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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.
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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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934.8
1025.2
1050.8
1073.3
1096.3
1121.7
115%6.4

1170.3
1198.2
1216.7
1243.9
583.8
598.7
617.0

632.1
642.5
659,.6
6778
695.3
711.5
731.3

750.8
168.0
1867
BGB.8
829.9
850.8
869,.5

896.1%1
9197
S46 o4
G67.5
qu'z
1026.1
1054.1

1069.8
10962
1124.9
11588
116461
1192.1
1220.6

1249.8
585.3
593.4
616.5
632.8
666G . 6
6581

8
cm

10.25
10.31
10.38
10.07
15.20
12,29
10.36

10.24
10.30
10.46
10.56
20.20
2032
20.38

20.57
2015
20,29
2041
20:.61
20.09
20.21

20,37
20,53
2024
2053
20.72
20618

20.73
2044
2062
20:28

2037 .

20,45
20.62

20.2%
2041
20.64
204715
20.24
2040
2056

2C.70
3017
30.34
3049
30,76
30.065
30.34

o(6)

3,56
2.85
2.42
3.35
3.18
3.C9
3.04

2.84
2448
2665
2.50
12.17
12.46
12.29

12,36
12.05
l12.22
11.30
11.33
10.95

Q.72

B.16
T.27
S8
54’
521
L
4,566

4440
4Ge28
11‘.2}
3.9¢
.92
3717
3.55

2,85
2,56
350
3038
3.14%
2.4
2.9%

2436
10.49
10.59
10.70
10.52
1052
10.01

Ao (8)

0.28
0.25
0.28
D,18
0.50
0.20
c.28

0.31
0,31
0.32
D.29
0.50
0.51
0.5C

0.49
0,50
0,51
0.48
0.46
0:.39
0.36

0.33
0.31
0,33
0.32
G230
H.28
.22

0.20
020
5.19
0.1}
0.12
C.l1l

0.i1

0.1%
0.18
0.18
018
D.29
0.27
0628

025
0,46
0.47
D.466
Q.36
0,38



K

67645
£93.1
710.8
128.4
¥52.0
771.2
165.7

810.,9

830.6.

85643
£14.0
899.2
9239
59,9

S68 .9
GS8.1
1025.0
1656.7
1065.2
1094 ,0
1128:3

11603
11€4.2
11e5.2
1230.5
12646

S85.0

602.5

6177
£3%.3
6540.8
659.6
6TTe5
656.8
7125

1294

750.8
T¥3:3
P66 2
8{37? 6@
832.1
£54.8

8§75.0
BEYE,,0
Q22.N
Q"fﬁ‘ (} b1 8
871.5
G4 .8
10874

é_

CcI
30.52
30, 84
30:13%
3337
30.45
3079
3CG.16

30.20
30.53
3G.72
30. G"é
30.19
304k
30.71

30,03
30.18
3041
30.62
30.04
30.26
3%0"?2

306.68
29.99
30.15
5040
30,68
45,07
45,13

45,57
45, 99
45@ },5
L;‘Sc 3‘{0
45, 66
45,98
46,56

£%.30
45, %
4557
G483

456 b4
45 S0

5?'(&:«(}2
45.19
45 €3
45,99
&b T3
‘V-QFJ','. 2‘:3

45:.%7

o)

9.91
8.82
.71
G9.17
8.29
6.56
5,28

Y. TC

EFS-T

4.63
4.61
L. 49
4. S/?
.18

Ga2
4. 454
e" 33
4.50
4.5
4¢28
4,36

G4
4e31
376
%54
354
G.28
48

9.15
10, 3¢
8. 82
8,67
7.88
840

8132
6.6
579
5‘ 30
467
L. 43
3:96

b 277
30 8?
382
46112
fr532
Go b )
e 10

AT (8)

0.35
0325
0.33
0.32
G.30
0.27
0.29

G.30
0. 26
D.27
0.15
Gel5
0.15
Oel&

C.18
016
Q.12
0.13
C.21
0.21
G.20

021
0.22
D21
Gelq'
0.19
065
Ge €5

0.63
0: 66
Q.37
e 35
036
Ce34
(.21

.20
G35
C.17
0.18
Cal17
OO 16
30

0.20
0.15
CulS
0.31
0.15
G117
0,15

K

1058.4
1062.3
1098.5
1128.3
1161.6
1161.8
1194.2

1233.7
1270.1
58545
599.2
619.3
636.2
640.1

65G,6
6792
701.2
7076
730.6
751.1
17640

T86.1
8G8.8
835.3
858. 6
872’7
898.9
925,.,2

g957.7
967.5
99%. 1
1028.2
1063.0
1063.1
1102.7

t131.9
11603
116R.7
1196.2
1232.8
i276.9

5818

539 4
617.5
£38.4
639,.6
659,1
580.0
699,8

cm

45.8%
464 .88
45,02
45 .48
45,79
44,77
45.22

45 .49
45.83
59.89
60,38
60,54
60.97

59.87

60.14
6048
60. 86
59.89
60? 1-4
60,59
60.99

59,70
60:11
6052
61 QOIQ‘
59, 74
60,22
6057

60,96
59,60
50,02
6052
50,88
F)q‘bg
59.90

6M.47
5G9.43
60,91
$9.89
60,53
60.75
T4.78

1530

75 .53
74 .86
T4 .66
75.23
7553
75697

o ()

3.77
4.22
2.89
3.62
3.37
3.56
3.44

2466
2.72
Be48
8.03
8.35
8.25
8.14

ﬂ.!‘-‘z
T84
7.61
7ot
T.02
6.1l
5.07

4.65
2. 8¢
3.35
2'96
292
3.01
2+84

2ebt
2.7C
2.77
2:76

" 2ebB6

2.55
Z2at

223
2.C7
1.90
1‘84
1.58
1.44
7.19

Tet4l
7.24
Tel2
7.19
Te13
Tes&S
695

Ao (6)

O.14
ND.13
Del2
0412
Dl
ND.15

0.15
O.14
0.37
0.32
0.32
0.31
0.30

D.41
0.30
O.Zq
0.23
0.22
O.24
0.25

.21
G.15
O.14%
0.13
(.13
N.13
0,12

0.12
.C%
0.08
n.io



K

706.0
72C.9
153.3
TT16.4
809, 1
834.9

865 .4
866+ &
897.8
925.0
559,.7
S64,.,9
996 6

1030.7
105%9. 4
1064.C
1094.1
1132.1
1156.3
116946

1198.2

1233.7
1274.8
579, 8
59845

619.2

€36.0

£37.9
657.6
6730
1008
102.6
725.3
15042

T76.1
T80.3
£03.3
8331
860, 9
5773
538, 7

633.4
637.0
655, 8
6769
€CBEL G
6983

8
ony
14,55
74.98
75.51
15.G0
74.59
T5.G3
T5.43

TS.82
The 56
T4 .96
154 %4
75,84
T4.67
7’1 .qg

15.41%

T4,42
7595
TaeT7
15, 44
T4.2%
5. 76

T4.83
759{%1
15. 80
89,70
30,08
G0 %3
89»‘1:{1'

%C.86
h9,85
G049
90.75
89,32
8¢. 89
9033

G072
8(‘}0 l(ﬁ
B2.G2
3026

90,71

104,44
10455

INS.18
104.C6
105,81
104483
105,07
104,02
10570

0 (0)

6.59
6.26
560

3.85
3.71
3.14
2.52

1. 81
1.75
185
le42
1.18
1.34%
1.29

1.2C
1.13
1.198
le24
i.CH
1. 01
0.89

085
0.81
00 T4
6.51
T34
T.10
5.29

T.05
So 7‘6
660
6,44
6.3C
6.06
501

4,20
Ge63
3.80
2561
2.01

555

602

5.88
6.38
6e 63
6059
5" 7'{?
575
69{;!'{?

€% &y
-39 -

AC (9}

0.23
039
0.20
0.17
0.18
0.16
019

.13
C.10
0.11
O.16
0.09
0.06
0.06

0.05
N.08
0.06
0.Co
C.09
0.C8
017

CQ.CT

0,.C7
0.07
N.33
0.32
0.35
0.26

C.54
0.27
0.29
0.31
C.18
Ne31
D.16

0158
N,19
0.17
V.14
Ou.l4
Cc?q
.28

D.28
0:.34
D31
G35
2e33
€23
C.37

K

720.5

507

779.2
775.2
T799.4
829.3
854.6

§59,7
886.6
92041
949.5
949.9
982,5
1011908

1051.1
1035.6
1075.1
1115.8
1154.3

574.1

592.5%

617.4
628.0
638.6
652.8
673.2
692.5
698, 1

116.6
T44.0
15241
T69.6
194, 0
824.5
B46.0

B5 7.3
878,.8
909.6
943.8
944.6
3844
10202

1023.7
1071.0
1074.9
1105,.1
1109.4
1147&0
1159.3

8
cm
104.62
105.04
104.06
105.48
104.73
105.35
103.85

10534
10455

104.96 -

163,79
104.92
104%.32
104,84

105.26
108.59
109.12
109.43
109,65

il12.05"

119.62

119.87
118,90
120,47
119.50
1i9.%4
118.88
120.35

119.49
119.63
118.96
12G.00
119,21
119,69
115.88

120.20
119.03
112.69
118.864
119.95
119:52
118.31

119,99
118,74
120.64
119,27
117,99
119.69
118,72

»0(9)

5.56)
4.09
4,29
3.99
3.5{5
2.72
2.06

2.15
1.82
1.69
1.75
1.48
1.93
1.53

le42
1.62
1.27
lo.14
0,84
6el4
6,34

575
$.39
6.92
7,17
6et3
6.11
6.59

MR W D
Lo 0 0~ NN

¢ ®© » e e ® o

[y

N
o

b
[5a3

205?
2:40
1.66
2027
1+51
1.50

1“"74
1.26
1.21
1.32
1.15
0.58
015

Ao (6)

0.23
N.20
0.18
D20

O.15
0.22
0.10

0,19
0.10
0.1C
6.2C
O.1%
O 11
0.11

0.16
0.09
0.11
010
012

" 0.29

029

0.29
0:30
0e33
e32
(‘.l'-3.‘..
.28
Ue34

0.20C

27
D.22
0«\2!'?
6.23
0,20
0.19

0,20
0,21
0.20
0.17
0.27
G‘ll’
0.C5

0,16
N.12
G.17
0.12
0.07
J.15
0,13



¥

1295, 4
12‘??.3
$TD.7
587.3
(}ii-b
622.0
€337

6471
&6HR 4
€f1.3
6G94.1
Tin.3
1377
1554

T&T.3
787.3
Etﬁ?ez
831.2
‘865,73
901.8

Gébhe0
926.8
¥4 8
loi2.1
10!7¢()
10588
1063,1

1116.5
1166, 4
562 .6
584,43
611.5
€177
6294

660.9 .

6664 8
HT0.9
6C0.5
T36:6
T33.8

a

cm
i13.05
119.79
134,25
134. 14
134, €3
133.85
134,97

13‘1’. 3‘&)
134,52
123,71
134,77
134,23
1346686
13%,59

134.5¢
133.%3
134,567
134.€3
133,51
133,87
134.29

134.76
133.58
134.31
13360

- 134.54

13%. 74
134.%7

134,27
i34.85
148. 96
i199566
149:25%
168.77
149,46

148,73
149,22
168, 61
14929

149,19

149.11

o (8)

1,91
0,78
T.22
Te 35
7.02
7.28
T-.C8

CT.36
?.65

6.39
Tu51
6. 01
520
5. 79

5624
4.03
355
3.14
3.70
3,67

3.07

2444
256
2242
1. 60
2.03
149
1e53

1.23
129
696
749
T.8%
T.62
Be23

TeS7T
Be 24
T.43
T.75
83,21
6. 63

Av (6)

.09
Celb
.37
Ce37

[FUIRTAIREY - . W)
LAV VU - EL S N ]

O.40

046

Cotl
0. 44
0«40
C‘o[i‘(i
0@4’2
0.39

K

755.4
815.0
8R2.4
B8, 2
912.%
924.7
95%3.4

994.8
100N6.6
1654.0
1057.8
1062.9
1103.6
llllfcq‘

i1s5%.6
1157.1
1211.9
610.4
636,.6
66N 4
6734

688, 0
6984
725.8
755.1
8213
B6HZ o &
898,5

9062
G457
549,13
992 .4
1005, 2
1024, 7
1044,2

10464
1081.5
110404
1137.0
1146,17
1178.1

8
cm
14%.30
148.13
148465
148.82
148.38
149.28
148.64

148 .42
149,17
149.14
149,72
147.90
149.40
148435

148.51
149,66
148,81
15850
15857
158.82
158,862

158.94
158,75
158,80
159.02
158,53
158,77
158.29

159.N01
159.32
158,79
158,69
159.060
158,58
158,29

159. 14
15910
}58 47
158.98
156.41
i58.22

(@)

Se94%
5.07
If.ns
3.96
.81
405
3.36

2.9732
329
246G
241
2.55
2eb%
2.37

2402
2et4 2
1.€2
7.58
Be4S
.51
8437

1034
8,33

T.71

8,01
5%48
5,34
4.85

4e81
4,50
L BG
3.5%
3.6C
3.35
2.G7

3,54
2.64
2,53
3.28
245
1.92

A (8)

Nehal
N.3¢
M.31
0‘3‘5
0.28
N.37
0.27
0.23

[

0.27
0.20
Ce25
g.28
Ol?o
0.25

0.26
0.21
N.31
G.a1
G466
0.50
0.51

0.59
0553
N.52
G,58
0,38
0.37
D.35

(.37
603(;
0,36
046
0.31%
G.37

ND,3%
00{5?
G.31
0.27
036
047
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TABLE 2

T Recoil Cross Sections



K

6C8 5
&1566
£€32.6
648&7
6574
673, 1
631.9

We.0
725.7
738§q
T61.6
T83. 4
I87.0
BlB.7

842673
67,6
8B82.7
G904 1
G207
G608

GI6.9

1007.5
1038.8
1066, 3
1G672.7
1102.7
1138.2
116847

11665
12046
1239.2
1276.7
%91.0
6057
62405

643, 1
E45.5
651
&84 5

36,3

T14.0
12541

157.9
182.7
791.1
Pll.2
829.1
8E6C
8764

6
cm
46 .E5
45,32
4547
45.77
44,93
“45.18
45,33

45074
#Ge??
45,07
45,33
45,62
ﬁ4e59
446,92

45,17
45,408
Gh 67
44,52
45&34
£5.61

44.6%

44 ,G7T
45,26
45,59
4%c57
L£4,5%

45,17

45.61

44,61
44,92
§§t33
45&6%
52,59
59.91
60.27

60: 61

- 59,57

59. 62
6Ge 21
60,68
GG. 4T

59, 3%

6C. 18
59 ¢ 4%
56,53
&0, 33
6075

£ ol
59,95

o{F)

1422
17.22

8.92
17.45%
10.00
11.50

9.18

10.20
G, 44
8.8%
554
526
Qagé
4.18

4.22
354
5.18
3,62
4,20
3. 77
3.986

4,08
4,32
3.80
L 34
2,78
3.27
347

3,03
3.232
Z2.81
267
Te.12
7.06
7.58

B.02
6665
7.05
Teh?2
666
7,20

G.86

qaéﬁ
Lo 16
337
2. 84

Z2e21

1o 77

Au (6)

4,11
4,09
2.13
3.31
1.65
1.52

1.16

1.15%

0,76

0.71
0.41
C.50G
Q.46
0.36

0.36
0.32
0.47
0635
Ce38
D+35
0.28

0%195
C.31
Q.27
e 26
Gelh
0.25
Cel4

0.29
032
0:23
0.22
Q.62
0.56
0,59

0.59
NeD?
Ce71l
D82
07
C.45
Cetrdy

G 39
0.31
Ce®aB
Q.41
0536
0031
Q@aq

K

9061
G32.1
963.3
9716
1054'7
1036.0
1067.2

106941
1101.8
113%5.8
1163.1
1174, 8
1193.2
1240.0

1281.6
586.2
60441
622.6
641.5
6427
662.9

6R4.3
706.3
jtl.n
733.5
T57a6
782.3
787.4

812.5
829.,2
869.1
871.3
9903,2
933.1
G649

968, 8
1001.3
1037.2
{Qéﬁw3
1072.1
1098,5
1138, 6

1159.7
1173.5
1159.3
12397
1281-4
583.0
100 WL

8
cin
%9.86
60,29
60.80
59.35
59,79
60.20
59.58

£0.67
59,89
60.29
59 .41
60,70
59.73
60.30

60,70
Thetd
?4.84
75.21
15,66
74.55
T4 .96

75 .33
75.76
14,37
T4 86
15.23
7568
T4 .43

T4.93
5. 24
15.75
T4 o6l
T4.88
15430
15.82

T4a 33
T4 .88
1530
Thes2
15 .10
4.7
15432

74031
15,87
T4 .88
T15.38
75.82
8950
O RT

OR

2.40
2.27
2400
2.25
2.4¢
2446
2eh2

2,50
2.30
1.G4
1.73
1.70
1.63

1.31

1.22
4,84
591
5,79
565
595
5026

6.10
5497
5.91
6.52
4;35
3:5@
3.15

2.6C
165
1432
1.46
1.30
1.06
N.93

1.C%
1.00
0.89
NeT5
095
D.9C
0.93

0.78
Na.7%
N2
AN
0.67
.42
G.2%

AT (8)

0.30
0.17
0,16
C.l1
0.12
0.12
0,19

D.14
0.21
0.16
D.16
O.15
014
Q.12

C.12
0.93
0.61
0.29
Teb 4
D.27
Ge4l

027
0.27
Nelih
0.48
035
G.32
0.22

N.2C
017
D13
.13
9.12
Gell
0.10

.07
GeC7
2.018
O.Gq
0.10
0209
0.10

.09
0.09
0.10
0.08
0.58
Q3R



€22, 7
£39.8
61}‘1 [ 5
6601, 4
6RL.5
T0%,.9
705. 5

138, 2
154 .6
180 4
83,1
810.6
B37.1
W66 2

€36.5
658,7
682:.3
706 - 4‘
1855

e
<m
90,38
89.53
6. 74
29485
9G. 135
9C. 71
89, 31

89.13
90.23
90« 60
89.35
89,79
3C.36
GG, 80

104.38
104,88
16%, 14
105:56
164 .40

o ()

S5 40
4.35
5094
4o TY
5.49
5.03
5.21

4,78
3.391
3.08
3,76
2.95
1.85
1.26

532

5.81°

4 87
642
3.5¢&

hod
G -

Ao (8}

0.38
0.32
D.46
Qe 34
036
Ned4
Qa4

ND.21
g.18
Ce.tl
0.23
g.19
O.14
D.12

G.40
0.42

38
045
Q.23

4
I

8%6.4
834.9
85842
866,7
A92.7
G264.2
$53.7

$58.0

591,72
1022.5
19%8.9
1043.2
i082.1
11249

1165.8
1119.5
1169.6
1217.%

1262.2

)
cm

104.89
105.29
104,22
105.79
104,76
105.13
104.23

105.46
1C4.57
1C5.17
105.58
109.35
109.66
110,11

110.48

118.91

11947
119.82
120,02

o(6)

2.21
1.67
l1.38
130
1'29

1.21

0.94

1.12
1.14
Q.85
017
077

N.62

D46

C.3¢C
0.53
Olzq
0.21
Ge23

Ao (6)

