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ABSTRACT

Tha Panofeky ratioc, P = a)(ﬁ v p>TT % n)/CO(TT + p> ¥ + n),
and. the branching retio 8 = O(77 7+ 4> n + n)/O(TT + 43 ¥ +n + n),
have been measured by stopping 71 mesons in liquid mrdrogen and liquid
deuterium and detecting the gamma reys produced. A high resolution gammw
roy spectrometer of the 1.80-degreequcussing type was employed. Sixtye
. Bix Géig?ér:iubea' and nine scintillation counters were used in the
spectrometer to define the electron-positron orbits, providing an
intrinsic instrument resolution of 0.8%. The values obtained for the
branching ratios ares

P = 1.50 # 0,08 and
i 8 = B'm i OoiOa

‘This value for P 16 in good sgreement with that cbtained in previous
meaaéurémenﬁe while the value for 8 is significantly larger than previous
results. With regerd to the mnvem‘tional phenomenological analyeis of
S«wave pion pmrsicﬂgs, the Panofeky raetio is in good egreement whercae the
value obtained in this @écheriment for the branching ratio § is considerably
larger than predicted. |
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I. INTRODUCTION AND PURPOSE

When a 77" meson comes to rest (@< 0.01) in liquid hydrogen,
nuclear capture occurs in approximately 10~12 geconds through one of the
following channels: ’ ' :

e T W)

M +p=>-& +n o - (2)
- + -
M +p=> e *+te +n o : (3)

Reaction (1), mesic capture, produces e 0.41 Mev neutron end a 77° meson with
B = 0,21. The lifetime foii,«f,decay of the 77° 18 approximately 2 x 10“
seconds and leads to one of the following final atatea:

n+ ¥+t ¥ | | | | (1a)

D + X'+e++fe“ | - (1b)
n+et e +et v ) o (19)

The brenching ratio of the internal conversion reaction (lb) to reaction
(1a) has been calculated by Joseph® to be 0,00710. Due to motdon of the TT°
the gamme rays emitted are uniformly distributed in energy hetween 5k, 75 and
83.25 Mev,

Reaction (2), rediative capture , yields an 8.9 Me'v‘neutr‘cn tmd &8
monoenergetic genme ray of 129.k Mev. Reaction (3) corresponds to internal
conversion of this gamma rey. The branching ratio g is calculated as
0.01196., , 7 R ,
| It is customery to define the Fanofeky ratio, P, as the branching
ratio between the mésic captme and radiative capture reaction rateg withe .
out regard for the low yield internal conversicn processes, i,e. the ratio
% , which in practice has generslly meent (%f‘-;- . Howeyer, it is more
appropriste to define as the ratio of the rate for all strongly mterax:ﬂng

channels t0 the rate for a.ll channels which are electromagnetic in origin y)

f.e.1 -
(1) _ (a) +(w) | I (v)

(§I+l3f R ¢ , + (3)
Since the manner of definition can lead to a difference of 1% in quoted value,
we choose to give our results for P in terms of (4) sbove, .
When /7~ mesons come to rest in deuterium the following nuclear
reactions‘ oceurs



7T +d->n+n (5)

77+d->n+n+ ¥ | {(6)

7TT+d e n+n+ 7T° (n
Reaction (5) yields monoenergetic neutrons of 67.5 Mev. The radiative Yy

capture reaction (6) produces gamma rays with e distribution of energies
ranging from O to 131.5 Mev waich is peeked near the high energy end as |
a result of the n-n Interaction. Reaction (n, mesic capture, gives & m°
meson with f ranging from O to 0.l12 which results in gemna rays distributed
in energy between 60 and 76 Mev. :

In their original experiment Panofaky et ts.l.2 stoppedﬂ"mesons
in both hydrogen and deuterium and detected the auclear gamms. rays with e '
~ palr spectrometer. In addition to measuring the Panofsky ratio, they also
cbtained values for the deuterium ratios 8 and R, defined as:

w (7 +d = n+n)

