcope S2(T, TC, BC, and B) were the momentum defining
counters. The Iavge freon gas Cherenkov counter, FC, and the smalier
lucite Charenkov counter LC | (see Appendix IX) could, with suitable electronics,
sgparate trigeers due fo clectrons, pions and proions. Muons were indistin-

guishable from ¢ ’bﬁ,s n this scheme but since they originate from 7 decays
thm*e ves no attesnpt io eliminate them. Sl provided time-of-flight measure-

-ments between 41 and A2. A2 and 83 were extra traiectory defining counters



- 1) -

which eliminaied cots fromn scatteres and showers., The slab of lead in
front of 83 eliminated low energy electrons which failed to fire FC. The FAN
counfers were used to velo the events where theA particle scattered off the
magnet pole tips.
For ithe LEM spscirometer A was the aperature-defining counter and
P (T, TC, BT, and B) was the momentum hodoscepe. 81 and 82 were used
for time-of-flight and trajectory definition. The FAN counters served the
same purpose as the ones on HEMA. Photomultiplier puise sizes differentiared
between 7's and protons (see Appendix IX). No Cherenkov counters were used.
The equipment just described was already in existence [10,11, 12,13, i‘ﬂ
at the commencement of this experiment and has been deseribed in other
smu:i:es. Added for this experiment were recoil counters. Their consiruction
and design are discussed in Appendix IX. The counters were mounted on a rail
surrounding the deuterium target which permitied the counters to be moved to
any desired angle. ~This rail was built for the vy counters of Wolverton's

7 photoproduction experiment. (11
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PART U7 METHODS

Because there are no neutron targets, it i 1mp0851ble {o study the

reaction

y+n—T +p (9)

direcily., One means of overcoming this difficulty is to mecasure the cross

- T

section for theinverse reaction [14,15,16]

T +p-—- y+n . (0)

and wue detailed balancing to obtain the cross section for {9). This method
suffe om the difficulties that there are two neutral particles in the tinal

staie fo datect and there is a huge background contamination from the reaction

o
T +p--~ T +n
P L an
Yty -
"The mathed used for the present experiment was to use devierium as a

neutron target. The 7 from the reaction

y+d—~7 +p+p (i2)

is regarded as being photoproduced off the neutron which is loosel y bound in
the deuteriurm nucleus. The difficulties inherent with reaction (10) are now
gone, but reaction (12) has problems of ifs cwn. There are numercus deuteriur
~side effecis asgociated with (12) which must be considered in order to obizin
fhie 7 wholoproduction cross seciion.
The largest overall effect is the increase in the number of restraints

needed to comapledely determine the kinematics of an event. The resson is that

reaction {2) has two particies in the final state whereas reaction (12) has three.
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Héwé&rezg the exira profon in rwcnon (12) (the spectaior proton) is almost at
est, ! aving taken no port in the reuection, so theti it is left with only its resid-
ual momentum snside the deuferinm nucleus. Because of this, two-bedy
kinematical restraints can be used for usefnl measnrements. However, the
undetermined spectator profon momentum greatly degrades ihe energy reso-
lution of the experiment. Theve is a detailed discussion of this effect in
Appendix II. The spectator proton momentim distribution vsed for calenlations
in ”t}zis experiment was taken from the Hulthen wave function represeniation

for the deuteron ground state. This function is given by

u(p)=[ = }@ 0o 13)

27 (- 0':01).5 ' P
where
Fe I 1‘1 - 'I,‘z s
?i?w are the positions of the deateron nucieorn,
o = 45.69 MeV 3
ﬁ = 275-74 MeV 3
and '
py = 4/(a+p) - 1/8 .

Ta the momentum representation the ground state is calculated by

i

%) fexp(—fz%iiaf)uimdg'ﬁ (i4)

v I 8ne ’L
ot = {(1 el

M

m%’é

5
(@ K"

[

« < 8 i s 'L &
The memenhun distribution is then | ¢(K) |



 Anotlier effect is the lowsering of the cross section due fo the Pauli
exclusion princivle. ‘This arises becouse the two protons in the final state
of veastion (12) are fermions; hence, the part of phase space where the two
protons tend to be in the same state is restricted. The analytic expression

for ihis effect is [17]

3 x 1 BGI
'5‘9; = [ - qF(D)} g +l'1 F(D)J Yol ae)

where

d0/0Q, = © photoproduction cross sections from LDZ.
9g,,/882 = nucleon-spin dependent cross section,

BSIL /82 = nucleon-spin independent cross section,

g -

= K- q.