0.22
0.42
0.10
0.22
0.09
N.,09
0.13

0.11
.11,
D.10
C.20
0.09
0.09
0.11

G.06
0,95
0.04
0.07
0.05
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TABLE 3

7 Reverse Recoil Cross Sections



K

&£05.5
626.3
&47.0
648,2
66607
68842

709.9
13,6
135.4
758.7
T782.9
789.9
B16,7

842.0
B64.0
876.2
303.9
G29.8
G564 .6
G972.5

12000
1040.7
1068.4
587.6
613.4
E2R,.6

6468
&£65.7
6948
Fi16.7
T26.9
15644

166,73
790 .6
B12.9
841.3
8T0.1
E?‘li'oq

G33.0

QTN 3
&% 0 4
€29.8
E44 .0
54603

6

cm
118.77
119, 74
120,00
119, €4
120406
119.71
116.99

120.14
119.56
119.75
119.93
120.07
120.11
120.28

120.20
120.21
119.80
119.75
119.7%
119:.94
119.61

119.71
119.79
119.5%
134,77
134, €5
134.95
134,66

135.C4
134,54
134,99
134,83
134,79
134.58
1346.72

135.¢6
134,66
134,83
134.82
134.95

134.72 -

134,85

134.87
135.¢0
149,72
149,70
149, 87
146G, 8¢
149.9%

c(f)

471
Se&7
4.98
5'58
5.52
6.07
5e43

5.96
Se11
4.,95%
4.10
3.42
2091
234

2.13
1. 56
1.64
1.56
l.46
1.22
1,38

1.40
0.92
7.88
5. 76
$e5%
5.22
6,40

646
6. 14
SQQS
5713
5¢64
5.17
3.95

3,86

3.67
3624
2655
197
l.qg
2e12°

2:02
1.68
7,20
6695
8.36
fo81

8.28

AT (6)

G.50
g.38
0.33
0.55
Cc"‘)l!
Q.49
Co42

Quth
0.35
C.33
.34
0031
0.28
024

0.23
0,18
0. 17
N.17
0.16
0,15
C.16

0.16
0.13
0.12
0.48
Cets5
04?2
0.58

0.50
0.55
063
0.44
047
043
0.32

0.36
De29
(26
.21
O‘Iq
0,17
0.18

0.18
.16
0.57
0:53
0.67
0. 61
0.81

K

£59.1
683.0
707.1
T13.0
7321
75641
781l.1

7869
8l6.1
817.6
8667
870.8
Sh6e 4
923.2

957.6

576.8
1000.0
1023.8
1048.9
1061.5
1096,.1

11728.0
1153.8
1172.8
1203.8
1231.0
1259.3

5924

609.5
£23.9
640.5
642.1
657,49
673.9

702.5

70546
733.2
756 .5
779.6
8170‘}
834, 8

6§53. 4
8715.0
£93.9
Q25.0
G38.1
981.3
1002.5

0
CIm
149.76
149.87
149.97
149,71
149.74
149,72
149.77

149.78
149,70
149.77
149.83
149.80
149.83
149,862

149.79
149 .74
149.79
149, 74
149. 71
149.74
149,77

149,80
149.76
149,64
14G,82
149,82
149,69
159.82

159,81
159,71
159.69
159. 86
199.74
159.58
153.65

159.¢€3

159.68
15G9.62
159.51
159.76

159,65

159.74

159,64
159.81
15981
159.83
159.70
159.82
159669

)
-

W L



K

1028.8
1055, 8
1C7i.0
1988
1126.4

¢
cm

159,79

159.75
159.70
159.71
159.71

o(6)

3.61
2.72
2e66
3.13
1.91

AC (6)

0.5
0. 34
0.33
(.38
Q.27

K

1145.2
1171.7
1205.2
1219.3
1253, 0

e
Ccm
15%9.68
159,43
159.83
159,77
199.62

o(8)

l.gE’
.36
1.5
1.82
1.96

Aa (6)

N,28
N.24
027
0.30
N.,23
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TABLE 4

+ . .
T Direct Cross Sections



K

583.9
t01.1
bid.
£30.8
£61,0
659.1
&T4 o2

695,5
T13.4
730.2
148.0
7645
BT4,5
898,8

92242
G47,2
585.4
6011
616,8
“631.6
£42.0

&59.6
615.8
654, 8
711.4

1276

T47.8
170.8

790, 1
808.3
6313
850.1
£75.3
P’gﬁe &
923.¢

G414 4

1073. 3

10663
1121.7
1156. 4
11703
1198.2

1216,.7
1243,.9
583.8
598.7
E42 .5

0
cm
6.22
6e23
6.27
6435
6.21
6,22
6.30

6429
6.20
{)' 25
66 30
He38
6,28
631

64+ 35
6,43
10.12
1G.18
10.23
10‘ %""r

10.09

i0.13
io. 18
13.2°
1¢.00
10.10

10,18

10.22

1018
10.24
10.28
1042
10.19
10.22
1¢.29

10.35
1G.07
16.20
16,29

10:3¢

10. 24
10.30

1046
1656
20.20
2032
20,328
20G.587

6 €
20,168

AC(8)

0.75
0‘74
0,79
c.71
N.84
Q.80
1.66

Oof}g
N T4
De69
0,65
C.e2
Q.84
G.78

CeT4
Q.68
N.72
0.75
0.70
0.73
0,72

" 0.67

0.69
0. 65
0. 6R
0,63
Oﬁbb
0,62

0. 417
Q.45
b4
0e43
C ‘41’
0.41
Ce%0

0.39
0.28
0.25
Q.24
Q24
Q. 34
0.36

0‘34
0.31
D49
047
045
0.46

(XY

K
659, 6
677.8
695,323
7L1.5
731.3

750. 8
76840

186.7
8103,8
829.9
850, 8
869.5
896.1

919.,7

Shb b
5675
994,2
1024.1
1054,1
1069,.8
1C946.2

1124.9
1158,8
1166.1
1192.1
1220.6
1249.8

585.3

5G9, 4
£1665
£32.8
646, 6
658, 1
6T76.5
69%.1

710.8
2804
152.0
T71.2
185.7
810.9
830.6

856.3
B8T4.1
899.2
923.9
G4, 9
G686.9
9981

0

cm
20' 29
20 .41
20.61
20,09
20.21
20,37
2053

20,24
20,40
2G.53
2072
20,18
29.23
2044

20.62
20.28
20.37
2045
20662
2024
2041

20,64
20,75
2024
20:40
20.5&
20,70
30.17

30&34’
300‘{'}9
3076
30.05
3N.34
20.52
30.84

20.13
30.37
3045
30.79
30.16
30.20
30.53%

3G.72
30,03
30.19
3()&15‘4
30.71
20,03
36.18

v (0}

10.14
10,232
9030
9.38
BeH2
8.03
7¢95

T.58
729
7.25
6.99
7.53
7.29
Te35

6.21
6.76
6. 88
Het 3
560
5080
4,76

’fcqs
4,31
315
3.06
3.27
2:62
9,25

.87
.71
9. 56
9.67
q.8?
Ce2h
9,37

10,05
10.23
8,52
Be25
T.73
6,97
6,98

Te26
6 e ?2
6.91
T.089
706
790
Tl

AT (0)

et
0.46
0.43
0.33
0,32
0.30
0:39

0.69
0.28
0.28
0.27
0,27
0.26
D.26

0.25
0.25
N.25
03216
0.22
0'2’
0.20

020

Jel®
0.23
0.20
0.21
044

0:.4%
VP AS
0.43
(}@35
0.68
0.34%
(.33

0# 34
D.35
031
0.30
Ot
Ot!flf
043

Dol b
C.1lB
019
0.20
6.18
0.29
0.28



K

1025.0
1056.7
1064.,9
1095,8
1126.8
1160.2
1164.2

1195.2
1230.5
1264.6
5BE. O
602.5
617.7
633.3

640, 8
6‘;QQ()
67T 5
686.8
712.5
12%.4
- T150.8

173.3
TB6. 2
BOT 4
8331
£54.8

B15.0

898.0

G22.0

G498
S71.5
$997.5
1027.1
1659, 1
1C62%.2

1097.9
1128.5

1161.8

11621
1194, 2
12337
12701

586,.5
599,72
619.3
€367
640,1
655 6
6192

¢
cm

30.41
30.€62
30,02
20.24
30.44
3070
29.9¢9

30.15%
30.49
20.68
45,97
45- 13
65.57
QSQQQ

45.15
4534
45,66
45.68
44,96
45,30
45,54

45,87
44,82
%5# 20
45444
45530
&quz
45.19

65,63
65,99
44,15
45,21
%56 55
45,81
44084

45,02
45446
4,77
45,78
45,22

L8 4T

45.873

59,89
(78* 33

60. 5%
GC.G7
G967
50&1@
0. 468

G(9)

T2
He BT
6.49
& 06
S5.24
H .67

AT (6)

0.28
026
0.25
G.24
D.22
C.21
0.22

0.20
ND.19
019
C.ab6
G.46
0,46
N.48

0.42
040
0.329
0449
0. 48
C.b4

Oe44
Q.25
Cv‘i‘{?
0.33
0324'
030
0-32

031
0.34
0.21
0'2}.
0,20
0019
01162

0.23
0.20
C.21
NeZ4
020
0.18
019

0.53 -

0.51
D51
0.52
046
Ge32
0046

K

T01.2
707.6
730.6
751i.1
T76.0
186.1
808.8

835.3
858.6
872.7
898.9
925.2
57,7
9673

998.7
1028.58
1063.1
1064.5
1102.7
1131.9
1160.3

1168.7
1196.2
1232.8
1276.9
581. 8
598, 8
617.3

628.3
639,5
659,.1
680.0
639, 7
706,11
731.5

752.1
T4 .4
783.5
809.1
£34.9
86854
B66.6

8978
68250
95G,7
G649
9966
1030.7
105G. 4

8

cia
60,86
59,89
60. 14
€0.59
60.99
59.70
£0.11

£0.22
61.04
59, T4
60,22
60.57
6£0.96
Sq . 60

60.C3

6049
59,69
60.82
59,90
6047
5943

6591
59,89
60,53
60.75
T4,.79
15,32
75.51

7585
7‘:?(y ‘)4
75.23
75,52
15,97
T4 47
T4 .96

75.59
T6.03
14.59
75.03
75643
75.82
14 .56

74 .96
TS:44
75, 84
T4a.67
74098
7541
T4 .42

70(9)

19.45
10.08
9.13
Bb4
6,69
o133
6,30

542
5.35
5.06
S-GI
550
5.74
5.82

S5.88
5.80C
5636
44,83
3.97
3.4
2.90

2. 30
2.22
189
1.57
8.54
8.99
8.99

Ao {8)

C.35
0459
0.55
0.53
(O |
0.22

0-2&

0.20
0.20
.28
0.27
D29
0430
0.26

0.26
0.26
0.25

- 0WES

021
0.20
0.19

9,186
Q.17
0.15
Ga15
0,26
0.28
0.26

0.59
0.2¢
(UPR R
0.22
C.22
0.36
Ve36

0.33
0.31
C.38
0437
0.32

AERY
Dedl

0.2C
0.21
.27
0.25
023
0.23
0.20



K

1064.0
10941
11321
1156.3
1169, &
1198,.2
1233.7

1274. 8
- 579,8
SGE.E
619.2
£36.0
637.9
657.6

6730
7008
T02:6
725*'{}'
T156.3
T16.0
7803

8033
823, 1
BED .G
5773

5987

617, 3
623.4%

637.0
655 .8
67%.9
69E, 0
658.3
123,

1459, 1

T63. 6
Ti5%. 5
T99.5
282
BS54 .6
857 .9
8{?/%3 £ 6

GE L
ChH%G .5
G2, G
QEZ .5
104 .B
1%, 1
1G% 5% &

8

cim
75.35%
T4,¥7
T5:.44
The 2%
15.76
T4,83
75461

75.80
B9, 7C
20.06
G043
89.5%
90.86
. B7.85

0. 49
90.78
89,32
89,88
30, 32
072
89.16

£9.62
0. 26
G0 Tl
1(‘)"! -
104455
105,18
104, C6H

105. 61
14,87
105,07
104.40C
105. 70
104 F7
105,25

104,10
105.40
106,70

10812

103,85
16548

16455

104,96
103.79
104, (?2
104,32
10404
105 25
10659

o (0)

2.89
2e48
1.68
1. 65
135
1.28
1.01

0.90

Tel8

T.22
T30
756
Te62
T.58

847
8a€)0
8.37
§.10
679
592
643

5455
4.39
5. 27
5.49
5. 66
6402

638
Ge 4l
& 87
H52
6.93
Te03
618

5.79

=
a1l
-

- 30 -

AC(8)

Ga24
d.18
Oels
Cult
G.13
.12

0.12
0.32
0.33
.33
0.32
Q.34
0.33

0,35
037
0.21
De21
N.36
0.24
Qezli

Qe22
0.19
018
0.29
0D.59
0.31
0.32

0e35%
049
0.71
0.26
0.36
0.27

0026

D24
G.25
0.22
0.21
0cl@
C.20
0.18

U-18
816
0'20
017
O‘S 18

80.17

D13

K

i075.1
iils.8
1154.3
5741
592.5
6174
628,0

638.6
652.8
673,2
692,.5
698.1
7}.(396
1440

T62.1
76946
1940
824.5
846.0
850.3
878.8

909.6
943,8
q‘!“’i‘ ° 6
G84% . &
102C. 2
10237
1071.0

1C74.9
1105.1
1109, 4
1147.0
1156.3
1205, 4
1247.3

5707
587:3
il 6
6220
633.7
647Te}
668.4

681.3
6G4 . ]
71043
1377
1504
7673
TB7e3

6
cm
109.12
109.63
i09.85
119.05
119.62
119.87
118.90

120.47
119,59
119.94
118.88
120.35%
119.49

119.63

118.96
120,00
119.21
119.69
118.88
120,20
119.03

119.69
118.84
119.95
119.52
118,31
119.99
118,74

120.64
119.27
117,99
118.72
112,065
119.70

134.25%
124,34
134,63
123.85
13497
134.3¢
124.%2

132,71
124,77
134,23
13,1’0{)6
133.5¢
134.58
133.93

o (6)

2,04
1.7t
1.59
4432
4.37
4,75
4,43

4,69
4,65
5.23
5.48
5.88
5643
5.25

4,58
4,31
4,62
4,08
374
3.61
400

2467
3.12
"005
24713
2.58
2.B4
2e43

2631
1.82
1.61%
1.89
1.33
1&26
1edl

329
3.72
3.80

PR IS NN

Ao (6)

0.14
0.11
0.12
C.22
0.21
0.21
0.23

.22
0.2{4
0.26
026
0.31
0.26
0.27

0.24
0,25
025
D24
0.22
0.24
0.25

0.26
0:.23
G.29
0-.21
1V )
.22

Delé

01’20
02l
N.15
0‘}.(—}
0,12
D12
0.1‘3

0.273
Ca24s
N.25
0‘25
0.25
D.?é
0,30

D27
0:29
D.28
0.29
0.25
Ga.27
0.2%



X

8i4,9

831.2
ELT,2
8&£5.3
Q01.8
QGZ26.0
G25.8

9748
103121
1017.6
1058.8
1063, 1
11i4.5
L1664

5€3.6
584 .3
61i.%
6L7.7
G294
6409
€66, 8

679.9
&E9NH
6.6
733.8

?55& 4

£15.0
83254

898, 2
G12.3
G247
GE3 .4
953.6

¢
cm
134,67
133.51
134463
133.87
134,20
134,76
133.58

134,31
133,60
134& 5!@
123,74
134,97
1?3""!'0 2?
134 .85

148,96
149.Cé
149.2%
}.“’8@ TT
149,446
148.93

14932

148, €1
149.29
149,19
149,11
149.30
148,13
148, 65

148.82
145.38
149.28
148 €4
148,32

a ()

3.55
3.39
353
3&54
3.0¢
3.37
3.31

Z.98

2e 14

2.95
2.48
251
2.13
Le71

3.33
3.20
.44
3.42
2.97
3.25
3.29

3.98
3.26
l’elg
3.12
352
3.03
%419

3.11
2.68
3.20
3.C08
2.48

~51 -

Ao {8)

0. 26
0.24
028
C.25
G.24
0.30
0.25

D24
0.25
Ca24
O. 24
0.23
He22
21

Ge24
N.24
.26
Ca25
0.25%
0524
025

.33
0,26
0-34
029
Ge32
0625
0.26

D427
0e25
0.32
0.21
Ne24

K

1006.6
1053,9
1057.8
1062.9
Lin4,.0
11t4.9
1155.6

1162.2
1211.9
610.4
636.6
6604
673.4
688.0

698.4
725.8
755.1
821.3
362, 4
£8918.5
906, 2

945,7
949,13
92,4
1605, 2
1024, 7
}.0[1'11'0 2
1046.4

1081.5
11.04&4
1137.0
11467
1178.1

6
cm
149.17
149,22
149.72
147.50
149.49
148.35
148.51

149.72
14n.81
158,50
158,57
158,82
158.62
158.94

158,75
198,80
159,02
158,53
158,77
158,29
159,01

159.32
158,79
158,69
159,00
158,58
158.29
159,14

15%.10
158.42
158,948
158,41
1858:.22

o(8)

2.74
2.7C
2.69
2.68
2.43
2.34
2.06

2.13
2.69
3.01
3.18
2489
3.24
3.35

NNNNWWN
DN DG NS
) e PO W

-] > L 4 [ ]

N
L ]

]
]

3:.02
2.5C
2130
2el3
1.81
Z2e13

200
l.81
1.68
1.87
228

Ao (B)

0.26
0.25
N.27
D.25
0.27
D627

0.26
0.38
0.25
025
0025
0.31
0.3C

0.2
0.4
0.38
0.25
0.27
0.25
0.27

Q.27
0.27
0.32

0423

0.23
0.25
0.25

0,21
Ge25
0.22
0.28
0038



TABLE 5

T/ * Ratios



K

583 9
601.1
614.1
£30.8
64140
65941
6742

695.5
Tl13.%
130.2
148, 0
T64.5
585a. 4
601s

616.8
€316
€42,.0
6596
6715.8
694 8
7114

T27T6
747 08
7708
790, 1
BOB.3
831.3
850.1

8754+3
896, 4
923.9
947, &
107%.3
1096,.3
1121.7

1156. 4
1170. 3
12167
1243 .9
583. 8
EGR,T

617.0
632.1
64625
659,86
ETT7e8
69%.3%
TileH

om

& 22
£el3
He 2T
géw 35
o2l
H5al2
6. 30

& .29
frn ?O
&He 25
e 30

fre38

16.12
10.18

10.23
I0e34
1909
17,13
IG.18
10.29
1 0. 00

10.10
1G.18
18.22
19,18
1. 26

16,28

}.@042

10,19
15222
19379
1935
¥F0.C7
145,20
10,29

10.326
§ {}t 2""'{
10 20
1 Q: lx‘(’