8= w (T7+a= n+n+x)°“d ' ' (8)

W (T +as> n+n+1) : '
R = . (9
w(;r+d~—>n+n+¥) _

Since this initial work several additionsl measurements of the Pa.nofaky
ratio have been published.3™ 4 list of these, the method employed and
the values obtained are given in Table 1, Previous meawements of B and
§2:22,13,1% 1o 146ted 1n Table 2. |
Anderson end Fernt’ first pointed out thet the Penofsky ratio
serves as a connecting link between rea.ction,s in pionurmuleon scattering
end pion photoproduction. Brueckner, Serber, and Wetson™ -completed.the
scheme outlined in Figure 1 by relating the deuterium ratlo 8 to '_pion
production in nucleon-nucleon collisions eand to the other interactions.
In the figure, reactions deroted with the subscript b indicate bound state

capture while those which have been measured at positive energies and 2
extrapolated to threshold are underlined. These relationehipa provida 21
means of checking the internal consistency of a large body of knowledga -

in low energy plon physics.

For the scheme outlined in Figure 1 to ‘oe applicable it is
necessary to know for the bound state reactions f_rom vhat anguler momentum
states nuclear capture occurs. In the past most snalyses have been made



Nomenclature .

b(ﬂ"’ a=> §+ 21!)

2 u)bzﬂ-t» P ¥+ n)
. | R,,[a(X+n¢ﬂ+P)

a(d + po77+ 1) threshold

C.I. = Charge mdependeme
D.B. = Detailed balencing

Pion Production in Nucleone
I{ucleon Collision

a(p + p>7'+ Q)

| charge symmetry
g{n + n57 "+ &)
| |- D.B.
o7 + &> 2n)

wb( 77+ 4+ 2n)

W (1T+ as¥+ 2n) E.
-wb(‘rﬂ p>¥+ n) ,' 3

o (7% poY+ n)
D.B.

0'( Y + nadT + p)

| N

cr(éu» as 77+ en) o (¥+ y-=>77+ n)

wb( s p=> 7T+ n)

a'(n‘? p> T4+ n)

e

G‘(77+P°>TI+P) a’(ﬂ+p~‘>ﬂ+p)

R =
o 0"(&’+ dep 7+ ap)

'Pion Photoproduction

s

Pion«Nucleon
Beattering

Fig. 1. Phenomenological outline of Be-wave pi.bn phyeica.
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on the basis of capture from the 18 state of the mesic atom. The mechagiem
for formation of the mesic atom was assumed to be as described by Wight-
man.17 However, & recent measurement of the nuclear capture time in
hydfogen by Flelds et 6.1.18 indicates that this previous description of
the formetion process is not completely correct and that capture does not

. take plece from the 18 oxbit. Although at the present time no direct

. experimental measurement has defined the ystateé from which éapture does

20

oceur; recent work by G. A. Snow,,l9 Russell and Shew, end Day, Snow, and

Suchermf offers an explanation of the problem in terms of S-wave capture
from higher n states of the mesic atom. -
If 1t 1s assumed that capture does occur predominé.tel& from 8

states, the ratios P and 8 can be expfessed as follows:

BT Yo (4 BpE (a3 - e)?

d "R g (L+A/20)2 o (y+pai+ n) - (20)
1 1+BM Mg o (p+p o Tt d) S |
83w I :/*/?-’M EI% G“E%’f g > ﬂ“‘: m) (11)

‘Here W and M are the pion and nucleon _r_e_sf. masses, &, end a, are the 8-
wave scattering lengths for isotopic spin states 3/2 and 1/2, respectively,
v o is the 71° velocity relative to the neutron for the charge exchange re~
action in hydrogen, while ¢ and q_D are incident c.m. 77 “momenta for the
_reactions in hydrogen and deuterium. In addition, T'=T MH(O)I 2/ [¢D(O)‘2
where ¢H(O) and ¢D(0) are the wave functions for the respective hydrogen
end deuterium mesic atom states from which capture occurs, both evaluated
at the ‘poaition of the nucleus, T and R are defined in Figure l. These
equations follow from the relationships in Figure 1 and have been discussed
prev:ti::uslar.h"’5‘15"3'6 A simple derivation is presented in Appendix A,