H
¥

H

=
i1

photon momentum,

w2
i

T momentum,

and F({I»} is the deuteron form factor,

e D G .
r{D)y = jexp(«D*,o)u (pid p . o
The corrvesponding expression for a free neutron target is given by
o0 _ Pk . L a8)
o8, o9 o0 ’
iy

Tor smail mor umm transiers, i.e., small » production avgles, D ~ 0 and
() ~ 1 2o the photopreduction eross section froin deuvterivm given by (16)

2/’3{8(;?/5\52). The cross section for a frea neutron target, on the other hand,
) S
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is 87 /aa hecause at 07 the nucleon spin must flip, hence the spin independent
cross section EO'L/ 982 = 0. Thus for forward 7 production angles, the Pauli
exclusion principle lowsrs the deuterium cross sections by a factor of 2/8

with respect to the free neutron cross saction.

;:i

The Glavber eifect [18] lowers the cross section due to the shadewing of
cne nucleon by the other. Normally one would net e¥pect such a shadowing
effect to be large for the electromagnetic interactions because the photon has
a inean free path of 500 fin in nuclear matter, which is far larger than any
nucleus. However, the uncertainty prmczple presenis the possibility Lhat a
photon cah materialize into a p whose mean free path of & fm in nuclear matter
aliows a shadewing effect. Such an ef_fe:czt has been observed in total photo-

b°0 ‘ption experiments [19 20] In the present experunem the greatest
shadowing would occur for the largest photon energy used, 1300 MeV. Using
the unceriainty principle one can calculate that these photous could exist as
pofs for distances no more than 9.8 fm. Since the mean free path of p%1s in
nuclear matlter is 3 fin, the p C1g would disappear hefore they interacted. Hence
the Glauber shadowving effect is not significent for this experiment.

There are numerous final siate interaciions which iend to make the infoi~
pretation of reaction (12) as # photoproduction ambiguous, Examples of such

interactions are 7 scattering off of the second target nucleon,

y+rn—= 7 +p

(19)

and © absorption off of the second target nucleon,
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'}:+n - ":“; +P (20-)
T +p — T +n
It is rather difficult fo assess the effect of. all t‘q ese reactions aithough some
‘wemptu have been made. [21““,“ 3 24_] Ixperimentally the effect of final
state infteractions seem small because single ar photoproduction cross section
ratios from hydrogen and deuterium are not significantly differect from 1, if
one takes points not affected by the Pauli exclusion principle. Alse, final
state interactions involve both deuteron nucleons, hence one would expect tha;
the spectator proton momentum distribution o?&served would signi:ficantiy differ
from that expected from a deuteron wave function su_ch as the Hulthen wave
function. This has not been seen [26] ( ee Figure 4); thus it seems the final
state interactions have a small effoct. #*

;Fmamiy, there is the possisidiy of contaraination of the =~ rate from 2%
photoproduction. ¥ the nucleons are moving arcund the deuterium nucleus in
the manner deseribed by the Hulthen wave functicn, one can piciure the 2
threshold being reduced by a high velocity deuteron nucleon siriking a low

energy bremsstrahlurg photon. In this maraer # 's from such reactions as

A L
yt+d-> T +7 +p-+n (21)

may significanfly contaminate the single 7~ photoproduction rates. However,

_For higher

el

This is only true for experiments at interme mte eﬁer-'>*ies
eriments tic,re are some gizeable deviatic

L
U) o3¢

I Part v, it is hmm that the systematically high LEMN direct cross
se(*iz ng may be due to a fin2l state rescatiering effect.
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adéiﬁgﬂeﬁ Monte Carlo program to calculate this contamination pfoduced a
negligible result. This program is described in Appendix VIL

There are several experimental methods available to overcome the dif-
ficulties presented by the deuterium target. The best method is a Chew-Low
extrapolation. Here the 7~ photoproduction differential cross section is
measured as a function of the photon energy, K, the c.m. prodﬁction angle,

ocm’ and the relativistic invariant

PL = > V2 _ gl L, il :
Z (- Z)" = M+ M, 2M Eg (22)
where
g’n = 4-momentum of the target neutron,
9’8 = 4-momentum of the spectator proton,
S?D = 4-momentum of the target deuteron,
ES = lab energy of the gpectalor proton,
MD = mass of the deuteron,
and

mass of the proton.