20,57
20,15
20.26
#0041
20.61
20609

a /nt

117
1.21
1.16
1.23
1.28
1.06

1.16

1' 29
1.04
0.99
091
i1.0C
1.31
i.20

1e24
113
1.C8
1.28
110
1el?
1626

1.17
0aG7
100
G711
DT5
0.66
Qe62

0. 66
0.6C
OQ 511
0.47
OQ ()5
0. 76
0.8C

0. 74
0.74
Q.64
0. 78
076
1.10
1.17

1.25
1.19
111
1.21
111l
1.21
L-16

I3

-, +
Ar J/m

0.11
0.08
0,07
O. 0%
G5.05
0.C4
0.04

n,05
0.05
Je 04
O'O{?
CeO6
O0.12
0.06

0.C7
G.10
J.09
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TABLE 6

7 Ratio Cross Sections

Cross are computed from
— - + . _L
o(y+n-~7m +p) = (T /T ) X o(y+p ~—~7 + n)

o(y+p—= x4 n) is taken from Ecklund's fit [12]
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TABLE 7

%~ Photoproduction Angular Distributions

K = lab photon energy in MeV.
] = e.m. m production angle in degrees
cm , _
o (f) = cross section in ub/sr
Ao (6) = standard deviation of o (6)

All eross sections have been interpolated to constant energy values. 'The
standard deviation is derived from a qeadrature addition of the errors

from statistics, raw data corrections, and acceptance calculations.
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K _ ch c{8y AT(B) K ch 0By Ac(8H)
720 6.2 16.83 0.97 780 6.3 13.74 0.66
720 10.6  17.35 1.3 780 i0.2 1039 6.72
720 20.1 12.55 0.56 780 20.3 7.38 0.59
720 30.3 10,01 0.44 78(Q 30.4 6.38 0.41
720 45.1 8.62  0.44 780 45.4 5.51 (.23
720 60.0 7.7 0.49 780 69.5 5.02  0.26
720 74.7 7.66  0.44 780 75.4 3.80  0.23
720 89.86 6.28 0.27 780 89.5 3.81 0.32
720 119.6 5.22 0.24 780 104.4 3.50 0.15
720 134.5 5.42 0.29 780 119.5 3.63 0.20
720 149.4 7.039 0.45 780 1344 3.96 0.23
720 i59.2 7.73 1.19 780 146.3 5.23 0.47

: 780  158.6 6.30 0.41

740 6.3 14.30  6.87 '

740 10.1 13.69 1.14 800 6.3 12.63 0.46
740 20.3 10.83 0.50 , 806 10.2 8.80 0.54
740 30.4 9.20  0.42 £00 20.3 6.72  0.52
740 45.4 7.76 0.44 ' 8060 30.2 6.21 0.48
740 60.3 6.81 (.46 - 800 44.9 5.07 0.26
740 75.2 6.86 0.41 860 59.9 3.97 0.20
740 90.1 5.63 0.32 -800 74.7 2.83 0.17
740 112.7 4.96 0.23 806 8§8.7 3.13 5.12
740 i34.6 4,74  0.26 800 104.7 2.88 0.33

740 149.7 6.13 0.51 _ 800 118.7 2.94 0.20

740 159.2 5.99 1.46 800 134.5 3.33 0.19

800G 149.7 5.03 0.46

760 6.4 14.28  0.90 800"  159.8 5,13  0.58
760 10.2  12.18  0.93
7606 20.5 9.03 0.44 825 8.3 10.83 0.41
760 30.6 3.35 0.39 825 10.3 8.04 0.50
760 45.5 6.18 0.38 825 20.5 6.06 .58
760 60.5 5.76 0.32 825 50.4 5.46  0.43
760 75.5 4.69 0.41 825 45.2 4.50 0.25
760 90.4 4.14 = 0.48 825 60.3 3.24  0.16
760 118.9 4.22 - 0.23 825 75.1 2.33 0.16
760 134.4 4,68 0.48 825 90.1 2.26 0.10
760 149.7 5.75 (.49 825 105.1 2.15 0.15
7640 159.6 7.25 .58 825 119.9 2.29 0.14

8258 134.7 2.8 0.17
825 148.9 8.94 0.43
825 159.0 5.20 0.59
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K ecm o{8) Ag(h) K em o(0) Ao (0)
856 6.4 9.33 0.39 925 6.4 6.85 0.71
850 10.4 6.90 0.45 925 10. 5.36 0.41
850 20.7 5.33 0.35 925 20.5 4.75 0.25
850 30.7 4.91 0.35 925 30.4 5.24 0.19
850 45.7 4,10 0.18 925 45.5 4,03 0.23
850 60.8 2.74 0.14 925 60.4  2.52 0.23
850 75.5 1.83 0.14 925 75.3 1.16 0.09
850 90.5 1.60 0.08 925  105.1 1.27 0.07
850  105.4 1.68 0.18 925 119.8 1.60 0.13
g5  119.7 1.94 0.11 925 134.8  2.11 0.14
850 134.4 2.54  0.19 925  149.1 3.26 0.23
850  149.1 3.40 0.50 925  159.1 4,14 0.25
850  159.1 4.62 0.48

950 10.3 4.18 0.34
875 6.3 7.76 0.75 950 20.6 4.75 0.24
875 10.2 7.29 0.51 950 30.7 5.00 0.1¢
875 20.2 5.27 0.27 950 45.6 3.97 0.31
875 30.0 5.38 0.20 850 60.7 2.28 0.20
875 45.0 4.28 0.22 950 75.6 1.04 0.08
875 59.8 2.64 0.39 950  104.9 1.21 0.16
875 74.6 1.46 0.08 950  119.4 1.51 0.19
875 104.4  1.38 0,07 950 134.5 2.02 0.19
875  119.4 1.74 0.12 950  149.2 2.82 0.20
875  134.5 2.21 0.40 950  159.2 3.80 0.29
875  149.3 3.17 0.22
875  159.3 3.85 0.28 975 10.2 4.30 0.25

975 20.3 4.68 0.21
900 6.3 7.55 0.75 975 30.1 5.42 0.30
900 19.2 6.19 0,47 975 44.8 4.21 0.22
900 20.3 4.93 0.26 975 59.5 2.38 0.18
900 30.2 5.32 0.25 975 74.5 1.11 0.11
900 45,1 4.04 0.21 a7 104.3 1.23 0.18
900 60.1 2.76 0.34 975  119.5 1.53 0.15
S00 74.9 1.45 0.14 975  134.3 2.34 0.23
500 104.8 1.31 6.07 75  149.3 2.55 0.23
s0¢  119.6 1.68 0.12 975 1594 3.73 0.30

500 - 1246  2.36  0.38
900 149.3  3.83  0.24
90C  159.0  4.25  0.29
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K b G {f) AT (6) K ecm a(f8) Ao (8)
1150 6.3 4.35 0.31 1225 6.7 4.17 0.32
1150 10.3 3.30 0.31 1225 10.5 2.92 0.40
1150 20,7 3.89 0.22 1225 20.6 3.78 0.42
1150 30.6 4.87 0.21 1225 30.4 3.92 ¢.26
1150 45.5 3.50 0.15 1225 45.3 3.09 0.17
1150 60.5 1.83 0.13 1225 60.2 1.48 0.10
1150 75.5 §.92 0.08 1225 75.2 0.72 0.67
1150 109.9 0.38 0.03 1225 119.4 0.24 0.03
11590 118.9 0.45 0.07 1225 149.8 0.97 0.18
‘1159 134.7 0.78 0.12 1225 159.7 1.69 0.29
1150 149.3 1.29 0.12
1150 158.0 1.59 0.18 1250 6.7 3.86 0.30

1250 30.6 3.90 0.26
1175 6.4 4.86 0.35 1250 45.5 2.82 0.15
1195 10.3 3.11 0.42 1250 60.5 1.35 6.069
1175 20.3 3.87 0.42 1250 75.5 0.70 0.07
1175 30.0 4.40 0.27 1250 120.0 0.23 0.05
1175 44.8 3.32 0.32 1250 149.7 1.08 0.20
1175 59.6 1.81 0.13 1250 159.6 1.13 0.24
1175 74.5 (.81 0.10

1175 116.1 0.35 0.05
1175 149.2 1.04 0.13
1175 i58.9 1.19 0.16

1200 8.6  4.53 0.34
1200 10.3  2.66 0.37
1200 20.4 3.94 0.44
1200 30.2  4.25 0.27
1200 45.1  2.36 0.18
1200 59.8 1.70 0.11
1200 74.9  0.76 0.08

1260 1191 0.27  0.02
1200 1493  0.77  0.11
1200  159.8 1.63  0.27



TABLE 8

Coefficients for the Moravesik Fits

i

lab photon energy in MéV

it

XZ/ (number of degrees of freedom)

Units for the A, are in ub/sr
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TABLE 9

Cross Section from Moravesik Fits

K = lab photon energy in MeV
= C P i i i }:
% tok total cross section in pb
o (6) = differential cross section in ub/sr

g = c.m. 7 production angle in degrees

it

A(8) error from the fit



K Tt bo,,  0(0°) A0 (0% ¢90°%) Ac(90°) 0(180% Ac(180°)

600.0 - 95.83 1.63 23.49 1.60 5.69 0.18 7.62 0.37
620.0 94.48 . 1.77 23.74 1.02 5.69 0.19 7.72 0.34
640.0 93.28 1.85 23.49 1.02 5.54 6.20 8.30 0.38
660.0 96.15 1.64 24.33 1.09 5.66 0.21 9.15 0.40
680.0 97.98 1.64 22.67 1.23 5.99 0.20 8.67 0.39
700.0 96.64 1.690 23.91 1.25 5.57 0.28 9.98 0.75
720.0 91.15 1.58 20.22 1.04 6.46 0.24 9.43 0.86
740.0 81.65 1.63 16.87 0.94 6.00 0.27 7.98 0.95
760.0 68.72 1.63 16.63 0.92 4.40 0.35 7.91 0.67
780.0 58.43 1.01 16.04 0.69 3.72 0.15 6.96 0.51
800.0 45.96 0.93 14.30 0.52 3.02 0.11 6.84 0.59
825.0 41.46 0.83 13.12 0.51 2.21 0.08 6.55 0.78
850.0 35.31 0.74 11.61 0.48 1.59 0.07 5.65 0.67
875.0 32.05 0.65 10.50 0.72 1.15 0.09 4.72 0.44

800.0  31.73 0.74 9.66 0.72  1.12  0.11 = 521  0.46
925.0 30.15  0.60 871  0.66  0.94  0.09 539  0.39
950.0  28.18 0.68 6.60 0.76  0.89  0.10 471  0.46
975.0  25.56 0.76 6.56 0.63  0.85  0.14 435  0.48
1000.0  28.84  0.72 7.08  0.65  0.77  0.14 456  0.41
1025.0  27.49  0.64 6.26 0.61  0.69  0.14 429  0.37
1050.0  26.16 0.70 6.85 071 078  0.15  3.53  0.34
1075.0  24.06 0.91 6.52 0.41 055  0.20  3.20  0.34
1100.0  23.03 0.76 7.32 0.45  0.56  0.16  3.01  0.40
1125.0  20.88  0.57 621  0.46  0.54  0.07  1.80  0.13
1150.0  18.71 0.42 5.82 0.37 0.3  0.65  1.53 (.13
1175.0  16.11 0.56  6.50  0.44  G.16  0.07  1.30  0.15
1200.0  15.17 0.44 6.00  0.43 012  0.06 111  0.16
1225.0  14.41 044  6.13 0.42 ~ 0.05  0.06  1.49  0.23

1250.0 13.54 0.48 6.01 0.44 0.07 0.06 1.26 0.22



FIGURES 5 - 13

. + - . . v
Uninterpoiated 7 and 7 c¢ross sections from Deuterivm.

Ecklund's Fit is taken from Reference 12,
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FIGUEE 14
7 Photoproduction from Deuterium, Angular Distributions

The measured cross sections have heen interpolated to constant lab photon

energy values. The datfa are presented with the Moravesik fits.
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FIGURES 15 - 18

Cross Sections From the Moravesik Fits.
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PART Vi ON TGO OTEER EXPERIVMENTS

speriment the results of several cther

photoproduction expe came availnble. The comparison of these

experiments can be seen in Figure 20, The data from this experiment seen
in that figure are the resuits from the Moravesik fits desceribed in Part V. The

overall comparison is quite good. The only serious discrepancy is with the

Frascati bubble chamber experiment [48] shown in Figure 20.1. The shift in
the data points betwean the two experiments indicates that ore of us has made

a serious error in the calculation of the lab photon energy. The favorable com-~

pavrison of cur experi:

s

: by the Frascati group. In Figure 20.5 the resuils

that the error has b
from this experiment are seen to be systematically lower than the Tokyo

000 MeV

resulis (28], Also,
seen in the Tokvo datza. However, the {itting program used fo extrapolate this

K geen in

Le) . .4 . - e , .
at 160" and the fits at 6 > 1667 tended to fold over rapidly. The structive at

sxperiment's poor resobution &t

1000 MeV 1

.
A1

baoky




FIGURE 20

Comparison With Other Experiments

The solid line is from the Moravesik fits for this experiment.

The references for the other experiments are given in the caption.
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PART VI CONCLUSIONS

This experiment has increased the experimentsl information on the
7 photeproduction differential cross section in the energy regions of the
second and the third rescnances to z level comparabie to the information
from x and 7° photoproduction. Of the three types of cross ssction mea-
surements, tbe direci cross sections measured v&it’h the LEM specfrometer
were systematically higher than the ratio and recoil cross sections. There
was no ciear evidence to indicate that an error in the experimental technique
produced this disereioancy, The ratio cross sections and the recoil cross
sections were accepted as the final data as they were less influenced by
deuterium effects.

There was a sufficient concentration of measurements at forward pro-
cduction angles fo reveal a peak produced by the 7 exchange term which has

4.

previously been seen in 7 photoproduction. However, the conceniration of
the data was such that the calculation of the 7 -nucleon coupling constant,
3{1518) resonance is very haticeable in the

1

data. At present it seems #o behave as it does in 7 photopraduction where

G,?;-N’ was not possible. The D
TN

its major contribution comes from tke helicity (3/2) By_ amplitude. The
¥y 5(1688) resonance, however, ssems to be abseént.
A guark model theory 1_9] has predicted that the deminant Fl 5 (1688)

“amplitade in 7 photoproduction, B, , wouldbe 0 in 7 photoproduction.

.
, . - . . . A0

The present experiinent seems to confirm this predicticn. The O cross

‘sections produced from Moravesik fits tc the data show a sharp drop in the

: . . o s + L0
energy region 700 — 740 MeV. There is a similar drop in the m 0~ cross

sections which Las been associated with the 5 fZ 1 photoproduction thresheld.



Finally, the expected deaterium effect, the lowering of the cross
section at small © production angles due to the Pauli principle [17], was seen
. + . + i
by comparing the 7 cross sections from hydrogen to the 7 cross sections
from deutericm.
The data from this erperiment when added to the 7 photoproduction
data from cther experiments can by means of a partial wave analysis deter-

mine the eiectromagnetic amplitades of the resonances. It will be interesting

to see how compatible the quark model is with the results of these analyses.



APPENDIX 1

KINEMATICS

There are a number of useful kinematic quantitics and definitions which
will be required for the cross section calculation. They will be describeci here
in order that the derivation of the cress section formula is not ¢bscured by
these details.

Int the calculations below it is assumed that the momentum and direction
of both the pion and the spectator proton are known. Reasons for this choice
will appear in Appendix II where the Monte Carlo integraticn variakles are
discussed. The deuteron is stationary in the lab frame, and the photon direc-
tion is known from the beam line. The virtual target neutron is given the op-
posite momentum of Lhe spectator proton.

There are four frames of reference which will be of interest{. They are:

1. the laboratory frame

2. tbe {m, recoil p) cm frame

3. the targeti neutren rest frame

4. the (v, targel u) cm frame .

Values associated with the first frame will be vomarked, the second frame will
have subscripts '"em", the third frame will have primes, and the fourth
will have both primes and subscripts "em". The six particles considerad and

their 4-~momenta in the Iab frame are:

1. the photon H = (K.K)

Q g . 7% — . ‘,- e
2. the deuteron J}D (MD, 0)
3. the pion 2 = (©,9)

4. the recoil proton % = (ER’ PR)
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5. the spectaior proton % = »(ES, S)
&6. the targetl neutron g?»‘n = (En, Pn"

The sympois for the particle masses are:

1. the proton mass M

2. the peutron mass Mn
3. the pion mass O

4. the deuteron mass MD .

Erergy, momentum, and mass will be expressed in energy units of MeV. Units
are such that ¢, the velocity of light, is 1. With these units 4-momentum dot

products are defined as:

91 ‘@2 = FEZ—-PI-PZ
and
/ 2 2
DT

1. The Lab Photon Energy

The energy momentum conservation law for the reaction y+d -1 +3 + 3

is expressed in the eguation
HAP, =D+ P+ P, . .13
D S

Both 2 and EPS are assumed to be known, and together with ;;?‘D; tnis is suf-

ficient imformaticn to determine the lab photon energy K. For we have
K+ P - PP =P
Iy - 2-9g= %

and squaring both sides gives



<y
Mf} +u” Mg + ZK(MD— W+ gceosh- ES +PS cos QS) - ZMD(w + ES) +2(w ES— q PSG)
M2 2
=M -

where
. —
cosf = g-K/qK,

cosf)s = Ty K/ PSK ,

G = ¢E/qn,.

The above equation can easily be solved for K. It is

)
M _(w+ E) - 2@E, - qP.G) - M2 2
ZMD(wwLES) (cuES qPSG, \JD J7;

Z(MD-erqcos@ - E,+ P cosf

K = 3
S 7S S

(L.3)

2. (0K/&q) Photon Energy to v Momentum Transformation

In Appenrdix il there will be a need fo transform from integration variables
T . . 5 ot .
d quhdﬁ fod Psdquﬂ where @ is the 7 solid angle. The transformation re-
b2
guired is {EK/’aq)-I—; o To do this we need to express K in terms of E,, g, aud
g ¥

2. Buch an expression is available in (1.3). Taking the derivative of {1.3) with
respect to g we get

oK (Mp- EQ)B + PG + K{fi- cosb)

8y MD» W+ g COS'Q_— ES + PS cosf?S .

W
g

where 8 = g/hv.