Since Anderson and Fermi first published their peper, discrepancies
between the calculated Panofsky ratio, Equetion (10), and the measured velue
have stimilated a lerge amount of work both experimentel and theoretical.
| At various times several different suggestions were offered to explain these
discrepancies, including violaﬁion of charge independence in the pilon-
nugcleon system22 and even the existence of a new particle.as However, due
largely to the theoretical work of ]Bta.l.c’lln‘,a3 Cini, Gatto, Goldvesser, and
Ru.d.erms.n',g’+ and Hamilton and W_oodccckas plus more precise determinations
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of the Panofskw ratio, no serious discrepa.ncies now seem to exist. S
RN ~ The chain of reactions in deuterimn ahown in Figure 1 pravides Co
. en mdependent check on t.he resulta in twdrogen. Becauae of the. relstive-»,
Yy large uncertaintiea in previoua measuremnts or 8 and in knowledge of |
| the retio T, this check hes not been very useful. | . |
Co In this experiment we have remeasured both the Panofslqr ratio P
: and the deuteri\nn ra'bio 8. Together vith a recent more accurate evalo.a—

o tion of ’1‘26 all three 1ega of the scheme out.lined. in Figure. 1 are now
" pelieved o be known with compareble eccuracy. In Teble 3 the caleulated
‘and meaéured values of P and 8 are :c'omp_a:red.‘ ‘ : S
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II. . EXPERTMENTAL METEOD |

, Uncértainty in previous measurements of the Panofsky retio hes
been due to statistice as well as the inability of the detection apparatus
to sdequately resolve the low and high energy gemma rays involved. Con=
sidering this and the fact that we elso wished to determlne the gspectrun
of garma reara from the deuterium reaction with good resolution, & gemmas
ray pair spectrometer was selected, The spectrometexr is of the 180~degree~
focusa:l.ng type snd is discussed in detail in Bection IIIX.

Panof sky Ratio

\

1f & large number of 1" mesons stop in hydrogen, the Panofeky
retio is equal to the ratio of the number of mesic capture reactions to
the number of radiative capture reactions which occur. Let N ri and N Yo
be the number of gamma rays from each of these reactions, respectively,
which strike the converter of the spectrometer. If no losses occur in the
target then the Panofsky ratio cen be written as '

P = a’l - (12
<Y 2 '
vhere the 2 compensa.tes for the ’cwo gaxmna. ra;ys produced in the mesic
cepture reaction, With the pair spectrometer these numbers are determin-
ed by detecting the electron-positron palrs produced in the converter.
Detection efficiency versus energy for the pair spectrometer is
trisngular in shape with maximm eff"iciency at the mean energy E and with
energy width {1 + 1/2)E. Due to these conditions the Penofsky retio cen
be measured with optimum efficiency by using two different mesn energy
settings of the spectrometer, one corresponding 4o the energy of the
radiative capture gamma ray, the other to the mid-point energy of the
distribution of mesic capture gemms rays. A special characteristic of
the 180° design in regard to electron scattering (see paragraph III-D)
makee this quite attractive since accurate celculations of ebsolute
scattering losses ere not necessary if the converter thicknesses are
appropriately chosen.
For e fixed magnetic field setting the present spectrometer 1is
cepeble of detecting the gamma rays from both reactions but with reduced
efficiency.
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can be restated ag:

& single fixed field, the other using two different fields. For the
three field settings the converter thicknesses Were chosen such that !
scettering losses were equalized, Theredby, an sbsolute comparison of
the gamma~ray yleld at different magnetic fields for each of the two
reactions provided g rigorous check of the pair spectrometer.