-
%—a
il

The resulting curve is extrapolated to e?s = M121 where Mn is the neutron mass.
The cross section at this point should be the photoproduction cross section
from free neutrons. This technique eliminates the effects due to kinematics
and the Pauli exclusion principle. The one experimental difficulty of this
methed is the tremendous amount of statistics it requires. For experiments
Which try to cover a large kinematical region, such as this one, the demands

on beam time would be entirely unreasonable.



There were several methods used in th‘isv experiment to elinlinate the
deuterivm effects while achieving good siatistics with short data runs. The
simpplest method used was (o measure the 7."_/7r+ ratio. This methed agsumes
that the relative effects are the same for both 7 and n phofoproduction from
deuterium. Then the ratio of the 7~ and 7 counting rates from deuterium will

be egual to the ratio of the counting rates from free nucleons.

R

fl

- +
(r rate/m rate)
deut @3)

i

- +

7 rate/m raie
v ( / ) free
Mulfiplying the ratio by the 7 photopreduction cross section from protons will
yield the 7 photoproduction cross section from neutrons. With this method,

. *
the eiffect due fo the Pauli exclusion principle is effectively removed . How-
ever the energy resolution caused by the undetermined kinematics of the spec-
tator proton is not improved, and the error from the statistics are degraded by
PRI ! -+ ) N . + .

the siatistics of the 7 rate and those of the @ cross section. Also the assump-
. oy + - : .
tion that the 7 , 7 corrections are equal is suspect.

Another method tried in this experiment was to calculate the cross
section from the » rates alone. This method is extensively discussed in
Appendix II. 'The advantages here are that the statistical errors are better than
the ratio method and asymmetric deuterium effects do not corrupt the ¥ cross
sections. However, again the energy resolution is not improved, and virtually
- every deuterium effect except for speclator proton momentum is igrored.

Besides, themethod is dependent on the deuterium model used.

* This assumes that the ratio of (ach/' 22) to (80"]. /08) is the same for Loth
pandn. . -



- Aw improvement on the previous method ‘is obtained if one also detecis
the recoil proton as well as the 7 . A counter is placed at the position of the
recoil proton corresponding to the target neutron at rest. In this mamer the
energy resolution of the experiment can easily be improved by 40%. Further-
more the production of T mesons in correlation with high velocity spectator
protons is suppressed. However, this method ignores the Pauli principle,
and produces larger errors due to statistics from the lower counting rates.
Fﬁftherfcre the experimental situation restricted the use of the counter because
for forward produced pions the proton did not get out of the target and for
Back\vard produced pions the counter was close to the photon beam. The
latter restriction, however, was removed by detecting the proton in the spec-

trometer and the 7 in the recoil counter.
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wave function superimpoesed. Figure ig taken from veference 26,



PART IV PROCEDURE

The preseﬁt experiment consisted of 523 runs which covered a total of
104 spectrometer seitings producing 418 measurements of the v~ photo-
production cross section. If the 7 data are considered as separate measure-
ments the number of data points is doubled to 832. The experiment covered
13 e. m. w production angles between 6° and 160° and 32 incident photon
energies between 589 and 1256 MeV. |

To recordaneventthe time-of~-flight counters (Al, A2, and Sl in HEMA;
and A, Sl, and 82 in LEM) were placed in a 6 ns fast coincidence. Then the
Cherenkov counters on HEMA or the pulse height discrimination on LEM
separated events into 7, e, and p signals. TFinally the desired signal (usually
the =} was placed in coincidence with the momentum counters. A more de-
tailed description of the electronics will be found in Appendix IX.