3. W, The (7 , recoil p) e. m. Energy

W ie a reiativistic invariant and is given by the eguation ( 2 + :«]%} =W,
(%

Using (1.1} this expression is eguivalent to



(H+ PP = W
Evatuating this expression in the iz2b frame gives

W2 = Mo+ z«é—i»ZM (i.5)

(K3 ) - 2‘ o1 o
D D"‘K 3 K(ES P, cosb

geosdg) -

4. k', The Photon Energy in the Target Neutron Rest Frame

The differential cross section for single 7 photoproduction can be repre-
sented as a function of the c. m. energy W and the c.m. production angle Ocm
However, for ﬂ‘+ and #° photoproduction where stationary proton targets are
used it is sufficient fo give the incident iab photon energy K instead of W

becaase 9
W -1
K = -M..WR
ZM
P
Most daiz are reported in terms of K.
For comparison purposes one would Jike to report 7 photoproducticn
from deuferium in the same mamner. However, as secen in (1.5), K no longer
: . ' . + e
defines W. Since the LH, proton target was stationary for 7 and 7 photo-
production, it can be argued that K should be evaluaied in the target nootron
rest frame for 7 photoproduction. However, this is not obvious hacause the
f o L oo s ’ - 1 ([2 2 3 1 3 - £5,
target neutron is a bound pavticle and “'pn # Mn which makes its vest {rame
rather ambiguous.
Keeping in mind that W is the jmportent variable and that the K reporied

should relate to photonrceduction from free neutrons, we defing hypothelical

4-momenta for the photon (4) and the neutron ( /ﬁn) such that



42 = m?
n n
q £t opo= 24Py,
ana )
2. _2

il
=

(£+ 4}

Fvaluated in the neutron rest frame we have

W
n

k' = ""'m;l——— o (1.6)

5. 852 /aw, Solid Angle Transformation

an and Q are the solid angle variables for the pion in the (r , recoil p)

¢. 1. frame and the lab frame, respectwely. We begin the derivation of

(aszcnt/ 88} by writing down the relativistic invariant differential
X

4., 4 2 2 2. .4 i
YT a4t oy 7 S0 LR A BT 7 B, B
@ 2d 7 S(27 -1y (J‘R MP)(S (2 + JR Pt

vhep e P N )
where YW S JD JS,

643’7{{ gives the invariant

Cancelling 6 (Z+ ? 97’,,) by integrating out

a2 6 (2%-1%6 (,?é‘-mzi}) . Q.7

because (1.7) is an invariant further integrations can be carried cut with identical

results in either the lab frame or the (7 , recoil p) c.m. frame. Inicgrating
Ly,

ont the 7 ene:gx in d 2 = d3q dw = ddqcmdwm and cancelling 6(2 22. A)

2 2, .
5(&AJ "“—i P ) = é’ {\v “'"”‘l ’31 ]-—.u' } glm’res

d3 .
Y
q )2 ’\/?’2 = CT\E}M (,Zj - N

= 8¢ R’ M) T G (& M ) .

cm

3

Ctg\




3 2 3 2 ‘
i = Tes QG : o= Ve . T v ,
Noting d'g =q¢ dgd@ and & q, d, dq,' (LQC o0 Wecan integrate over the

7%
o,

7T momentumn ané get the result

[ qZ | 2 o o | as R 1
R - HL5 - $ o= ,.i_._c..{ll_ [l
dpj 55 419 (P ‘I;?-' o 26 189 ’ 1.8)

We leave the dq integration for now because this form will be useful in

Appendix II. The quaniity agﬂg/ . is calculated as follows:

with Py = 2+ Py 4.9
P2 ot 2 = w2 o, 2 .

then J’R : (J’W Z) W2 W("cm + U (1.10)
hence o P2 2Wy ’
R . __em @.11)

aqcm “om ’

Substituting (1.11) into (1.8) plus a little manipulation gives

o 2
cm 2Vig 22 2
Emr~o -l BRI dq (S(eJ/} -M“) 3y
04 Yo ® R P t.1%)
The final result comes from the integration over dg and we have
5% 2 |81
Pom _ 2wy’ | 277 13)
o082 Do ® og 1
2, ‘ S22 e
_ 857’R /8g can be evaluated from :’/’P = MP and (1.2) and so the desired ex-
pression is
aQ ' 2
(8151 W
e = d . (L.14)

qcm! MDq + K(G-w cosd) - qEg + wPSGI
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5. x;@sﬁcm, Cosine of the c. . Pion Scattering Angle

This quantity is defined by

cosh =K /K g

cm em cm omcm

To evaluate this quantity we use the expression for the invariant -2 in the
¢.r frame
HP2 =K _ (w - cos 8 15
¢ emYem”™ Yem® cm) ’ 2

and its expression In the lab frame
H-2 = Kw-qcosh) .. ' {.16)

Equating (1.15) and (1.16) gives

. 3
cosf = 2| B oo+ w - B2 | . .17}
cm q K cm K
cm| Tem cm |

We now need toknowg  , K, and wcr" From (i.10) we get
it

cm’ T em
Wz + ;,, 1\12

R 18
“em pAY ’ .18)

2 2 2 e 5
and g then comes from @ -q =g, K isfound from. A -7, in the
cm cm em cm W

(t , recoil p) c.m. frame

AP =KW, | 0.19)

P, cosf ) (1.20)

S IO ) Y e gl OGO
K =, ._-(,?R By =K (S JD ﬁ) = 1\(7\ S' .



Equating (1.19) and (1.20) we obtain

RS W

D

-~ F D cos
M ES + 5 cosf_

S

W



APPENDIX T

CROSE SECTION CALCULATION

The reaction aclvally shbscerved in this experiment was v +d — T +p+p.
This vesction has three particles in its final sitate. However, one of the protous,
the speciicr, is glinost at resi (it only has the residual momentum left over
from ifs motion inside the devierivm nucleus) so that the final state behaves like
a fuzzy fwo-body state. ‘Thia:.. iz the justification for pretending the reaction ob-
served is y+n-- 7 +p. ."I-'iw:ever, In order to calculate the experimental
observations accurately the fuzziness caused by the spectator proton must he
included in the cross secticn formula.

Te this end we write down a general expression relating the n yield in

the specirometer to the ¥ cross section

T (i;?_ﬁiﬂ“ t i dgd® 2.)
K AQ A ‘

where C = number of 7 that entered the spectrometer
®(K) = number of incident photons per unit energy

7 differential cross section in the lab fraine

It

2 .
87c/6g 06
1 = densilty of neutrons in the target
t = eifective thickness of the farget

K = lab photon energy

g = 7 lab momentum
Q = 7 lab solid angle.

This formula is co r*focf regardless of the number of particles in the {inal siate.

o e . - L W2 s
in part A the dilferential cross section 8 o(K, g, 3/9¢ 282 is computed from the
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7 photoproduction cross section and the speciator model of the deuteron.
Inpart B the rate integral (2.1) is completely developed; and in part C the

Monte Carlo process used to compuie the integral is described.

A. azerf%"q 98 Calculation

1
All wave functions used in this section are normalized to (2E)2 per unit

volume. ¢(P) will be the Hulthén wave function of the deuteron ground state
(see part Il). The formulae {Appendix 1) on kinematics will be used.
We start by writing down the Golden Rule eguation for the reaction

v+d ~ % +p +p with respecl to the lzb frame. It is

¥ - 1 . . 4 ‘74 75, [« ¥ 2
vao = E@ﬁ%@r) O (:/J{-u}’l)iBl
@.2)
J’ d4 7
Hﬁrcr@.? ;cZ)ﬁ—-Q 2w 5 (F -'M?) e Zf 2w &7 2 i""%) 2
y R Y 2} 4
(.477) Zm 2
where B = the amplitude for the reaction y+d—~7 +P + P
ap - G+ 5
Jf’ 2 + 7;}‘ ?’R
5 = K -+ e@
% = w7,

relative velocity of the mcommg particies
(in this case v=c¢=1) .

“
il

2 2 .2 A . o . :
The 6 - fimetions 6 (2 »Mz), 0 (F e MP)’ and 0‘(37%—~ %) are eliminated by inte-
3
4
grationg over duw, dES, and d",@P respecfively. These operations reduce (2.2)

to
2]
3 d’p,
do = ‘(1&1\«?“2'(5("# wMZ):B 2. dg A ‘)3 .3)
D Z0@m)” 2E4@T)




T Ay T

D)

2 -
Wenowrelate | BI™ to the y+n— T +p cross sectior by using the
spectator model illustrated in Figure @1). The deuteron breaks up into a virtual

neutron and s proton with equal but opposite mementum P, and amplitude ¢(PS).

S
The neutron interacts with the photon with amplitude A to form the 7 and recoil
proton. If we let T be the interaction matrix between the initizl and final states,

then
B=< 2,5 3” !TIJL,:/’ 2.4)

Now the deouteron splits into a neutron and a preton, so

l@ > | >
| Fy > =, 2M ¢ (Py) —=- 2. (2.5)

¥ J2Eg 2

where | jzﬁ > is the wave function of the virtual neutron and is normalized {o

(2(9 + Ivf )\ " These operations give
<2, T NTIH, G > <PNG >
B = 2 L $(Pg) = S /QMU @.6)

/ /5
'\rZEn 2E

* There is a guestion as to what normalization to use for the neufron wave
function. The total energy of the neutron is E, = Mp - Eg and this energy, not
ths one in the text, could have been used for normalization. However, we are
trying to extract the y+n-» 7 + p amplitude A from the 4+ d -~ = T4p+p
amplitude B, and A has for inpuis free particle wave functions, so the wave

function %g?il > was altered a2 bit to make a free particie function normalized o
1
}lp = (}?‘;; + Mn')?‘ . The normalizations do not change the results significantly
X 1.

Yor the average P, = 80 MeV/c we get a ratio

S
1
(P2 + M%)?
n _
,.,.,._ﬂ? _E..w._ = 1.0}
lD o

k.
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Now < Z | F, > = ZES,‘ and < 2, @R; TIAH, P > = A(the y+n—~ 7 +p
amplitude) thus (2.6) becomes
2E.M_\+ ‘
ST DYV . .
B = (mEn ) ch)(;’s) . , , @.7)

Substituting (2.7) into (2.3) we have

3
d'p
1A, 22 dfagan | 2 3 ‘
do = L o6 o - M2 ) LS 6% ) 2.3)
2K 25 RP e S

A is & function of W and Qcm. From Eq. (1.€), k', the photon energy in the
target neutron rest frame, can be related to W for easy comparison with other
data reported in this way.

Since A is the amplitude for y+n — 7 +p we can write the Golden Rule

for this reaction also

4., ,
. @ 2 2
—en't@-mia? e 0@ B I ar ol ) B

v do = 5=
2 Z7)

cm En
cm cm

where Vem is the relative velecity of the photon and neutron in their c. m. frame,

H/,’f = 2+ QR, and J’l = 4+ /?.r. This expression can be manipulated to give

do 9em IAIZ
o8

= (2.10)
cm kém (87rW)2

Cancelling | A 32 between (2.8) and (2.10) gives

W oo [ d'p
do = em 2w’ cqan 53— o(77- M) L¢2(P )-*mg’;! (2.1)

KEn qcm Qcm \471')3-‘;
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- LLi=-

Noting k& émW =4 ;72+?£{ y= £ (£+ 32;1 ) = k’f‘&’n, we achicve the required

result

Iy 3 ’
2
5o fk My owg® oo s udy |2y S8 2.12)
S Be T ; O ] b —
0q 082 PS KE L Yem® szcm R 7P S @m)’

B. The Rate Integral

The Iategral developed in this section is a messy mass of symbels and
involved a 9-fold integration. Furthermore, there are three kinds of these
integrals which differ because they depend on the particie detected in the spec-
trometer, and on the spectrometer that was used. Because of an integration
over the spectator proton momenturn, a Monte Carlo technique was usad to
compute the integrals. Since the computational difficulties of this technique
are not increased by increasing orders of integration there was no attempt ¢
simplify the integrals. Hence the reason for the apparent complexity. Only
one of the three integrals will be developed here. The others will be discussed
in Section (2-C).

The specific case that will be freated here is for the pion detecied in the
HEMA spectrometer. Taking formula (2.1) we spbstitute (2.12) and getl the fol-

lowing equation

k'M, 2 d"P

oW, 5 : k .

[ff f i <I>(’K) Ve L9 - ¢ (B, 2 7tdKdgd® . 2.13)
K Qg P k Qom® “em T (27)
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We note that Jg 2Wqg /qcmw)m,yR— NIP)dq of (2.13) is eguivalent to the right-
hand side of (1.13), and so when the integration is done we have Bﬂcm/ of.
Having eliminated the integration in g we will bring it back again because the

integration in X is not practical. We use the fransformation

dK — (9K/8q) dg 2.14)
The integral is now reduced to

3

k"M oQ 5 apP
f f f = = (ot 22 ag;f’ ‘;13 ¢ (B % dgdQ . (2.15)
AQ Ag P @)

This integral, although correct, does not feﬂect the complexity of the
experimental situation. The bremssitrahlung beam has a non-uniform shape
at the target, the target itself is not vniform in thickness, and the spectrom-

eter properties cannot be easily represented by independent integraticns in g
and £. Each part of (2.15) will therefore be altered to conform to the experi-
mental setup. The coordinate system used in the following text is fllusirated
in Figure (22).

The bremsstrahlung beam function is transformed to

B(EO,K, Y, 7Z)

K ~— - : dy d7. @ .16)
%0 K
where
H = total energy in the beam
E, = bremsstrahlung end point

0



H X
i B

Y = target width coordinate (see Figure (22))

= {arget height coordinate (see Figure {22)).

The function B(EWK,Y, Z) is defined so¢ that

E
. ‘ |
| f { B(EO,K,Y,Z)%}Sdez =1 @.17)
. By

0 CTAY "AZ
where AY and AZ define the size of the beam spot at the target. The function
B(EO,K, Y, Z) was tabulated from the computer program BPAKI. [31]

The normalized pion counting rate, R = C/ i (counts per beam energy),
will be related to the cross section do(k!, ch)/dgém.

We eguate

dqdg = P,dQ dg do @.18)
where
. - -1 /
Q = (q-Py/P,
PG = ceniral momentum of the spectrometer

B, 6 are angular variables defining the spectrometer
accepfance (see Figure (22)).

The limits on the @ and 8 mtegra'tions are very difficult to compute. A betier
choice is « and £, the verticle positions of the particle at the spectromeler
a?eramre counter and momentum counier respectively (see Appendin vV ).
These variables have simple limmits (i.e., the size of the counter)., Appendix
descrihés fits for Q@ and § as functions of 4, «, and ¢. We will regresent the
fits symbolically by |

Q= 1z a0 | 2.19)
g = glZ.o. ) |



i

This enables (2.18) to be put into the form

dgde = p, S [”)? dadzds | | (2.20)

where the Jacobian is computed from (2.19).

Finally, we must ﬁdtiply (2.15) by the factor exp(~ L/q7) where 7 is
the 7 life time and L is the path length of the 7 from the target to the last spec-
trometer couater. This factor accounts for the loss of pions due to decay.

Making the preceeding changes to (2.15), we obtain the rate integral

t
- ._Qj f}frff k'M_ BX,E,Y.Z) o )aszcm
A \’ b} - s
E G AZAY XA AQAL 1KE K 0% cm’ 9%
s ©.21)
QK 9 dgp
7 exp(-#L/q7) ¢ (Fg (9. 5) '(,)d/deYdazdi‘ ag
Rz Can? 3@ £)

Inn this part the Monte Carlo process to evaluate the rate integral (2;.';21) is
described. The process is extensively discussed in Appendix 3, and the results
there will be applied without explanation. First there is nzed for a couple of

definitions; the response integral

. . 1 s T -
LS L e 0,
TE, Ay Ay Ag*’{fwlﬁ’é K R X

NG AV X Aw

ap-

X —Q}Eexp(-;afg/’q'r) @2(13‘) 2 9(Q, ﬁ’ dZdYdXdadZ do
aq S (27) 5( 9\
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E g o o'y N % Fal o) AL lL‘ '—w' o 1
and the average cross section [dc (K, 0,/ Gﬂcm], where

= [0, 0 )/00 T« . @2.23)

The Monte Carlo process will evaluate K- Then with (2.23) plus a few other
mplications, the average cross section can be calculated.

For eac.h event in the Monte Carlo process the order in which the inte-
gration variables are picked and their iimits are:

1. Z interval -AZ/2 < Z < AZ/2

2. Yinterval -AY/2 < Y < AY/2

3. X inferval —(RZ—YZ)% < X< (RZ—YZ)%

4. o interval -Aa/2 < a< Aa/2

5. ¢ interval ,f.i'o-ﬁé/2 <f<g, +AE/2

6. & interval €;-A6/2< 6 < 2 +A6/2
A imbe 7oy 4

7. g interval 0 < ¢g < 27

8. {:os(f‘s interval -1 < cos@s < +1

9. }?S interval 0 < PS <

where R = radius of the target. The values of PS are weighted according to the

L a2 3
function ¥. ¢ (P,)/{27) . For each event we compute
I g/ (=it

KM, BK,Ep Y, %) ' Q. B))
— Ik ‘? ~72 3 ) l’ cni /_a__If_;_ Y { / __1____ 3
AA...DDi (‘it R 9 ) K.E K- ( BQ )‘ aq)iexp\-—iul‘/ qiT) g(a é) 3 (5.24}
1 I}i 1 1 i
and defining
NORM = 27 ?9. g&%@ﬁéinéﬁ , (2.25)



where N = number of events, we compute (2.22) by

N
k_ = NORM ZADDi - (2.26)
i=1

The definitions for k' and ?)-cm are then given by

N N .
k' = ZkiADDi/Z ADD; (2.27)
i=1 i=1 ,

and
N

T
- 1ecmiA:DDi %Anni | 2.28)
oy 1:

it

cm

Equation (2.26) is also used when computing the response integral when the recoil
profon is detected. In that case only the ADDi's where the recoil proton hit the
rececil counfer are used.

For the cases where the proton is detected in the spectrometer and the
pion in the receoil counter, all the preceeding formula are valid under the trans-
fermation of 2 %, except for the following cases. The decay factor

R -

exp(~ul./gT) is dropped, and the factor DP /DP:mag (see Appendix &)

source
musi be included in ADDi.

When the L.LEM is used, 8 is picked instead of ¢, and the Jac-obéan
9(Q ,B8)/ 8w, £) is replaced by 0Q/98¢.
In order to calculate the average cross se.ct_i_onﬁ nuclear sbsorption A N°

(see Appendix 6) and the muon coniribution (KH/ er) (see Appendix 4} must be

included in (2.23). The equation becomes

R = [o0 (K", Gcm/aﬂcm} A+ (K”/icﬂ_)) Ko

Frem (2.27) the average cross section is obtained.
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FIGURE 21

The Spectator Model
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APPENDIX III

MONTE CARLO INTEGRATION

- Monte Carlo integration has been used to compute the integrals de-
scribed in Appendices II, IV, and VII. In this appendix a short proof of the

method will be given zlong with a few examples to illustrate the usefulness of
the technique.

: b
We will evgluate the integral f f(xydx. It is assumed that this integral
a
is difficult to do analyticaily. To begin we define

[ I
f(x)dx fx)dx
<f> = 2 !

= 5 = Ty (3.1
o

In the Monte Carlo process N values of x are chosen randomly in [a,b] .

From the {(x)'s associated with the chosen x's, the best estimate of < > is

N
- 1 ..
i=1
and
lim f = <f> (3.3)
N« o0
Comparing equations (3.1), (3.2), and (3.3) it is Lasy to see that
Al b
lim b,\I Ef(X} = {f(x)dx , (3.4)
N-—w * j= ‘a

which is the reguired result.



It is also useful to know what the expected deviation of the Monte Carlo
result from the true result is after N trials. From standard error theory [32],

the deviation in f after N trials is

[N

N
o = 2L D 2T, @.5)
i=1

N-1

so the error in the integral is

B

L

NZ.AZ(X) S5 | 3.6)

i=1

E__.