Deuterium Ratio § |

If a lexge mumber, N ,' of 17 mesons stop in hydrogen .end the same
number in deuterium, we can write . '

N = Nl( ﬂ;j.g..p -577°+,n)~ +, N2. ( T+p > ¥+ n)
_ (13)
RN3(T7,‘+-G'">.H‘.+R)+N,+(.ﬂ—%dqn.&n*a’)

vhere Nl’ Na ’ N3 , and Nh are the nurbers of interactions which oceur in
the respective chennels. (The small contributions from internal conversion

processes are neglected.) Since P = g& and § = .gi » Equation (13)
2. I |

PNQ + N2 = SNh -+ NI& or ;

N .
8=(1L+P) 2.1 . - ’ ()
. Nl@ . v .

Since there is one gamma reay emitted in each of these radiative capture
reactions, then, 1f N ¥2 and N ¥4 are the " number of gama reys incident

on the spectrometer converter from the respective reactions, 8 can be
expredsed as
s=(1+p)My2 4 (1)
¥ | ‘
Hence, this ratio con be determlned using the neasured value for the
Panofgky ra,tig and counting only the radiative capture gamma rays from
hydrogen and deuterium,



IIY. EXPERIMENTAL EQUIPMENT
A. Equipment Set-up

Arrengement of the experimental equipment in the ﬁpaon heam
cave of the 184-inch Synchro-cyclotron is ehown in Figure 2. The
meson bean 18 produced in a Be target bombarded in the mlof.ron. Legav-
ing the vacuum tank by a thin windov, the besm passes through an 8-inch -
dismeter quadrapole doublet and an 8-foot diameter iron collimating
vheel with & 5-inch square aperture. The beam is reduced in enexrgy by
passing through an aluminum degreder, the thickness of which is chosen
80 that the mesons stop in the liquid hydrogen or deuterium flask.

A fraction of the gamuas rays, produced by n” wesons interscting
in the liguid hydrogen, peir produce in the converter of the pair spec-
trometer, M o and ‘ths. resulting electron~positron pairs are detected.

Lead bricks forming & 6~inch square collimating bole neaxr the .
hydrogen target shield the converter from view of all portiona of the
. ‘target except the flask. The small magnet ¥, is employed to a‘v‘meip‘m

¢harged particles which might otherwise enter the epectrometer entrance
channel., In eddition, a 4-foot thick concrete end steel shielding wall
1s located betveen the hydrogen ta.rget end the spectrometer in ordar to
reduce background at the spectrometer,

B. Meson Beam Monitoring and Optimization

Two separate beam monitoring systems were used. One, en ion
chamber, was located near the cyelotmn vacuun tenk inside the ahielding
wall and the ion current wes continuoual,y monitored. The other, & gammb~
rey telescope, waes located balow the nydrogen target. Refar to Figure L,
A coincidence betvesn scintillation counters 2, 3, end k combined with no
count in counter 1 indicated pair convarsion of e gemma rey in the 1/h"
lead plate, The counting rate 1s proportionsl to the rate of stopping
mesons.

The rate of mesons stopping in the target vas maximized by
suitably locating the internal cyclotron target, selecting optimm coll
currents in the focussing quadrapole, and choosing the optimun aluminum
degrader thickness. See Figure 2. Counting rates of the gamma-ray
telescope described in the preceding paragraph vere monitored during
this procedurae,
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. . Figure 3 shows the measured gamma-ray telescope counting rate

. versus degrader thickness with hydrogen in the target. The large peak '

i4n the curve is due to gamma rays produced by nuclear reactions of stopped
T mesons. The aluminum degrader thickness deternined from this curve
5~5/8 inches) was used throughout the experiment. o

4C. Hydrogén and Deuterium Targets

A achematic drawing of the targets and target supporting stend
1s shown in Figure 4. The vargets were rigidly mounted on a carriaege on
which four flanged wheels engaged with a set of parallel rails near the
"top of the supporting stand. The carriage was moveable by hand to allow
posi‘bioning either of the ta.rget flasks in the beam path. Mechanical
fstops and clamps were used to hold the carriage securely in place.