The basic daily run schedule began with a calibration of the quanta-
meter integrét{—zr (sée Appendix XI), after which the pulse height specirum of
each counter was checked. The basic run procedure consicted of data runs
alternsiting with monitor runs. The monitor runs were required in order to
calibrate the beam monitors with the Wilson type quantameter. (see
Appendix XI)

There were four {ypes of data runs:

O = data run (PPD)

2) 7 data run (PMD)

) 7 datz run with récoil counter (PMDR)

'{4) reverse 7 recoil data ran (PMDPR).



spectrometer. The PMDR runs delected the recoil proton in the recoil

counters as well as the 7 in the spectrometer. The PMDPR runs were the

reverse of the PMDR runs in that the proton was detected in the spectrom-
eter and the 7 was detected in the recoil counters. The PPD, PIVID, and

PMDR runs used the HEMA for lab angles < 500_and the LEM for the larger

angles. The PMDPR runs used the HEMA for bremsstrahlung end points

< 916 MeV and the OUTR for the higher end points.

There were three basic techniques used to measure the 7 photo-
production ¢ross section: the 7 / r ratio, the » direct cross section and
the ¥ recoil cross section (see Part IIl). The ’/7’~/7T+ ratio measurement
required consecutive PPD and PMD (or PMDR) data runs in which only the
polarity of the magnet was changed. The direct cross section required the
spectrometer counting rates from the PMD (or PMDR) runs. For the 7
recoil cross section it was originally planned to use only the PMDR runs.
However, il turned cut that only a limited number of measurements were}
possible with this arrangement because the recoil counters were saturated
by the photon beam for lab angles < 30° and protons did not have sufficient
energy to reach the recoil counters for lab angles > 64° (see Appendix IX).
As a result r_ecoﬂ. measurements would have been missing for the forward
and backwarj 7 production angles. However, with the PMDFR ruans it was
possibie to cbiain the backward recoil data.,

Empty target runs were ta’ken for a scattering of the settings and irter-
polated for the.‘ settings that were not tau\en This was done in order lo save

heam lime for full target runs.



For the 7 data not requiring a recoil proton the empty target background
Was largest for the forward @ production angles, where the spectrometer was
very close to the heam. The runs accepted as final data had a backgmund of
10% or less. The background contamination at other settings ranged from
2% to 8%. The higher background occurred at the largest 7 production angles.
For the recoil data there was no cbservable background.

The 1r+ runs, which were required in crder io caleculate the 72'_/77’+ ratio,
could also be used for normalization purposes. With the use of a time-
sharing computer console in the experimental bay the data runs could quickly
be turned info cross sections. These cross sections could then be compared
to the a photoproductibn cross sections from hydrogen as 2 check on the
operation of the apparatus. This was only possiblz for the HEMA runs because
the p efficiency for the LEM data was not available dﬁring run time. The re-

duction of the data to cross sections is described in Appendix X, Part E.
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PART Vv RESULTS

&s mentioned in Part IV, there exist four different cross section
measurements. In order fo avoid confusion when discussing these measure-
ments the following names will be used:

I. direct crozs sections — These are cross scctions measured from
the 7 spectrometer counting rates.

2. 1yatio cross sections — These are cross secticns calculated from
the ratio of the 7~ and 77 spectrometer counting rates.

3. recoil cross sections — These are cross sections calculated from
the 7~ spectrometer rates with the requirement that the p is de-
tected in the recoil counters.

4. reverse recoil cross sections — These are cross sections cal-
culated from the p spectrometer rates with the requirement that
the 7~ is detected in the recoil counters.