NVN-1

For N >> 1, Eq. (3.6) can be approximated by

X j N ) N . %
E = --—N:%)Zifz(xl) ‘BI“:T:(i“”’f(Xi))“ . (3.7)

=]
This is the expected deviation of the Monte Carlo calculation after N trials.
There are many numerical integration techniques that could be used to
compute the integral used in the above proof. These techniques are also more
accurate and less time-consuming than the Monte Carlo process just presented.
However, as the number of dimensions in the integral increases, the numerical
- methods become very cumbersome and computation time increases as a power
of the number of dimensions. The Monte Carlo .technique, however, ex-
periences no such difficulties. It is almost as easy to do a n-dimen nsional
integration as it is to do a one-dimensional integration. For example, the

b d

equivalent of Egq. (3.4) for the two-dimensional infegral f dx jf dy f(x, y) is
¢



b d
th ib__a_t(‘i_& Zf(x y) --fdxfdyf(x,y)- (3.8)

Extensions to higher dimensions should be clear. In Appendices II, 1V, and
VII, there were 9 and 12 dimensional integrations fo compute. Here the Monte
Carlo technique is clearly superior to the numerical methods.

Some other formulae using Monte Carlo integration are the following:

b h(x) ,
1. fdxf dyf(x,y} = lim . Z[h(x\ g(x. )]f(x y) : (3.9)
a g N~ o i= :

In this case x must be chosen first in the interval [a, b]. Let this x be X;-

They must be chosen in the interval {h(xi), gz}

2. f Mg ds = lim hm»?« L E0T @) (3.10)
i<
where
=J/‘g(t)dt = h(x), (3.11)
[¢]

and c is an arbitrary constant. In this case it is assumed that the integral (3.11)

can be done analytically. The u's are chosen randomly in the interval {hf.l) n(b)]

(u )

f(h™
3. ff(‘i)dx =f-9—{) gx)dx = ‘Lm h)-h@) y (3.12)

8(x) N - N 1-1 g (u })

This eguation uses the same substitution and evaluation process as in
Eq. (3.10). Equation (3.12) is very useful when [a,b] is [~°°,°0]. In this instance

the Gaussian or other suitable functions are substituted for g(x).



APPENDIX IV

m-§ DECAY CORRECTION

In this experiment a significant number of pions decayed via the reaction
T p + v. The detection system was unable to distinguish a 7 from a p, so
that a significant number of triggers were caused by u's. This made necessary
a computation of the experimental response to the u's.

In the development of ‘the response integral for muons and for the remainder
of the appendix, the notations and definitions described in Appendices 1 and 2
will be used.

We will take Egs. (2.15), (2.16), and (2.18) plus the substitutions dQ =dgd#
and R = C/H to write the integral

Py

. R &Y, A
. npo fff{jl K'M B, Eq, Y,2) o 80,
= 7 e , —_t
Ij‘0 AZYAYX QR PS KEn K aﬂcm e 0%
| ep

8K 2
X g 19 (Fy) -
oq 5 2m)

o (4.1)
dXdy dz dQ 49

This integral is essentiially another form of (2.21) except that the pion decay
factor is not included. To furn (4.1) into a rate calculation for p's we must
~include:

1. K exp(-pL/qT)dL — the probability that a m decays in the path

qr
interval (L, L + dL).
de

2. -Z;[E — the probability that the p decays into the solid angle d.SZ‘u in

the 7 rest frame.
3. 84,92, X,Y,Z, L, Qp) — the success (either 1 or 0) of detecting a i given

a specified event.



Inc:?iu&ﬁg factors in (4.1}, we get the expression for the muon counting rate

=]

1 P €
j /'{ff kT%/I B{K, E”O,Y,Z) 5¢ iy )arﬂcm
ZAY ,{2 Ku K anm cem’ 98
' d P,
K |2 S y (4.2)
x 'é?i (,5 (?S (9703 5@, 92,X,Y,Z,L, QN)E; exp(-uL/gqr)dL
8§2L
x ”I;ﬁl dxdy dZ dQdQ

Now the specirometer detects the u, so there is én vuncertainty in the momen-
twaz and direction of the 7 it came from, hence the integrations over Q and €
are not just iimited to the spectrometer acceptance but extend over all values.»
Witk (4.2) we can define the muon response integral, KM, in the same mamner
that the pion response, K_, was defired (see Appendix 2).

The muon response is then

x

, 35 1
i KMy BS, Bg Y, 2) 00, g | 5 dR(|
- 53 E X 50 5q|” T T3
# Eo yz: A : @m)
g - (4.3

v S B - AL — dX
X 8@, %X, Y, 2, L, Q) = exp(-pL/qr)dL -k dX dy dz dQ 4o,

which can be evaluated by Monte-Carlo integration.

There are two problems in computing HM by Monte-Carlo methods. One
is to find an efficient means of computing 7 -pu trajectories through the spectrom?

eter, and the other is 2 means of picking the Q, & variables to be assured of

getiing a reasonable number of successful events.

‘I‘hiess;n@B}, Boyden B4], and Kilner [35] solved the first problem by usz’;’:g
the effective edge model of the Séectrometer. [36,37] The effective edge preserves
the spectrometer's optical properties while allowing a minimuwm amount of tra-

jectory compuiation. To test that the optical properties are indeed preserved,
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Thiessen's ray tracing pr&grmns[ﬁﬂ for the effective edge were used to generate
the spectrometer resoluticn functions which could then be compared to those
computed correctly (see Appendix V). In Figure (23) are the results for the
HEMA. spectrometer. Although the effective edge curve is ja,ggéd, because of
program inefficiencies, the comparisan was close enough to justify the use of
the model. Similar results were obtained for the other spectrometers.

To find a meéns of choosing the variable @ , a study was made of Thiessen's
7 - resolution functigns.[t{)] An example of these functions can be seen in.
Figure (24). |

It was found that the mean Q of the 7 -y resolution functions was shifted
on the average + 0.025 from the listed mean @ in Wolverton’s spectrometer
report B7] and in Appendix V. We shall definc

| .<Q'>p = < Q > +0.025 ,

where < g > is listed mean @ . It was alsc found that the ratioc of the 7-p and
% resclution widths, (O'#/GK), was a linear function of the mean 7 momenium.

(See Figure 25) The resolution width ratio was fitted {o the equation

{aﬂ/an) = A+B-<g> 4.4
where
G:u RMS resolution width of 7 -4 events
o_ . RMS resolution width of 7 events

A,B f{it parameters

<g> = PO{E+<Q>)

The resulis of this fit are in Table (10).
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With the aid of {(4.4) we can_approximate the 7 - p resolution function by
a Gaussian with a mean <Q >y;’ and standard dey*iation 0'“. If the Q's for the
Monte Carlo process are weighted by this Gaussian a reasonable number of
successes is assured. Examining Fikgure (24) it is easy to see that a Guassian
is a mediocre {it to that curve. Hos%zever, to pick Q ‘s weighted by the curve
in Figure (24), interpolation from a table would be required. Gaussian weighting
is much faster and saves computer time. Errors are not induced into the Monte
Carlo integration by the Gaussian approximation if the weighting curve is multi-
plied out as in (3.12) of the Monte Carlo appendix. This is done in (4.7).vfurther
on. |

For choosing Q, Thiessen's @3] prgscription‘was used. For a given Q a
7 can either decay before rez}ch‘mg the spectrometer or after reaching it. I it
decays before, it is possible te pick an Q-window, AQ( Q, L), such that the u
has # non-zero possibility of entering the spectrometer'é entrance aperature.

If the m decays after the magnet, the Q-window is defined to be the entrance
aperature.

The integral I';ﬂ can now be evaluated. The results of the appendix on
Monte Carlo integration will be applied without explénation. For each event, i,
in the Monte Carlo process, the values for the integration variables are chosen
in the following order. ‘

1. Z, Iimits -AZ/2 < :71 < AZ/2

1

2. limits -AY/2< Yi < AY/2

ST

Y;
2 7]3 -

X, limits -(rz-Y“)"' < X< (rz-Y?)

Q, limits - <@, <

Ly

limits O< L. < L
! 0
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6. B, _
t limits  the Q-window AQ(Q ., L.)
7. 8. - T
1
. y z 4 -1 ( - < {..
8 c:osﬁ?#i 1limits 1 cus@ui 1
. limits 0< < 27
- d)‘ui 1_ T ('é"‘i.
16. cosBS Timits -1< coseq < +1
i ]
11 ¢Si limits 0< g,si < 27
12. Psi limits 0 < PS.. < @
i

where L-() is the particle path length from the target to the momentum counters.

The variable Q is weighted by the Gaussian.

' 2
_ 1 Q-<Q >,'u) '
GQ) =57 exp |- "’“‘";;2-‘-——‘ ) {4.5)
"

and the variable L is weighted by the exponential

) 1 pL )
T, L = TF o [—W—J , (4.6)

As in Appendix 2 the values of PS are weighted by P; ¢2 (PS)/ (27r)°. If the event

is successful (i.e., S(qi, szi, Xi’ Yi’ Zi’ Li’ QI—L ) =1) we compute
i

, | 2]
. § WA ™ _ )

ADD. = (r2—Y2)%kiMn B(K; Ep, Y2y (o0 o) | @Q; <Q>,u)
i i’ K.E K. 5o | \5q) |
E ! i\ 20,

4.7)

x AQ(Q;» L) (1-exp [- pL,/q, %]) :

8(...)=0 (e, the event was unsuccessful) ADDi is set to zero. After a

specifiéd number of trials, N, K, can be best épproxs,mated by
¢
N
Kk = NORM ADD. (4.8)
k i=1*



- 133~

where

P, NET 0 AY AZ
NORM = 29— I;r -

(4.9)

[

The p response, xp{, was calculated for a secattering of varicus experimental
settings. These were'compared to 7 response, &, at the same éettings and
the ratios (KH/K:T) were formed. In Figure (26) the ratios K#/Kﬂ_ are
plotted as a function of uLO/ <g>7 for channels T, TC, BC, and B respec-
tively. The dependence is approximately linear. On this basis the fit

F K gixm
.......H., = 3 0 -
(K ) A+H <<q>7) (4.10)

was made to represent the general result. This saved much computing tiine.

The fits are printed ir Tablell. 1t is seen that these fits are almost identical
except the fit for T which is slighlly lower than the rest. One possible explana-~
tion for this could be the cutoff of ithe high Q tail (see Figure (24)) by the brems-

strahlung end-point.
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TABLE 10

RMS Resolution Spread for the 7-p Decay Process

0” RMS 7-u resolution width
o, 7 RMS resolution width

<g> = P60_+<Q >)

SPECTROMETER A B
HEMA 7.40 ~0.00191
oUTR* 4.25 —

LEM 7.22 - 0.00484

* There were only 3 OUTR 7 settings used in this experiment. These
had very close momentum settings so no fit was attempted.



Muon-to-Pion Response Ratio

~185 -

TABLE 11

LL

oo gm0

Ko <4g> 7

:;ﬂ muon  response

K. pion response

I pion | mass

LO pion path length

T pion lifetitae

CHANNEL A B

T -0.061805 0.52577
TC -1.2071 0.65936
BC - 0.76085 0.62824
B --0.84003 0.64890
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FIGURE 23

Comparison of Monte Carlo and True Resolution Functions for HEMA

The smooth curve is the true rescluticn function.

The jagged curve is the Monte Carlo approximation te the
resolution function.

o
I

verticle acceptance angle of HEMA

d
I

= the central momentum of HEMA

The areas under the curves are as follows:

True (rad.) Monte Carlo (rad.)
T 0.002723 A - 0.002979
TC 0.002582 , 0.002704

BC 0.002460 0.002532

B 0.002361 0.002368
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FIGURE 25

Muon-to-Pion RMS Eesolution Spread Ratios

Ul-l = RMS resolution spread for u's

¢ = RMS resolution spread for 7 's

The 7 's are considered to have originated in the target. The u's

are considered to have originated from 7 — u + v decays.
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FIGURE 26

MUON TO PION EXPERIMENTAL RESPONSE RATIO

(KAPPA MU/KAPPA PI) is identical to ";/"}-r in the text.

ML/PT is identical to [.LLQ/ < g> 7 in the text.
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APPENDIX V

SPECTROMETERS

In this experiment three spectrometer configurations were used: HEMA,
OUTR, and LEM with maxﬁnum effective momentum of 1200, 1670,‘ and 600
MeV/c respectively. HEMA and OUTR used the same magnet system, but
differed in the positions of the counter telescope.- The LEM configuration used
another magnet system. Aﬁ three configurations had four counters which de-
fined four momentum channels, T, TC, BC, and B. The T chamnel detected
the highest momentu:;n, and the B chamnel, the lowest. Information regarding
field measurements, focusing properties, calibration, etc., will be found in
other sources [36,37,10,11,12,13,5], and the information will not be repeated ﬂ:w
COnly details particular to this experiment will be discussed.

Before the experiment commenced, it was felt that the existing 7 channel
momentura counters [[0] on the LEM were far too small for the resclutions that
would be achieved in this experiment, so it was decided to replace them. The
dimensions of the 4 new counters are given in Figure (27). The area they cover
is approximately the same as the area covered by the old counters.

The new counters necessitated a recalculation of the LEM resclution -
functions and acceptance properties. There existed a program, HAT009B [38],
that performed this calculation. The resolution functions for 1¢ and 15k G can

’ﬁe seen in Figures (28) and (29). The resolution functions give the vertical
anLgle accepiance as a function of the relative momentum, Q = (P—PG)/ PO’
where P 9 ig the central spectrometer momentum. The horizontal angle accep-

tance, Af, whick lies on a plane parallel to the spectrometer field is unaffected
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by @ . The acceptance properties for LEM averaged over the 10 and 15 k G
resolutions are summarized in Table 12.
Torrun the Monie Carlo processes discussed in Appendices II and IV it
was necessary to relate counter and target positions to particle momentum
and direction. This information was not directly available from the spectrom-
eter reports. [36,3:7]
From the report by F. Wolverton [37 the following third order polynomial

fits were available for HEMA and OUTR.

Q= F(B,¢,2)
B = G(Q,a,Z) (5.1)
where
yA verticle position of the target
o verticle position in aperature counter
& verticle position in momentum counters,

For a particle produced in the beam spot center of the target with momentum

P, and B = 0 the (%, a, ¢) coordinates would be (0, 0, 0).

O’
However, to be of use in the Monte Carlo programs, polynomial fits of the
form , ,
Q = 1z a.f) |
) » 5.2
B = g af) ( ?

were needed. A program, LITTLE, was written that randomly generated guin-
tuplets (Q, 8, %, a, ¢) from (5.1). LITTLE then produced the fiis (5.2) from a
least squares fit io the generated quihtuplet data. These fits are tabulated in

Tables 13 and 14,
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To check that these fits were sufficiently accuréte, the above process was
reversed {i.e., the (5.2) fits were used to regenerate the (5.1) fits). This out-
put was compared ito theborig'inal‘ {(5.1) fits. For the most significant coefficients
the compérison was accuraie to less than oné percent, and the overall accuracy
was around g few percent. This showed that the coefficients were uniquely re-
producible to a sufficient degree.

For LEM there was no information on how thé position in the aperature
counter, «, affected Q and B. It was therefore assumed that the A8 window
reported by Thiesser} was independent of @ and Z. The polynomial fit given by

Thiessen {36
& = (4,8,Q) (5.3)

was still inappropriate for use. The same process described previcusly was

used fo generate the more useful polynomial fit
Q = b(8.¢,2), ' , (5.4)

except in this case random sets of quadruplets (Q,8, ¢, Z) were generated as the
data. This fit is presented in Table 15 The reversed process again reproduced
the input with sufficient accuracy.

As an added check to confirm the trust in the generated fits (5.2) and (5.3)
a Monet Carlo program, ACCEPTED, was used to compute the AQAQ acecep-
tances of the spectrometer configurations. The results are presented in Tablel6.

" The agreement there is well within the Monte Carlo accuracy.

-
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TABLE 13
HEMA Trajectory Fits

B in radians — Z, «, ¢ in inches

Q fit p fit

Coefficient Term Coefficient Term
AG 0.5721874E-04 1 B, -0.6955100E-04 1
Al 0.1880500E-01 Z B1 -0.7550798E-02 Z
A2 (0.5253148F-03 « B, 0.8497495E-02 «@
A.3 €.2049600E-01 ¢ B3 -0.1853500E-02 ¢
A4 0.35511983—03 YA/A B4 0.2548494E-04 Z7Z
A5 -0.5477499E-03 Za B5 0.56234%9E~-04 Zo
AG G.7159642E~03 Z¢ BG -0.9556847TE-056 Z¢
A’z ~-0.8864001E-05 oo B7 0.2795648E-04 ¢ ¢
AS -0.6909049E-03  «¢ Bg -0.2654149E-04 ¢«
Ag 0.5000897E~03 g B9 0.1314349E~-04 Qo
A}Q ~0.3770499E-04 ZZ7Z B10 0.1735949E--03 ZZZ
All 0.66796498-04 ZZuo Bll 0.4171599E-04 ZZu
Al; 0.4175999E-04 Z2Z¢ B12 0.1984001%-05 ZZ¢{
Al: -0.6137046 E-05 Zoo }313 -0.5402600E-05 Zow
Alé - 0.4585448E-04 Zo¢ B14 0.6902399E-05 “4af
A15 -0.1437998E-05 Z({¢ B15 -0.88535888-05 ZA¢<
Al@ - (.7616300E~(05 lo'fs'1s] Bl6 0.1766749E-05 oo
Al’! 0.2046749E~-04 oof B17 -0.8633947E-06 «cug
Al& - 0.3291598E-04 @< Bjg  ~0.30678001-0¢ @l
Al% 0.1950579E-04 £&¢ Big 0.9235396E-06 ¢<&¢

Example: Q = A0+A»1Z+Azo: +A3§ +... +A19§§§ = {(Z,a ¢)

3 =B +Blz+32a~%B3§ T+ B8 = g7 o )

0



TABLE 14
OUTR Trajectory Fits

B in radians — Z, «, ¢ in inches

Qfit B fit
Coefficient Term Coefficient Term
AO -0.1547043E-03 1 B0 0.4093298E-03 1
Al 0.2262900E-01 Z Bl -0.7470299E-02 Z
A2 0.9224347E-03 « B, 0.75628197E-02 «
A3 0.1542400E-01 ¢ B3 -0.9227499E-03 ¢
A4 0.6519249E~03 ZZ B4 . -0.3359148E-04 ZZ
A5 - 0.8004350E-03 Zua 135 0.3707349E-04 Zu
AG 0.7200749E-03 Z¢ B6 0.1338250E-05 Z¢
A7 -0.1991448E-03 ou B7 0.2100799E-04 cu
A8 ~0.4932848E-03 «¢ B8 - ~-0.701854%E-05 «¢
A9 ¢.20351495-03 £ Bg 0.3592999E-05 §&
Am 0.3729349E-03 ZZZ }310 0.4637554E-04 ZZ7Z
A11 -0.5653789E-04 2720 B11 0.7806348E-05 Z7«
A12 0.1502543E-04 ZZ¢ 1312 0.6319894E-05  ZZ¢
A13 0.1853050E-04 Zoo B13 0.6257696 E-06 Zoo
A14 ~-0.5919849E-04 Zag B14 -0.2042650E-05 Zak
A15 -0.1970649E-04 Z%¢ B15 ~0,1401854E-04 ¥¢¢
A‘16 -0.2383799E-04 476701 B16 0.26445G0E-05 aoo
A17 0.7175049E-05 «aaf B17 ~0.7258250E-06 ol
A18 - 0.1865349E-04 ab§ 318 ~0.3144148E-08 ol g
A19 0.4240139E-04 ¢¢¢ }319 -0.2505550E-056 ¢¢¢
ﬁxample: Q = A‘O + AIZ + Az‘oz + A3§ ST A19§§§ = f(Z,w,¢)
B = By+ BZ+Bya+ Byl ... +BLLL = gZ 1)
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TABLE 15
LEM Trajectory Fits

B in radians — 2, @, ¢ in inches

Q fit
Coefficient Term
AO - 0.4843849E-04 1
A1 -0.4131997E-01 B
A2 . 0.1943800E-01 ¢
A3 0.2134050E-01 Z
A4 -0.1771649F 01 BB
A5 -0.5689248E-01 B
AS ~0.1189600E 00 BZ
A7 0.2365697E-03 ¢¢
A8 -0.6432849E-04 £z
Ag - 0.8605348E-03 A/A
AIO 0.5105399E 01 BBB
A11 0.1003200E 00 BBE
A12 .3343949E 00 BPZ
A13 -0.2727199E~02 BeL
A14 -0.3252350E-02 BLZ
A15 0.2543800E-02 BZZ
A16 0.9712843E-05 Y
i7 - 0.4785649E-05 $LZ
A18 -0.2925949E-04 _ $Z27
A19 -0.1118580E-03 VAN

Example: Q = AO + Alﬁ + Azz + ASZ .. AmZZZ = h{B,¢,7&)



TABLE 16

Compafiﬁon of Specti'ometer Acceéptances
Computed by Nemerical and Monte Carlo Methods

Acceptance AQAQ (steradians)
HATO09B Numerical Integration Acceptance
ACCEPTED Monte Carle Integration Acceptance

HEMA \
Channel HATO09B ACCEPTED
T 4.30 x 1072 4.3% x 1077
TC 4.08 x 107 4.09x 1070
BC 3.90 x 107° 3.90 x 107°
B 3.73 x 107° 3.71 x 1072

Approximate error in ACCEPTED 0.05 x 10~

OUTR
Channel HATO09B ACCEPTED
T 3.23 x 107° 3.22 x 107°
TC 3.05 x 107> 3.08 x 107°
BC 2.95 x 107° 2.95 % 107°
B 2.94 x 107° 2.93 x 1072

Approximate error in ACCEPted 0.04 x 10
LEM

Channel HATO0OB ACCEPTED
T 8.49 x 1072 8.52 x 107°
TC 8.10 x 107° 8.13 x 107°
BC 7.74 x 1070 7.73 x 107°
B 7.43 x 107° 7.43 x 107°

Approximate error in ACCEPTED 0.10 x 107°
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APPENDIX VI

NUCLEAR ABSORPTION

I this experiment the pions and protons which were detected in the spectrem-
eters had fo traverse a considerable path length beforg triggering &1l the
counters required for a successful event. Ewven though there was as little matter
as possible in the particle's path a significant fraction of the particles were
nevertheless lost due to interactions.

In previous experiments using the same apparatus there Was concern for
two types of interactions, muitiple scattering and nuclear absorption.

Multiple scatters refers to cumulative small angle Couloinb scaitering by
atomic nucleii in the material the particle is traversing. These interactions
result in small angle scattering and usually a negligible loss of particies. Multi-
ple scattering does cause a broadening of the spectrometer's resolution, but
this broadening is small compared to the broadening caused by the deuleron
target, so this effect was ignored for this experiment.

Nuclear zbsorption is a broad category that includes gll wide angle scat-
tering of nuclei as well as absovptive reactions. The scattering interaction cun
result in the particies missing the next counter and failing to be detected.

For this experiment we could tske advanta.ge of the fact that the pred_ecessors
who had used the same apparatus had already made the necessary nuclear absoip-
tion measurements. These measurements also included small multiple scal-
tering losses. In the case of Ecklund and Thiessen, the measurements were
presented in the form of a fit aud a short table, respectively. These were easy

to incorporate intc a small computer subroutine whick would calculate the nuclear



absorption correction for the crogs section caleulation (see (2.27)). Wolverton's

nuclear absorption for ihe proton were in the form of bulky tables. 'To make

his data more amenable for rapid calculation ia the same subroutine, a third
order polynomial was fitted to his data. Wolverton's data and the pfesent fit

can be seen in Figures (30)-@3). There are four fits, two each for the spectrom-
eters HEMA and OUTR, with a further subdivision as to whether the spectrom-
~eter was detecting protons passing through the target's upstream mylar window

or its abwminum vacuum jacket. The fits are in the following form

e 2 ) 3
N, = A0+AI(P/ 160) + A, (P/100)" + AS(P/NO) ©.1)

where N 4 is the percentage of particles absorbed, P is the mean proton momen-

tum, and Ai‘s are the fit coefficients. The coefficients are presented in Table 17.
To check the confidence in the validity of the previcus nuclear absorption

zorrections, a few measurements were made at the end of the running schedule.

Ecklund measured the loss of pions due fo the placement of 0.5 inches of lead

in front of the last HEMA counter, S$3, and this was an easy measurement to

. - +
check. The results can be seen in Figure (34). Note that both = and 7 nuclear

absorption as seen in Figure {34) seem identical. The point in worst agrecment
‘with Ecklund was a i run, the same case as Ecklund. The disagreement
eould be statistics or clectronice. Scheculing time did not perinit pursuing the
matter further,

One of Wolverton's proton absorption measurements was checked. HEMA
was set to 580 MeV/c and an inch of polyethylene was piaced in front of the A2
counter which produced an absorption of 10.62 + 2.06%. Wolverton's measure-

ment had an inch of polyethylene in front of the Al counter as well a4s an inch in
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front of A2, and he observed an absorption of 20 £ + . If both sheeis of poly-
ethylene contributed equally, the absorption for one sheet would be 10.55%, very
ciose to the previcus measurement.

. No check of Thiessen's nuclear absorption was made on the LEM. The
check of Ecklund's results seen in Figure (34) indicated that 7~ absorption
would be identical to T absorption and scheduling time not permitting adequate
measurements, ‘Thiessen's resulis in the low 7 momentum region were assumed
fo be correct.

This assumption holds true as long as most of the absorption resulis from
7 scattering off nuclei with Z > 1 where there are approximately equal numbers
of protons and neutrons. However, near the mdmen"cum of 282 MeV/c the
Pao (i236) rescnant amplitude creates a very large mp cross section and accord-

ing to isospin conservation
+ - !
c{r p) = 30{r p). (6.2

As a result, a large difference between 7 and 1~ ahsorption could develop, and
a calculation was done to estimate its size.

The resuits gave 12.127 for 7" absorption and 10.77% for ©~ absorpiion.
Thiessen's value was 11.4%. Using Thiessen's result an ervor of 0.9% is made
in the 7r+ cross section and an error of 0.7% in the © cross section. These

T
1

errors are smaller than the 1.5-3.0% error quoted by Thiessen for hiz nuclear
absorption measurements. The differences in the 7" and " absorption causes
an error of 1.6% in the (T /ﬂ'+) ratic. This is much smaller than the 7% statis-
tical error expected for most data points. Because these errors are for the

worst case, it is clear that Thiessen’s m nuclear absorption values can be used

without indveing any significant errors.
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TABLE 17

Proton Nuclear Absorption Coefficients

Case A, A, A A,
HEMA, MYLAR 41162 -9.5994 0.06856  -0.031155
HEMA, AL 39.433  -8.8883 0.89198  -0.028396
OUTR, MYLAR -34.897 9.6644  -0.67252 0.01626

OUTR, AL 13.848 ~-1.1644 0.13345 -0.003616
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FIGURES 20 - 33

Proton Nuclear Ahsorption

The points are from Wolverton's thesis [11] and the solid line is

the caleulated fit whose ceefficients are presented in Table 17.
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FIGURE 34

53 Miss Rate

m
L]
i

Counts in (HEMA. trigger - S3)

7]
&

<
i

Counts in (HEMA trigger - S3)

ith and Without Pb refers to a 1/2" slab of lead placed in front

of counter $3. The fitted lines are from Ecklund [12].
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APFPFENDIX VI

27 CONTAMINATION

In this experiment there was considerable concern that 27 photoproduction
would significanily contaminate our experimentai ratés. I prev_ious experi-
ments [5 } using a proten fargei this contamination was eliminated by operating
with the bremsstralidung end point below the 27 threshold for « particular
spectrometer setting. This technigue also was used in the present experiment.
However, it was less effective because the heavier deuteron target lowered
the 27 thresh: Eﬁk* There were also expelrimeﬁtal indications that the contami-
nation could be significant. The 7° photoproductién experiment of Wolverton [11]
had a large 27 fraction in the rates wheﬁ just the proton from v +p — 7%+ P
was detected, and the preseni: axperiment ndicated d possibility of 27 contami-

nation at backward pion angles. For these reasons calculations of the 27 raie

for our experiment seemed necessary.

*# The standard concept used to explain the lowered 27 threshold is the Forinl
motion of the deuteron nucleons. However, from energy and momentum con-
servation the threshold photon energy needed to produce2n's can be derived
without this concept. The threshold is given by

A
444+ M)" - M%

) 2 I“/ID

K =
where '
K = lab photon erergy
M = nucleoi mass

M = deuteron raass

D
¢ = pion inass.
There is no reference fo Fermi motion in this equation. Letting MD =2M we get
1+ 2M
= 21 j'_...(...,.__.__
K= 2w

which is obviously lower than the hydrogen threshold, K = 2y T -
i



There are a fotal of six 27 photoproduction reactions which could con-
taminate this experiment. They are listed in Table (18). In the region of

interest {threshold to 3 GeV) extensive data existed for only the
- + : ,
Yy+Pp—~T +7T 4D (7.1)

reaction. The data for this reaction consist of measurements 80/ 89 for the

following three processes:

y+p — 7 + A [39,40,41]

y+p — P *p [41]
and _ _ . . ,-
y+p = m +7T +p (ncn-resorant). (39

Fits were generally available for the cross sections and they were used for the
27 rate ealeulation described further on. If no fits were available interpoiaiions
were done with the data tables. Ndn—resonanﬁ data were only available from
Hauser's [39] experiment which covered photon energies 0.9 i» 1.3 GeV. His
lowest and highest photon energy fits were extended to cover ihe entire region
from threshold to 3 GeV but were normalized to give the proper toial non-
resonant cross seciion.

The calculation described later requires the cross section
o P2\ e o
eo (W, 6,8 ),/880M

where W is the o.m. energy, f# is the c.m. angle between the y and the 7 or

0 ot Tt . , s . . )
p, and M is the invariant mass of the other particles. We equate here



~-1{1 -

2
dU(W,a,M W, e
28 2 ). 820 )°g'(\’l=1?v12) (7.3)
QoM™

o082

2
where g(W, M ) is the mass distribution of the non-detected particles and is

rorinalized to
few,ayam® =1 . ' | (7.4)

There are three mass distributions, one for each of the processes in {7.2).
For the non-resonant process the mass distribution is taken directly from

phase space. If is
a1 opt gt ; oo
g{w,M") = SWNV » (7.5)

where p' is the momentum cf the detected narticle in the overall ¢.m. frame,
o' is the momentun in the c. m. frame of the non-deiected particles, and §
is thenormalization to force (7.4) to be {rue. For the resonant processes we

use Jackson's {JZ] phenomenological expression

C o
(M- D))"= M_T7(M))
where
20+1
; I a /3 M) .
Ty =T, (qo) PO (7.7)

and Mr is the rescnant mass. FO is the characteristic width of the vescrnunce

4

; » A+ ,
and q' is the momentum in the (7 ,p) c.n. frame for the A process or else

. o -
momentum in the 7's ¢. m. frame for the p~ process. q'o is q' evaluated at
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M= Mr' For the expression p (M} Jackson uses

M+ M)~
pM) = P T (7.8)
Ve
for the A process and
n = 1 .
PO = F (7.9)

for the po pmcess.' For both A++ and po processes the orbital angular
momentum £ = 1.

To investigate the 27 rates for our experimeht, we shall first calculaie
contamination from reaction (7 1), for which data on cross sections are avail-
able. From the calculation about to be described, only approximate answers
can be expected. There are many reasons for this.  The non-rescnant cross
sections are largely unknown or else uninteresting enough not to he reported.
Decays of A-H and pg are assumed to be isotropic, which they are not. Also
the deuterium effects have perhaps not all been included, 2ithough a good
attempt bas been made. |

In the following discussion expressions and conventions uscd in Appendices
I and II will be freely used here. 'The calculation assumes thata 7 is being
detected by the spectrometer. It is a simple matter of substitution for the a
and p cases. Also, in order for the calculation to be most efficieni with com-
puter time, it was z{ecessary to introduce much complexity. Perheps a more
concepiual approach could have heen taken but this would have been expensive.

An expression to calculate the 27 contamination rates is available frem

the Eg. {2.13) which is



3.1
k' 2 d" 2,1
2 { < o 3
c = f - @{K)qwqw ,850 5\3?;-&«:;) ¢?(PS) < |ntdKdqde
K7 Py E cm c 2m)
n 1)
We claim that
_80 2
e 6(? M‘ — (7.10)
cm 29 aM‘

P

because & (52’;— Mf} ) is definitely a mass distribution of the recoil proton and the

normalization reguirement

P

f 5(95{—1@}@42 =‘1v ’ - (7.10)

. y . ' 2
is true. 8o for 27 photopreduction we replace 8o/ BS‘acn 6 (,37",9—» MIZ) ) by
¥ . T -

8 o/ dQ’ cﬁN’Z Note now that Mn and En ir (2.13) must be changed to Mp and Ep

because now the target nucleon is a proton. We equate
: B(E,,K)
H 0 R

@ (K) = B, TR {7.12)
where B(E,K) [42] is Hauser's bremsstrahlung function normalized io the
targer diameter t. We also define

q = P0(1+Q) {7.13)

and

d@ = dpdé (7.14)

where }?q is the central spectrometer mcmentum, B is the vertical 1ab angle,

and 6 is the horizonial lab angle. Tor a clearer idea of B and ¢ see Figure 22).



We now have the expression

3., 1
. "My, B(E,,K) , 2 4w :
*}CT: g, fff — K qwqu =2 '[qb‘) )—--w§ dQdp de dx
20 ‘ ! BQ \/IzL @r)° (7.15)

We can now begin the Monte Carlo process to evaluate FEg. (7.15). The
order in which the integration variables are picked is as foliows:

5 +AB/2

2. 8, limits  7/2 -AR/2 < B, < 7/2 +AB/2

¥

1. 6i limits QOuAB/A <6< 6

3. Q, limits Q -AQ/2 <@, < QO +AQ/2

. limits 0< &, < 27
4 g dg.
i i
5 itniis - 088, <
5. cos@sﬁ linit 1< cosusi 1
8. Pg limits 0< PS < e (weighted as indicated below)
b i i

where 9 ie the lab angle of the spectrometer, Q 0 is the central Q of the
momentam channel and AQ, AB and A6 are the resolutions of the momentum
channel.  These latter quantities can be found in Wolvertmfs spectromei‘er
report |37 and in Appendix V. The spectator neatron momentum is weighted
by the function Psz q52 (PS)/ (27.7)3 as in Appendices IIand IV. Using Eq. {3.4)

from the Monte Carlo Appendix (7.15) is now reduced to

0 LQABAY

2
LY N 3 >
C ? f k MP B(E‘O’ K) 2qu 320_
= o=t ~ Lt | -
H E, N i g BEp K 49 aszcmaMz

dK (7.16)

It would not be efficient to pick a photon energy betwsen ¢ MeV and the end

point E, becausa for most of the energy range 27 production is kinematically



impossible. However, there exists for every choice of ¢ and P a K in
I
such that no 2% production is possible below this energy. This value can be

derived from the 4-moments conservaticn

g = 4 5 - g ’
H '@D 2 .+ ,277+ + Fy t "@S o (7.17)

By taking ,Qﬂ__ and &é to the left hand side, squaring, and equating
(2 +54’)2=(M +M)'=M2 (7.18)
Tt R T TP min )

one can obtain

2 &
2“,1 (C&/‘FEb) Z(wES—qPSG) +M§nm—IVI?)—mW~Mi

'3 - T - - ~
min 2(M Iy + g cos 97,-— ES + PS cos ElS)

We row pick K between Kmin and EO' The final Monte Carlo expression is

P — k! Mp B(E,,K.) 2W q2 820- {(W.,0 WIZ)
Syl 0AQA9A9§ (B PO e LI A P
> o] R vt
noTE; N KiEp Fmin, B %m. a0 am®

i i cmi 1

This eguation will be uged to calculate the 27 rates expected in our experiment.
The above process works fine if one is calculating rates for parcticies tha
are not lumped inio a resonance; for example, the 7 with A produciion, and
| the proton with ;‘30 production. If one wished to calculate the 7 rates from
A+ photoproduction the preceeding formula (7.20) would not be adeguate. The
problem can be stated as follows. If there exist three particles in a final state,

e

2 .
say, particles j, k, and 1, and the cross section & o(W ,% In )/ 0Q, BM] is

completely known, where

9
M, - (7 + 2) (7.21)

(7.19)
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2 9 . 2 .
how is & o (W, 90, I\v’ijk)/aﬁﬁﬁl\&;‘k to be computed from this information, where

2 :
Mjk = (F “P) | (7.22)

The problem as stated above dces not give cufficient information for its solution.