The best test of the capability of method (3} to extract
y+n = T +p
cross sections from the reaction
v +d -+ p+p
is to compare the cross sections frbm the reactions

v +p = T +n

and
+
y+d —= 7 +n+n.
A
Such a comparison can be seen in Figures 5-7 where the 7 direct cross
e e e ) + . o

section= from fhis experiment are compared to the 7 ¢ross sections from
hydrogen calewinted from Eckiund and Walker's fit [14]. The errors for this

fit (hot shown} are roughly egual to the errors shown with the data from this

(24)

——
a3
<1

—

27)



experiment. IﬁFigm*e 5, slmwix}g the comparison of the hydregen and deuterium
ci‘oss gections at c. m. 7 production angle, Gcm = 100, the deuterium data are
noticeably lower. This behavior is evpected from the Pauli exclusion prin-
ciple effect [17] which lowers the © photoproduction cross sections from deu-
terium at small 7 production angles (see Part II). At Gcm =60° (Figure 6)
whére the Pauli exclusion principle effect is not as strong, the agreement
between the hydrogen and deuterium cross sections is very good. However,
at Gc-m = 1050{Fignre 73 the deuterium cross sections are systematical}y high.
This systematic shiff is seen for all the T data from ecm = (900— 1600). These
points correspond exactly to the data taken by the LEM spectrometer. Con-
sequently, the LEM results are suspect. Furthermore, for experimental
points done with both the LEM and the WEMA spectrometers, the LEM direct
cross sections were on the average 10% higher. A difference of this magnitude
could account for the shift cbhserved in Figure 7. However,‘ a simple nor-
ma}.izaﬁm} correciion of the LEM data would not help as the shift varies from
0-10%.

Several possible sources for the high LEM T direct cross sections were
ﬁwestigated. These were:

1. Contaminating backgrounds

NS

Incorrect LEM acceptance calculations
3. Changes in the LEM solid angle
4. Flectronics

5. T¥Final sfate rescattering effects.



“There is iittle reason to suspect contaminating backgrounds are
résp&nsible for the high ¢ross secfions. The possible contaminants, empty
target background, 27 photoproduction, and electrons have already been sub-
tracted {rom the deuterium data in Figure 7. The subtraction was fairly
reliable., The empiy "target background was measured directly (see Part IV),
the 27 contamination was calculated from known 27 cross sections (see
Apperslix VII}, and the electron contaminant was estimated from this experi-
ment*s HEMA datz and Thiessen's previous measurements [10]. it is difficult
to imagine sources of other contaminants. “

There were three checks made on the LEM gcceptame calculation.
First, the ratic of the egperimentai response, K, and the fotal spectrometer
accepiznce, APAL, for both the HEMA and the LEM were compared. An
erroy in either the £ or APAQ calewlation for either spectrometer would
produce disagreeing ratios. For close kinematical set,tings the agreement

907

was better than “%." Becond, the Monte Carlo acceptance caleulation was com-
pared to more accurate methods (Tablel6) and the agreement was well within
the Monte Carlo errvor. Finally, the total ILEM acceptance for this experiment
was compared to Thiessen's [4] total acceptance (who used the same spectrom-

eter } and ihe results were identical. These checks seem to preclude any
errors in the aecépmnce calculat'ion._

¥ the LEMN sclid angle were Som.ehow larger than the acceptance cal~

culstions described, the result would be larger cross sections. However,
there should also be a corresponding increase observed in the recoil rate for

the # runs. This speculetion was easily checked by a comparison of the
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LEl\-i.?r_ direct and recoil cross sections. Such a comparison ié seen in
Figure 8, 'and it‘ is ciear that there has been no increase in the recoil
counting rate.

Electronic difficulties would be expected to produce more erratic data
than the smooth resulis seen in Figures 7 and 8. The only imaginable
electrenic difficulty that could Tead to higher cross sections would be {rig-
gering on events where the particles passed ﬂlroﬁgh only a fraction of the
coﬁnters in the spectrometer telescope. If these particles originated from
the target, the overall effect would be similar to an increase in aperture
which has just been fej ected. If the particles briginated outside the target,
they would have heen remecved by the background subtraction.  Further-
moré, the LEM electronics were i’requen‘tly checked throughout the run and
no major anomalies were ever seen.