The angular distribution of MkQ - Mk + M{, is also required. ¥For our purposes
the distribution will be assumed to be isotropic in the rest frame of I\/ka. This

is not only a saving cn computer time, but makes up for a lack of experimentai

data. With a hit of concenfration we can write down the solution

SUW,HM) dcosx! d ¢! ;chE',Mz)
( f“ij ae, ke [ Gg 2 0V ko

]
o J 27 y ol
o ’\i 082,01, ko (7.25)

(i i
x 5(M1.21,~M )5(cos9jﬁ— cos )0 (¢)
where Xi;{z is the decay angle of M1 a
to ‘Xl';ﬁ For clarification of all angles, see Figure (35). The primes of %
and gb , refer to these values evaluated in the Mkﬁ rest frame. All primed

and ¢! ic the azimuthal angie corresponding
kﬂ 5 B

variables from here on will also be evaluated in this frame. Unprimed values
are evaluated in the overall c.m. frame. M, cosf, and ¢ are the values of

M.k, cos GQ ., and gbg . expressed in terms of the integration variables. I we
ol

define a c. m. 4-vector

P= P +P P = (“\,V,—(T) (7.24)

M can be expressed by



el N B B

Expressing }ig in terms of the integration variables we have

N = n.....l__ : iy 1 e e ! 7 96
B T 9E, Pl Py 0055y - - (0:28)
where
Py = J’ + 2, (Ekn (1.27)
! ¥ ” EN pendent on M, . a Ctained
e % s Ekﬂ’ Pkfz re dep pdeni on ng only. Cosé czn be obtained by

solving the spherical triangle AB( in Figure { ), and it is

£ = -cosb,cosx , + sinb, si . 7.28
cos¥ co:.f?}cosxke smBJ inx , cosg, , (7.28)

To express \kf in the proper vavriables we have

cotx,, = (EI jcotxt, + B B/ (@sinx! ) (7.29)
Finally, we observe
Phe = Ppp -

We are now ready {o integrate (7.23). We note the resulis on the following

integrations:

fe@wade, =1, . 7.31)
f@ (COD»,, vﬁsg}dqﬁkﬂ inﬁ Sjjx Sjn¢ s (:.32)
sinfysinx ., sing
and
s 2 M, -
- B3 e r foey e o 5 7.03\‘
§ QLM cosx), = pomter (7.33)

ke



The results of {7.31), (7.232), and (7.33) can be used to reduce (7.23) to

2 2
9 oW, 5 k\' 1 I. d(,os@ 8 o (W, 6 Mig)
2 T4 J dl\‘kﬁf szn@ sinx,_ sing (7.34)
D2, oM ‘ s “Xka ko0, aM

We pause here to consider the limits of the final integrations. Taking

{7.24), we write

2 2 - ) 2 )
- P, = -2WE. + M. = P, G = 7.
(7 JJ) ZWE, MJ? (2 + 7)) M L (7.35)

2
and we see M;:z depends strictly on Ej‘ With M., fixed by the integration (7.33)

jk

we can relate E to the MJk decay angle x , by

1

E = co- Ef + 7. ZP.* cosx¥) , {7.36
T R R S S 1% (7-58)
J
where
, = (F..D = P - 7.37)
B = BBy <A s
Asterisked quantities refer to an evaluation in the Mjk rest fram From (7.35)
and (7.36), we see Miﬁ depends only on cos Xf;Q and by setting cos \ko ic =1 we
. 2
. 'n
get the kli limits
E¥ , 2WP, P*
W - 2W—J- SV PR L. S (7.38)
N“jk j ’V[Jk

re

From (7.25), (7.26), and (7.29) we see that setting Mjk and Mkﬁ fixes Bep Thus

with cosf fixed at cost

) in (7.28), cosBj becomes strictly dependent on (’bkﬁ'
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Hence by setling cos ¢, o at=1, we get the cos 9]. limits
cos(r-~ 8, & Xk;z) . © (7.39)

ke
: ' 2
be evaluated by Monie Carlo methods. For N trials picking first Mkﬂ then

With the limits of integration estahlished for W and cos@i, (7.34) can

eoséj randomly within the limits set by (7.38) and (7.40) we get

2 2 M cos (0 )-cos(8,+3,, ) B %W, 6 M)
o W.g My BBy o Y i, il i ke
Z T wm M, NP'B sinf, sinx, . sing 4 Z
80, M ke 3,7 e 2 e, .cnwigi (7.40)

The problem is now solved. To compute rates for particles decaying from a
resonance, for example 7 * rates from A++ production, Eq. (7.40) can be
substituted for the differential cross section in (7.20).

Teo calculate 2m recoil rates, the recoil products need only to be tesied
to see if they passed through the recoil counter. Only for events for whick the
recoils are successful are the factors inside the sum symbols jn (7.20) and
(7.40) kept.

The preceeding process was used to compute 27 rates at selected spectrom-

eter settings for the processes in (7.2). The resuvlts of this caleulation can

be seen in Tabie (19). These are the results for the B momentum channel crly
(see Appendix V) where the largest 27 contamination occurs. Observe that
when the 7 is detected in the spectrometer the contamination is very low, whereas
when the proton is detected the contaminatian is very high. The proten case is
worse beeause protens from 27 reactions are prodiuced from lewer photon
energies ihan the corresponding case for 7's. The proton case agrees with the

resuits from the i hotonrodu ,ézion experiment of Wolverton.ll17 However when
£ L



a recoil counter is placed to detect the v particle when the proton is detected
in the spectrometer the contamination drops to a negligible leval. Overall the
contamination was much lower than expected. There are two reasons for this.
First, the 27 threshold is not congiderably lowered between proton and deu-
teron targets. The difference at 27 threshold is a drop from 320 MeV to 303 MeV.
Second, the cross section is suppressed until there is enough energy to form a
A++ final state. This is considerably above threshocld.

Contaminations from other 27 processes should increase contamination
above what is imdicated in Table 19. There are indications thét the reaction
used for the calculation has the largest cross section over most of the energy
region considered However an estimate can be made of the centribution from
the other reactions. In Table 18 there is 2 summary of the 27 contaminalion
for each type of experimentsl point end below is a formula by which te estimate
a total Zx contamination from the (7.1) rates. This foial was Jowered by a
factor of 2/3 because the Frascati bubble chamber measurements [44] indicated
that the deuterivim 27 cross sections are low. In Table 20 there is a fofal
estivnated 2% contamination for the B channel of the spectrometer. We seec only

& few instances where the contamination becomes significant.
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TABLE 18
27 Reactions Contributing to Contamination

I. All 27 reactions

- 4
. yp—7 7p
o +
2. yp-~7 TN
0_0
3. yp—=T TP
-+
4. yn—>T T D
-0
5 9yn—-w TP
c 0
6. yn—- 7T n
- . . - 4: . + .
iI. Contaminanis to w direct II. Contaminants to # direct
cross sections cross sections
-+ o
L. yp—=7map L vyp—mmp
-+ + 0
4, yn—~7T T n 2. yp—= T 7w
- 0 . + -
5. yh— T T p 4. yn->=T T 1
IV. Confaminanis to p direct V. Contaminants to 7 recoil
cross gections cross sections
- F -+ .
L yp—pr 7w 1. yp=u 7™ p big
£y G 0 - - 0 ..
B, ypreprT oW 5. yn— T Tp big
G, yneprm T 4, yn~7 7 n small
-+ . . . . , X
V1. Coniaminants to # recoil VIil. Contaminanis to p recsoil
cross sectioas Cross sections
+ - 3. ] - F
1. yp—~7 % p big . yp—pr
R - 0
4. wyn--7 7% n small 5. you=eprm W

Complete Contamination Rates
for 7 direct rates u.seg-f (r + 7r+) rate of reacticn 1
for 7 recoil rates use 27 rate of reaction 1
for 7 recoil rates use 7 rate of reaction
for p direct rates use 3p rate of reaction i
>}

« (3] o »
for p recoil rates use 5P rate of reaction 1
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TABLE 19
2% Photoproduction Contamination from the Reaction

y+P =1+ + P

Total Calculated

om K Particle Coserved 27 %
Rate* Rate* Cont.
20 825 - 17.01 4.27 x 107 0.03
20 825 w 22.12 124 x107° 6.01
75 825 " 7.84 1.43 x 1072 0.18
75 825 i~ recoil 3.57 2.24 x 1072 0.6
75 825 . 11.96 8.50 x 107 0.07
105 825 " 14.02 1.75 % 1072 0.12
105 825 7 recoil 7.59 5.02 % 107 0.07
105 825 T 18.84 2.54 x 1072 0.14
150 825 T 11.02 2.08 x 1077 0.19
150 825 a 4.93 6.82 x 1072 1.59
150 825 P 67.46 6.97 10.34
150 825 P recoil 7.49 7.80 x 1072 1.04
20 1118 a 10.71 3.92 x 1072 0.36
20 1118 x 16.28 2.11 x 1072 0.13
110 1118 T 4.40 9.03 x 1077 2.05
110 1118 ©” recoil 1.46 2.83 x 1072 1.94
110 1118 at 6.54 1.10 x 107" 1.69
150 1118 T 4.21 2.30 x 1072 6.54
150 1118 r 3.57 "3.79 x 107 1.06
150 1118 P 14.38 2.40 16.70
150 1118 P recoil 1.17 4.62 x 1072 3.95

*

: . ‘s . 14 .
Rates are in units of counts per 10 4 MeV of beam energy.



TABLE 20

'Total 27 Photoproduction Contamination

e K Particle Ot;i(;tj‘i od Cal cgl;ra ted %
Rate Rate* Cont.
20 825 T 17.01 5.51 X 1075 0.03

20 825 nt 22.72 5.51 x 107° 0.02
75 825 ™ 7.84 2.28 x 1072 0.29
75 825 7~ recoil 3.57 2.99 x 1073 0.08
75 825 - 11.96 2.28 x 1077 0.19
105 825 x 14.02 4.29 x 1072 0.31
105 825 T recoil 7.59 6.71 x 10 0.09
105 825 . 18.84 4,29 x 1072 0.23
156 825 T 11.02 8.91 x 10™° 0.81
150 825 . 4.93 8.91 x 1072 1.81
150 825 P 67.46 13.95 20.68
150 325 P recoil 7.49 7.80 x 1072 1.04
20 1118 T 16.71 6.03 % 1072 0.56
20 1118 at 16.28 6.02 x 1072 0.37
110 1118 n” 4.40 2.01 x 107" 4.57
110 1118 r  recoil 1.46 3.78 x 1072 2.58
116 1118 xt 6.54 2.01 x 107" 3.07
150 1118 T 4.21 6.79 x 1072 1.51
150 1118 T 3.57 6.79 x 1072 1.90
150 1118 P 14.28 4.81 33.45
150 1118 P recoil 1.17 4.62 x 1072 3.95

: . . qald oo .
* Rates are in units of counts per 107" MeV of beam energy.
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APPENDIX VIII

PROTOHN CORRECTIONS
A, Momentum Loss

When the protean is detected in the spectrometer, the measured momentum:
mausi be correctnd for the momentum lost by the proton traversing the material
from the target to the spectrometer aperature. Using tables of dE/dx prepared
by Groom's [25] range-energy program, the momentum loss, AP was cal-
ailated for proion momenta between 600 MeV/c and 1600 MeV/c at 10 MeV/c,
intervals. This exercise was identical to that of Wolverton I_il] except the
dE/dx tables for hydrogen were repiaced by those for deuterium. The results

are to be seen in Figure 36. Pmag in the figure refers to the momentum at

the magnet sperature. To gel the momentum at target, Pcourf*e’ we uge the
eguation
P =P + AP . 8.1}
source mag

You will notice there are two cases in Figure 36 labelled aluminuin: and
mylar. The first refers to protons passing through the aluminum jacker of the
target and the second {o protons passing through the target's upstresm mylar

- window.
A correction must be made not only for momentum loss, but also for the
spectrometer acceptance change due to the momentuni loss. The experimental

aeceptance is DP the spectrometer acceptance is DPm , and thus the

source’ ag

relation needed is



- 1386 -~

/ Di}“@urce\'
3 = m..f.}..w .
D]‘Tseurce meag } D mag

(8.2)

The acceptance change (DF / DPmair) iz calculated from differentiating
3 :

source

the curve in Figure 36 and using

DPource _ .. D@P) :
o5 ' op (8.3)
mag mag

which is easily derivable from (8.1). The acceptance change as a function of
P ag can be seen in Figure 37.

For the cross section calculation in Appendix II and the 27 contamination
calculation in Aprendix VII, the curves in Figures 36 and 37 were tabularized
ior the convenience of the computor. For each Monte Carlo event in those
calculations provision is made to chcose a specirometer momentum for the

detected proton. With the value of P AP, and (DP /P a g) are

ag’ source m

obtzined from the {ables. Peource is used for the subsequent kinematical cal-

culations in the evenf, and (DP /DP )} is used as a multiplicative cor-
source mag

rection to the acceptance for each event.
B. Proton Loss Corrections

At small ¥ production angles, the recoil protons coms off with very litile

kinetic energy, and subsequently are very 1ikely. to be stopped by the mattsr

)

between the production point and the last counter of the reccil array. As a
result the recoil counters will detect fewer profons than would be expected
purely from reaction kinematics and the counters' geometrical size. This ef-
fect can be seen in Figure 38 which shows the reccil cross sections dropping

below the spectrometer cross sections at the lower photon energies. The



proton momentam at which the recoil cross sections ‘begin to dramatically fall
off is around 350 MeV/c.

It was assumed that the observed effect was entirely due to a combination
of energy loss and target size. Production points at different positions in the
target would result in varying amounts of matter to be traversed Ly the protons
before reaching the recoil counters. Protons produced furthest from the
counters would he stopped while those with identical momentum produced
closer would not.

To calculate this effect the proton energy loss process was run backwards.
That is, starting with a proton of 0 momentum at the last recoil counter, energy
was added to the proton as it was moved towards the target by using Groom's
dE/dx tables in reverse. The momentum the proton has when it reaches the
target is the minimum momentum required to reach the recoil counters. It is
denoted Pminf The proton is then moved through the target adding energy as
it goes uniil the farthest point of the target is reached. The momentum here is
the maximnum momentum for which 2 proton can be stopped. It is denoted P‘d}\
The proton momentum at varicus positions in the target gives a momentum-
range curve. Momentum-range curves for various penetrations of the last re-
~coil counter are shown in Figure 39. The labels indicate the penetraticn. The
curves are used as follows. For the " curve a target thickness of 0.74 inches
corresponds o a proton momentum of 330 MeV/c. This means that a 330 MeV/c
proton will not traverse more than 0.74 inches through the target deuterium
amd frigger the last recoil counter. The curves in Tigure 39 were tabularized
for computer calculations.

The process used to correct the Monte Carlo calculation of the recoil



response (seg Appssmdi_x i) for proton losses is as follows: for each Monte
Carlo event
1. Determine the production poinf and the proton recoil momentum -ﬁl .
| 2. PRs P’min’ drop the event.
3. I PR > Fmin’ determine if the proton would hit and trigger the re-
coil counters. If it does not, drop the event.

4. If (3) is passed, and P Pmax’ the event is successful.

>
R
5. I (4) is not true, determine the proton's path length in the target, 1,
and determine the proton's deuterium range, L., from the ranige_—‘nomentum
curve.
6. L= LD , the event fails. I not, it is successful.

t was found that the correction was very sensitive to different penetra-
tions of the last counter in the recoil array. No penetration would under cor-
rect. Full penetration would over correct. Penetration through half of the
counter, % inches, seemed the best choice. That is the correction shown in
Figure 38 and was the one used for the final result.

You will notice the four highest photon energy points in Figure 38 are
under corrected. However, when the spectrometer cross sections are corrected

for background contamination the agreement is very good.
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APPENDIX IX

COUNTERBS AND ELECTRONICS

A. Counters

The cornfiguration of the spectrometer counters are illustrated in
Figures 2 and 3. The details Qf tbeir construction have heen ade-
guately described in other sources. [5, 10,11,12, 13] The only change made to
the counters described there was the ceplacement of the momentum counters
in the 1LEM spectrometer. The new momentum counters are discussed in
Appendix V. |

The recoil counters were added for this expériment A drawing of them

can be seen in Figure 40. The dimensions of the counters were chosen on the

~

basis of a Monte Carlo study which used a model shﬁilar to, but simpler than,
the one described in Appendix II.

In this study yn — 7 p events were randomly generated in which the
neutron momentum was distributed according to the Hulthen wave function.
For each event the 7 was forced to enter the gnectrometer, then the recoil
proton was checked fo see if it would be detected by a test recoil counter. If
the proton was successful the cm energy of the reaction would be computed.
This process was carried ouf for a sampling of spectrometer seftings and
bremestrahlung end points. The impbrtant guantities determined for each run
were the efficiency of the test counter and the resolution in the c.m. energy.
For the recoil counier design the efficiency of the test counter was not aliowed
to be much less than 50% in order that the experiment could be run within a
reasonable time duration. With this restriction the dimensions of the counter

were optimized to give the best resolution of the c. m. energy.



The counter, RC, in Figure 40 was the optimized counter. The large
rear counter, BE, was made of a size such that about 80% of the recoil pro-
tons would be detected. A coincidence between RC and RB defined a recoil
proton. The counters RR and RL were also placed in coincidence with RE.
The purpose of these counters was to check the positicning of thé recoil array.
The average proton efficiency of the recoil array (i. ., RC) was around 40%.

In the HELTA and OUTR spectrometer configurations two Cherenkov
counters were usad to differentiate between electrons, protons, and pions.

The freon Cherenkov counter, FC, had a threshold g = 0.999. For the
momentum range of this experiment the eiectron B was aiways above this
threshold and the pion and proton 8's were always below. The efficiency of
this counter fo detect elecirons was measured periodically throughout the
course of the experiment. This was aécomplished by sending a pure eleciron
beam through the specirometer and recording particle counts with and without
FC. The electron beam was produced by placing a pinhole lead collimator in
the photon beam @und converting the photons by a slab of lead placed in front of
the pinhole. The spectrometer was placed ét 0° for this measurement. The
average efficiency for elecirons was 99.70%.

The lucite Cherenkov counter, LC, has a threshold g = 0.9, The pion
\-{’as well above this threshold for all HEMA and OUTR runs. The efficiency
for pi;mS was measured using the séalar readings from the 7 data russ. This
was pbssib}; because the pions and electrons had the same LC efficiency and
the protons were rot defected because of the polarity of the spectrometer

magnet. The efficiency was calculated from the eguation



- 180~

S
€ = :
T T + PS
where € = the LC pion efficiercy
L the pion sealar reading
and PS = the proton scalar reading.

For further details see Appendix X-B. The pion efficiencies as a function of
pion momentum are shown in Figure 41 . The {it in that figure is listed in
Table 26. The efficiencies given by the fit were used to analyse the 7r+ data
runs.

The LC ccunter had a non-zero proton efficie;ncy and_ special runs were '
required to measure it. .For these runs protons were defined independently
of LC by the setting of the spectrometer morentum and the time-of-fiight
regquiremenis of the electronics. The former reguirement comes from the
knowledge that if a proton and pion have identical momenta, the proton is pro-
duced from a lower energy photon. Therefore setting the spectrometer mom-
entum so that the pion’s photon energy was slightly greater than the brems-
strahlung end point, eliminated almost all of the pion triggers. fhe remnant
pion contamination was remeoved by a comparison of the LC pulse height
spectrums produced from a ™ beam and the aforementicned proton beam.
The formula (S.1) gave the efficiency after T and pg were corrected for 7
contamination. The resulis of the proton efficiency measurements are shown
in Figure 42, and the {it in that figure is listed in Table 20.

In the LEM spectrometer pions and protons were distinguished by the
size of the photomultiplier pulses in St amd 82, There was no aftempt to

distinguish picns from electrons in the LEM because the LEM was run at large



lab angles where the electron rates were sinail. The pulse heighis of Sl and

82 were ovserved in a pulse height aralyzer, and using the analyzer the dis-
criminator levels of 51 and S2 were set such that there would be a clean separa-
tion betweenthepion and proé:oiz pulse heighis. As for the LC pion efficiency,
the LEM pion efficiencies could bs measured during the 7~ runs of the experi-
ment. These results can be seen in Figure 43, The proton efficiencies were
measured using a f:rocedure similar to the one used for proton LC efficiencies,
and the results of these measurements can be seen in Figure 44. The fi ts for

the LLEM pion and proton efficiencies are in Table 20.

B. Electronics

The philosophy behind the electroﬁics was the same as that used by
Ecklund {12], Thiessen [lo], aﬁd Wolverton [11). In the HEMA electronics of
Figure 45 the signal from the Sl counter was placed in a tight ccincidence with
FAN, A2, and Al, the three counters with the highest counting rate. These

signals were combined in the slower electronics to define a particle event

which was

PARTAN = (81:S2-83-Al)-(S1'A2)- (SI-FAN) . (9.2)

The PAR-FAN signal was put in coincidence with various combinations of the
Cherenkov counter signals LC and FC, which defined particles e, p, #, and X,
The X stands i’or events that t‘figger@d FC, butnot L.C. This signal is
impossibie physically and indicated the inefficiencies in the Chererkov counters.
The 7 signal was put into coincidence with each of the 82 counter signals, T,

TC, BC, and B, which defined the 7 rate in each of the four momenftum channels.