Elastic and inelastic rescattering of the 7 off the deuterivm spectator
micleon could cause an enhancement of the cross section. The lab momentum
of backward photoproduced 7's for the energy region of this experiment Wwes
around 300 MeV/c. This is just the right momentum reguired for the 7 to
produce a A(1238) resonance with the spectator nucleon. Using a deuteron

. . d . . - 0
internucleon distance of r =3.87 fm  and a cross section of ¢(@ +p - A) =

23k

68.3 mb an order magnitude estimate of the rescattering correction is

given by

9 T
* Taken from < r™ > produced by the Hulthen wave function.

*al(w.— P ,_«f’) = 30 (7T+ +p A++) at 300 MeV/c.



- 0.
o{r +p‘->A) = 0.036 | 28)
4r < v >

which means an effect as large at 10% can be expected. Unforiunately,
present theories dealing with such rescattering problems {21, 22,28, 24] are
onlyvvalid for higher energy scattering at small momenium transfers.

It is unfcriunate that the preceeding investigation produced no clear
evidence to indicate a malfunction of the LEM specirometer. Because of this
fact it must be concluded that the direct cross sections might contain some
deuterium side effects as large as 10%, and hence are unreliable. It was
therefore decided to use the average of the ratio cross sections and both types

of recoil cross sections as the final data. This is a reasonable decision as
both of these measurements minimize the deuteriur effects. To support this
decision obsefve in Figure 9 that the ralio and reverse recoil cross sections
are in fairly good agreement, whereas in Figure 10 the direct cross sections
are systematically higher than the ratio results. It must be pointed out that |
some caution must be employed when using the ratio cross sections. For
example, in Figure ﬁ which shows the 7" direct cross sections from this
experiment at -ecm = 450, the smearing effect of the deuterium has lowered
the 7' ¢ross section below Ecklund and Walker's fit at 1000 MeV. This will
cause a false enhancement in the m cross section at the same energy as can
be seen in Figure 12. The 7 direct and recoil cross sections (Figure 13)

- show flatier distributions. In such cases the recoil measurement was taken
as the firal ﬁeasuren;ents and the ratio vresult was ignored.

The experimentzl cross seclions are presented in Tablesl, 2, 3, 4, 5

and 6. 'The inferpolated 7 cross sections, at constant lab photon cnergies,
R s o



are presented in Table 7, and Figure 14. The errors listed and shown result
from statistics, raw data corrections (see Appendix X), and experimental
response calculations. The total systematic error is taken from Ecklund rl,Z]
and is 10%. The fits seen in Figure 14 are Moravesik fits.

Moravcesik fitting was used in order o obtain total cross sections and o
extrapolate the data to special ch angles. The fiis themselves produce
coefficients of which the physics content is difficult to interpret. A more
scientific fitting procedure, which is an extension of Walker's earlier fits [2],
is now being carried out, and will be reported in Scheffler's thesis. [8 |

Moravesik fits [27] have the form
| 2 _ n ' .
q-ﬁcmcos Qcm) G‘(Hcm) = ; Ancos ‘ch (29)

where ‘gcm is the c.m. velocity of the 7 . The An's are deﬁermined by a least
squares fit to the data. The term (1- ﬁ'cmcosﬁcm)z in (29) takes into account
the one pion éxchange (OPE) diagram which contributes many high partizl
Waves‘not included in a limited sum over cos’ Ocm terms. The forward peak
in Figure 14 is produced by this aiagram. ﬁcm in this experiment ranged
from 0.940 to 0.978. At the (OPE) pole, cos ecm zl/ﬁcm’ the expression in
(29) is directly caleulable from the Born approx_imatidn. It is

. 2 l ‘ 3
o8 8 m) G(Ecm) B

=1/B

s
cm cm

a-5

(51411

(0)
2
)
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where

1. = c.m. 7 momentum
Tem !

Kcm = ¢.m. photon momentum

W = c.m. energy
L = T mass

M = neuiron mass
M_ = proton mass

e = fine structure constant 1/137

G‘:‘rN = 7 - nucleon coupling constant 14.7 .