Provisions weire made so that the_proton and electron signal could be put in
coincidence with the 32 counters instead of the 7. The accidental monitoring
was done by placing delays of 160 ns on the FAN, A2, and Al signals and setting
up parallel elecironic circuits which Were identical to that of the main trigger.
Accidenials will be discussed in more detail in Appendix X. |

The LEM electronics illustrated in Figure 46 were set up in a similar
fashion as the HEMA electronics except that there is no A2 counter and no
Cherenkov counters. The PAR-FAN signal was differentiated into 7's and
p's using pulse height discrimination on S] and S82. ‘There was no preovision to
detect electrons.

The signals from the recoil counter array were picked off with the S
(see Figures 45 and46)and 7 signals from either the HEMA or the LEM elec-
tronics. With the resultant signals a coincidence was made batween RC and
RB which defirea the recoil particie events. This signal was placed in coin-
cidence with each of the four momentum counter signals which came from the
same electronics as w and S. The recoil electronics are schematically drawn

in Figure 47.
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TABLE 21

PARTICLE DETECTICN EFTFICIENCIES

1. & Efficiencies

fit
e = A +A (P/100';2 + A (P/'100)2
T 0 i 2
where
€ = efficiency expressed in %
= gpectrometer momenium (MeV/c)
Configuration AO A1 A2
HEMA 95.158 1.0711 -0.075639
OUTER 95.28 0 0
LEM 100.20 -0.1259 0

. P Efficiencies

fit
2
= / i R

€ Ay + Al(P/l()O) +A,(P/100)" P> P

€p = Emin iftP= Pmin
where

€p = efficiency expressed in %

P = spectrometer momentum (MeV/c)

Configuration A 0 A1 Az P‘m in F’m i~
HEMR T.8571 -~ 1.7433 0.10475 832.12 .604
QUTR 7.8571 -1.7423 0.10475 832.12 0.604
LEM - 28.446 5.28 0 550.0 0.594
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APPENDIX 10

DATA REDUCTION

A. Accidental Corrections

Runs with HEMA eleétronics {see Appendix 9) had to have the raw

particle triggers

PAR-FAN = (81-Al-82-83)-(S1-82)- (S1-FAN) ,

corrected for accidentsls caused by the high counting rate in counters FAN,

Al, and A2. 'To monitor these accidentals there were three scalers

= (S1-Al._-S2.83)-S1-A2)- - TAN

Al .. = (Bl-Al,-82:83)81-A2) GI- FAN) ,
ALAZ, = (Sl-AiD.sz-sm-(31-A2D)-(é‘i‘fféﬁ),

and o
FAN, . = (S1-A1'52-83)-(51-A2)- S FAN,) ,

and, in addition, there was a scaler

PAR'FAN = (S1-Al'82-83)-(S1'A2)- (SI- FAN)

which was needed for the accidental analysis. The AlD, A2 ad FAN_ signals

@ D

‘were delayed 100 ns with respect to SI. The LEM clectronics had the identical

setup except there was no equivalent A2 counter; hence no Ai'AZacn scaler.

i

The oniy accidental corrections actually made were for the EZ‘AN%C

which were refatively straightforward fo analyze. The Alacc and AL-AZ_
i

rates were not used in the analysis because these accidentals cause two dif-

ferent effects, and it was unclear if they should be subtracted from the PAR FAN

4

- ecount as g true scceidenial or addad as a2 dead time correction. Because of the



ambiguity, (al ace * ,Al-AZacc}was ircludsd in the error of the corrected
PAR FAN count.

For the following analysis the notations tc be observed ars:

P-F = the PAR-FAN scaler reading

P-T' = the PAR-FAN scaler reading

Fp = the FANécc scaler reading
Opp = the FAN accidental probability
Qp = the FAN veto probability
RF = the FAN counting rate
L = the FAN live time per pulse
D = FAN dead tiﬁe per pulse
T = spectrometer events (Al-A2-51-52-83)

The FAN accidenta! probability, Cpas can be related to the FAN counting
rate by the equation

pp = Rpl (10.1)

which is the probakility that the FAN counters are on. The probability that the
FAN will be off is

d = RD. (10.2)

Careful considerations will give us the relations

P-F = (a = aA)T (10.5)

- -
S U e s T

-

T = PF+PF 10.4)



and

apy = FA/T. : (0.5)

Subrstifuting (10.4) and (10.5) into Eg. (10.3) gives

' P-F—FA .
Op = T(F, FAT) | 10.6)

¥ i Is now assumed that L = D then @, =d. A study of the cutput of the

FA

lin:iter modale which transformed the FAN signal into a logic signal meade this

assuraption reasonable. This transforms Eq. (10.6) to
P.-F - F
F-F A

ap = — . | 6.7)
P-F+PF - 27,

We have now solved the equations.
With the solutions we can now correct P-T for FAN accidentals. The
true walue is given by

B = - £3
P FT a aF)T (6.8}
With the proper substitutions we get
\
10.9)

P-—f‘;, _ {_P-.F_“-— FA} fF +PF
P-F + P'F—-ZFA

The walue in (10.10) can be used fo correct the counts in the momentum

chamnels (see Part B).



B. %, pand e Cajculations

For the HEMA and OUTR spectrometer configurations the LC and FC
Cherenkov counters differentiated between 7's, p's, and e's. For the LE:M
spectrometer configuration 81.82 discriminator bias differentiated between
% !'s and p's {sce Appendix IX). The pfocess is not 100% efficient hence the

readings in the m, p, and e scalers must be corracted for the inefficiencies.

We will use the following notations:

T . p,e will represent the true number of particles

Tos D€ will be the scaler readings

€ = the © and/or e efficiency of LC of S1-82
623 = the p eificiency of LC or S1-52

g T the & efficiency of FC

11 = the FC accidental probability per spectrometer pariicle

X, o= the spurion scaler *

We will consider the 7r+ runs in the HEMA or OUTR first. Other cases

are a subset of this case. Ignhoring n we can write the equations:

T, o= €T + espp + (1—€F) €. ¢
pg = (€)™ + (e p + (-ep)ll-€ e
(10.10)
e, = €p€ ¢
x, = €gpl-€ je

* This is the x scaler discussed in Appendix IX. The events it recorded
indicated ine cncies with the Cherenkov counters.




The FC ccanter had a largq counting rate (~ 105/ sec.), so that the
efiect of its accidental probability, 7, was aot alicgether unnoticeable. How-
ever, il has no significant effect on the computed numbers for 7, p and e. 1Its
only noticcable effect was to make Xy disproportionately large (i.e., XS/ ey >>
€. / (l—e,g }) for runs where there were a large number of p's. In what follows
11 could have safely been ignored, but it was included for monitoring purposes.
Beecause of the disérimi_natqr used on FC there was alsc a dead time prob-

ability equal to 7 which must also be included. Putting 7 into (10.10) we gét

a- n)eﬂvr + (I—T))fpp + (1—€F— 1 +27 EF)EF?

wo=
s
pg = (-m-e Jm + {I-n)(l-ép)p +-epmn F2ne)d-€ e
. (10.11)
e, = TET + nepp + (EF +7 -ZneF)ﬁﬂe
X, = N{l-€ )T + n(l—Gp)p T ERTN =2 0e)(-e e

In the experimental situation the scaler readings on the left hand side of (10.17)
are measured for each run and the efficiencies are known freom the measurements
described in Appendix IX. The unknowns in (10.11) are the particle counts 7, p,
and e and the FC accidental probabﬂity 1. Thus we have four equations and four
unknowns and (10.11) can be solved. However, if is not straightfcrward because
the equations in (10.]1) are non-linear and have to be soived by an interative
method. An initial value of 0 is choseﬁ for n and is plugged inic the first three
equations of (10.11). These equatione are linear in the other unknowng and can

be solved to give
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The walues for 7, p, and e in (10.12) can then be substituted into the last
equaiion of (10.11) to get
X - € ,F(l— € Ye

T T AT e e e . (10.12)
(@€ )((-2e jetm) T (=€ )P)

This walae of 17 can be substituted into the equations in (10.11) which will then
give us new solutions for (10.12). These new solutions can be substifuted into
(10.13} which gives a new value of 7. This process is continued unfil a2 stable
soiulion is reached {i.e., 0 < 11 < 0.01). If the solution was unstakle, 1 was
set f 0. This only occurred for runs with poor 'ps statistics.

For the n , HEMA and OUTR,runs protons are not deiccted by the

- specirometer, and this alters Egs. (10.11) fo

T, = (1—-7]}4’;‘7_(7( + (l--gF-nnLZneF) €. €
p, = (-m@-c_jm + (e - +2ne ){-€ )e ~
® ’ ¥ BT (10.14)
r = - 4 e Do - -
€y ne T + (eF +m1 =27 \F)cﬁe

Ry = =€ )T (e 4 =20 i) (-€ e
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It will be noted ihat
T
€_ = S
T T_ +p
S S

(0.15)

which was used tc monitor the LC pion efficiency. If we consider eﬂ as an
unknown in place of v, we hove again in (10.14) four eguations and four unknowas.
However, the eguations are nol iﬁdependent, thus are unsolvable. We eliminate
an unknown by sefting 7 = 0. This is justified from the 7" results where Ui
averaged about 0.25%. We then solve for 7 and e with the first and third

equations of (10.14) and get

(-€_)
T = T +p...:.___...:F._e
s S € ~-£ s
e T F
8 10.1
o = — (10.16)
T F

4

For the LEM 7 runs there was no provisions to detect clecirons. How-
ever, since the LEM runs were always set at wide angles, the eieciron rate

was assumed small. Omitting the references to electrons and the ¥C counter

in (0.11), we solve for m and p and get

1-¢ €
a =‘z”:f§“”s - elie Pg
p T P
1o e c (10.17)
= - " T  + = D
P € ~€_ 8 c ¢ Ps
T p T P

For the » LEM runs we detect on 7's assuming that the electron counts
are very small. Thus we solve for the pion efficiency as ia {(10.15) and we solve
for the m count which is

o= motpg . 10.18)

For all runs b, < 0.01 L



With the results in this part and in Part A we can now correct the
counts in the momentum channel scalers for accidentals and particle detection
inefficiencies. If we let M be a momentum chamnel scaler reading then the

corrected reading, M', is

bF |
M= —2 T (0.19)
‘ P-F S

The total corrections fo M were in the range of + 2% to -2%.
Where the proion or electron signal is placed in coincidence with the

momentumn counters, (r/7_) is replaced by (p/ps) and (‘e/es) respectively.

C. Doubles Corrections

One might naiveiy expect that the counts in the momentum scalers should
add up to the counts in the 7 scaler or p scaler, which ever type of signal was
placed in coincidence with the momentum counters. In practice, this did not
prove to be true. The sum of the momentum channel scalers was always
somewhat greater than the 7 scaler reading or p scaler, whichever was rele-
vant. This probiem has been encountered before and is extensively discussed
by Ecklund [12] who stated that the extra counts were probably due to knock-on
‘electrons. There has to be some correction to remove the exfra counts and
this is provided by the following simple theory.

We let T, TC, BC, and B represent the counts in the four mormentam
channels. We assume that the 7 signal is being sent info the momentum

channel coincidences so that the number of doubles is

D= (T+TC+BC+B)-7. (¢0.20)
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It will he assumed that the extra counts are caused by the primary particle
scattering an clectron into an adjacent counter. Therefore the number of
doubles in each chamel is proportional to the counts in the adjacent channels.

We can nrow write down the doubles corrections for cach channel,

T, = TC-D/N
TC; = (T + BC)-D/N
_ (10.21)
BC; = (TC + B)}-D/N
By = BC-D/N

where Tﬁ, ete. . are the corrections and N is the normalization which forces

Td+TC + BC

= 22)
d d =+ Bd D (].0.4: )

to be true. Equations (10.21) and (10.22) give the normalization
N= T+27TC+2BC +B. (10.23)

The values calculated in (10.21) are then subtracied from each momentum
channel to give the corrected value.

In practice the above process was too simple because pariicies which missed
the mom entum counter scattered electrons intc T and B. The number of their
doubles could not be calculated from Eq. (10.20) and had to be 2stimated by other
means which we shall not go into here. This added correction was about 1% of
the total momentum channel counts. The {otal doubles correction averaged

arcund £ or 3%.
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D. Recoil Caleulations

In the recoil electronics therse were two scalers, one for the recoil
events, the other for the accidental recoil evenis. The accidentals were ée—
fined by delaying the recoil signal an extra 100 ns with respect to the spectrom-

eter trigger. In the following text wé shall show how the recoil accidentals
were used to correct the recorded recoil events.

We will use the notation

rl“‘

1l

numhber of real 7 spectrometer triggers

N = number of false 7 spectrometer triggers

T, =T scaler reading

TR =T recoil scaler reading

Ty = accidental 7 recoil scaler reading

PR = probability of getting a recoil given a real
spectrometer trigger

P A= probability of getting an accidental recoil
given a spectrometer trigger

PD = prohability of losing a recoil because of dead time

It will be noted that if the cpectrometer trigger is the 7 signal then the sum
of the real triggers, T, and the false triggers, N, is equal to the counts in the

T scaler. This is expressed as

=

T, = T+N. (10.24)

If we sent the proton specirometer signal to the recoils instead of {he rion
signal then the previous sum is equal to the proton scaler. With a little thought

we see that the number of counts in the recoil scaler and the number of counts
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in the accidental scaler are given by

7 = (PR 4 PA - (PA + PD)PR),T + PAN (10.25)

and

=
!

A =Py (T+N). | | (10.26)

The desired quanfity is the number of recoil scaler counis which would result

from the real friggers ouly. This is

T =P, T. (10.27)

The knowns in the above equations are L WR, and 7 We can use Egs.

A
10.24) and {10.28) to solve for P A immediately which gives

PA = _'”A/’ITS . 30.28)
Substifuting (19.28) into (10.25) we derive
T -7
R A P
P, = - s 10.29)
R~ (G, /7 ) PT
Using (10.273 in conjuction with (10.29) we derive the number of rea} recoils
which is expressed as
WC‘
T = (M= T, ) e (10.30)
T R A (TTS N PD WS)

We are now left with the difficulty of deciding what value to use for the dead
time probability PD' If we assume that ali signals from the recoil counters

RB and RC {(see Figure 40 ) come directly from the target then RB will fire every

time that RC does. Hence the probability for having an accidentsl is just the RC
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live time probability ¥, = R-L where R is the RC counting rate and L is the
RC live time per couni. Since }B has 5.4336 times the area of RC, the RB

live time probability, P,. will be 5.4336 x P A We will further assume that

B
the dead tims of hoth RB .and RC is equal to their live time, which is the same
assumption used in Part A for the FANdead time probability. This assumption
will make the iive time probability for each counter equal {o its dead time

probability. The value for PD is then the probability that either RC or RB will

be dead for a givenp trigger. This is expressed in the equation

Pp. =2, +P_,-P,F

D A" BT YA “B" (0.31)

The above calculation {or P, is not especially accurate but the size of correction

D
it makes to the real recoil events only warrants an order magnitude estimaie.

To complete the recoil calculations we must correct the momentum charmel
recoil counts for the recoil accidentzls and the efficiency of detecting the par-

ticiles. H M is a recoil momertum channel count and M' is the corrected value

then the equation needed is

1 Ty
'l = e e :
M T M (16.32)
R
where
E = (1"77)67, forawr+ run,
E = ¢ fora T run,

or

E = (-1 (i—GP) for a profon run.

The equations for E were faken from Part B. Values for {7 were

/7R
typically 1.035.



B. Dafz Handling

To reduce the raw scaler readings into cross sections, thé. raw data
kad to be first corrected by the analysis described in this appendix, and tﬁen
reduced to rales by dividing by the amount of beam energy for each run, and
finally turned inlo cross sections. Td do this a number of computer pregrams
were written which ran the data through the process indicated in Figure 48.

Before this procedure could be followed all the information recorded in
the log beoks kad to be punched onto IBM cards. Although this was a rather
crude procedure, the situation was not altogether in the Dark Ages. There was
a time-sharing computer console beside the experimental bay which was pro-
grammed to give preliminary cross sections as Soon as each run was completed.
This was generally not done because the time-sharing system was down most of
the time, so run dafa were generally accumulated for a day hefore being put
into the time-sharing system. These preliminary cross sections proved useful
not only for detecting erroneous runs qguickly but also for giving {irst indications
of the final results.

¥or the final data the information on the punched cards were first checked
by Phase I for any errors in the logging or the punching of the data, Then once
all the mistakes detected by Phase I were corrected, as much as possible, the
surviving runs were sent into Phase IT which performed 81! e corrections to
the raw data described in the first parés of this appendix. Phase II 2150 cal-
culated rates using the beam energies stored in MONITOR. The information
from Phase Il was then fed as data into Phase i1I. Phase 11l contained a com-

pilation of the experimental resporses (see Appendix il) for each experimental
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sefting and coniained the fits for nuclear absorption and muon contamination.
With this information Phase IH calculated the cross sections using the formula
(2.27). The computer punched the output from Phase III onto cards which
could then be used as input for the daia manipulation routines. These routines

were programs to average data, plet graphs, print tables, ete.
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APPENDIX 11

BEAM AND TARGET

The iayout of the beam area is shown in Figurel. The photon beam was
produced by the clectron beam of the synchrotron hitting a 0.2 radiation-length
Ta farget. The beam passed throughb a rectangular collimator, scraping walls,
and a set cf sweeping maguets before reaching the UCLA LH2 target wnich was
upstream of our LD2 target. In order to remove interaction particles and
electron pairs produced in the UCLA target, ‘t_he_béam had io pass thrcdgh more
scrappers a.nd another sweeping magnet before reaching our target. To decrease
number of eleciron pairé created after the last sweeping magnet a He bag was
placed between thelast sweeping magnet and the target. The entire beam length
was 408 inches and atf the target the beam size was 1.5 inches wide by 1.78 inches
higl. This beam has been used by many experimenters aud is more fully de-
scribed in other sources [5,10,11,12,13],

The total energy in the bremsstrahiung beam was monitored by six devices.
They are:

1. TC-1, a thin-wsalled ionization chamber placed upstrean: of the target.

2. TC-Z, a second thin-walled ionization chamber placed upstream of
the target.

3. 40 MH prohe, a device monitoring the amount of electron current in
the synchrotron before hitting a Ta radiator.

4. MT, @ monifor telescope congisting of two counters which were con-
nected in coincidence in order fo record reaction particles produced
in the target. :

5. BC, ar ionization chamber placed downstream of the target.

6. Q, a Wilson-fype guantameter [25]
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The Q moritor was the primary meoenitor for the experiment. However, it was
not used during any of the data runs. Instead secondary monitors (1-5) were
used fo monitor beam energy during data runs and some of these (1-3) were
intercalibrated with the Q during speé ial quantameter runs which weré inter-
spaced between the data runs. The ‘d.escription of the beam moniforing has been
brief because the task of computing beam energies was entirely done by Mr.
Paul E. Schefiler énd the results are reported in his thesis [§].

The target was a three inch diameter vertical cylihder made of 0,005 inch
mylar. ‘The, deuterium was in a sealed container sﬁrrom’xded by a bath of liguid
hydrogen set at one atmosphere plus 3 1b. / 1112 pressure. The density of the

liquid deuterium was calcuiated from PVT equations [50] which gave a density

L

of 0.1706 gm/cm-‘? This value was confirmed by a reading of - 20" Hg pressure

inside the sealsd liquid deuterium container which the PVT equations pre-

dicted to be -19.48" Hg.
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