If the values in (30) are expressed in energy units of MeV, the conversion of
. , 2 . . o e 12 o w1ab "
units of {1/MeV") into cross sections required is (fie)” = 3.89 x 107ub (MeV)~.
Adding the value from (30) to the set of experimental data, the Moravesik fit
. et N s) . S e s s
can be juterpclated [5] ic obtain 07 cross section. The fit coefficients are
presented in Table 8. The resulting total cross sections and the differential
s _ O c _. o e evins N
cross sections at ecm =07, 907, and 180" are shown in Figures 15-18. A
listing of those cross sections is given in Table 9.
The total cross section in Figure 15 displays a peak at 700 MeV similar
: + . . '
to the 7~ data. This peak in 7  photoproduction. is well known to be dominated
by the B, amplitude of the D]3(152(}) [14] resonance agnd there is nothing to
indicate that this is not true for » photoproduction.
A furiher examination of Figure 15 reveals an absence of a bump cor-
‘responding to the third resonance, the Fy (1688) [28], which is very prominent

Y S I + e . Lo s
near 10040 eV [o] in 7 photoproductior. This result is even more striking
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when cemparing Figures 11 and 13. The dominant amplitude for the Fi 5(1688)
resonance in T photoproduction is the By wave which has a maximum near
45°% c.m. 7 angle. Figurell clesrly shows a peak in the xt data, whereas
the corresponding peak in Figure 13 is absent. |

I the resonant B, amplitude is written as a sum of the isovector and

isoscaler amplitudes,

oS v
B3_ ) = BB— - B3"
@b
- S v
BS__(?T ) = }33“ +B3__
the experimental indication of By (1)~ 0 forces By ~ -B,". As stated

in the introduction, the harmonic oscillator quark model predicts that the
Bg_ éem@limde of the }3‘15 resonance is proportional to the initial nucleon
charge; since 7 s produced from a neutron, By _ (r")= 0, [9] in agreement
with the above ohservation.

w photeproduction shows that the helicity & amplitedes of the Dl-‘i (1520
~and 5‘15‘{_2688) resonances are small. [5] If the corresponding 7 amplitudes
are larger, their effect would be most pronounced at 0° and 180Y where the
helicity 3/2 amplitudes are 0. The 180° data (Figure 18) show indications of
bumps at 700 MeV near the 1)13 (1520) and at 1000 MeV near the F15(5.688), but
the data are not convineing. The Tokyo data [2 9J at 180° show a much clearer
bump at 1600 Me\'f’. at0° (Figure 16) there is no evidence for an 5‘15 (1688)
effect, but there is clearly a sharp drop in the cross section at 700 MeV
near the D13(1520},. However, this effect has been seen in the 7 photo-

production and is attributed to the 7 photoproduction threshold.[2] The quark
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model mentioned in the introduction predicts a small A2_ amplitude for the
D} {1520) and a moderate A, amplitude for the Fy 1638) [6].

Also in the 0O data there is a fairly rapid drop in cross section for
700-900 MeV. This has ?;)reviously been speculated to be caused bj} the
811(1535) resonance, whose A 0+ amplitude interfers with the Born terms and
background to preduce the efiect [30].

in summary, the D13 {1520) seems to behave as it does in a photo~
produciior. The F15{1688), BB- amplitade is definitely much smaller than
inw photproduction. The partial wave analysis currently being applied by
Paul E. Scheffler to these data and other 7 photoproduction reactions will
produce moré gonclusive resuits.

It was noted by Walker [2} that a simple electric Born approximation
with the j = 1/2 and 3/2 waves absorbed reproduces the qualitative features
of the 7" photeproduciion cross section near 1200 MeV. In Figure 19 we see
that this e:;bselrvatioﬁ holds true for v photcproduction as well. However,
when the anomalous magnetic Born terms are added, with the j =1/2 and
3/2 waves also removed, (Figure 19) the backwar-d angle distribution is
improved somewhat but the forward angle features are destroyed. There
has been no clearj evidence yet in 7 photoprodu@ion to indicate the presence

oif the anomalous magnetic Born terms.



TABLES 1-6

Notations

K = lab phoéon energy

ch = ¢.m. 7 production angles in degrees

o(f) = cross section in ub/sr
Ac(f) = standard deviation of 0 (9)

ﬂ—/ﬂ+

It

-+ . .
m /7 counting rate ratio

- 4 — 4+
An /@ error in7® /7w

i
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TABLE 1

7 Direct Cross Sections
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Ao (6)
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