A schemtie diagram showing the target flaak heat shield, and
-jouter vacuun Jacket 1s shown in Figu:e 5. Both ’che bydrogen and deuterium
targeta are of identinal design. The flask shape. 18 cylindrical wiﬁh a
‘S-ineh diamc,'ter and. 10~inch average dengbh. It is contoured on each end
"for strength end febricated from 0.010 inch myler. Ends of the heat
"shield are covered by 0.00025 inch aluminized mylar while the outer
:vacuwn :}acket is spun aluminum 0.035 inches thick.  Not shown in the

: ingx.u’e are 3/8 inch stainless steel fill tubes which are riglidly connected
;o v'bo the fle.sk by contoured washers and nute.
" Althou@;h the lead collimator shields the pair spectrometer from
,' gemma raya origina‘bing in the aluminum degrader, the copper heat shield,
and other portions of the }’2 target, a section of the hydrogen £ill lines
.is 'visible'. However, since only & few percen‘b of the incoming 11~ meson
beam mtercept these parts ‘and also since all gamma reys detected with the
target empty can be sttributed to reactions in the residual H 1, gas, no =
appreciable influence on the ratios being measured seems possible.
‘ In oxder to guard sgainst contamination oi’ the 1iquid hydrogen,
transfer of the hydrogen from devar %o targe‘t was a.ccomplished using
bydrogen go.s inder pressure.

D. The Gemma rey Pair Spectrometer

A top view of the spectrometer with the upper half of the electro-
magnet removed is shown in Figure 6. In this drawing the aluminum rack

b
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(relative)

Monitor counting rate

Degrader thickness (inches of Al) ..~

MU-24840

¥ oo

Fig. 3. Mohnitor telescope counting rate vs energy degrader
thickness.
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Fig, 6, Top view of spectrometer with upper half of electro-
magnet yoke removed, s
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" which supports the Geiger tubes is c'mf. away %o afford an unobstructed view

of the detec’cing arxray.

Ganma rays enter the apectromter through a 6-ineh x T-inch hole
in the electromegnet ycke and pair produce in the gonverter. :The electron
and positron produced are turned in a circular path by & uniform magnetic
field perpendicula.r to the plane of the drawmg and detected at the 180°
position. An arrey of 33 @eiger tubes on each Bide of the converter plus
nine scintillation counters served tc detect the particlea and to determine
the sum of thelr energles. 4

' The distance between the centers of the detection region on both -

sides of the converter is 32 inches. As will be described later, overlap
_of the Geiger tubes gives a 0. 25-inch channel width. Together these
'dimenamna dafine an in’crinsic matrument resolution of 0.8%.

v 1. General Featums of the 180° Desigx_

The princ:lples of the. 180° ir spac’srometer were firet discusse&
by Walker and McDaniel 29 and appli.ed to an instr\ment vith an energy rangs
of 5 to 4o Mev. Latex', Kuehmer, Merrison, end Tomabene6 used this type
of design in a previous meamrements of the Panofsky ratio. ,

' The 1mpartant characteristica of the 130° desﬁ,gn are descr:l.bed

, in the following pam,gmphas
Ener@' determination and le.teral width f’ocussiqg For a pmicle of charge

e 'ana ‘momentum P moving in & un:.fom magnetic fileld B, the equation of _

B -
--g-m % . . (16)

'where Q le the redius of curvature and ¢ the velocity of light, Fox‘ 8

relativistic electron p~ E end hence »

. pe - B :
? “%’5“5@’ ‘ (17)-

Ndw 1f en electron and positron of total enér@ E and E+, respéctively,

are produced in the converter, we can write

| 20+ Q)~§--( +2)
o .

'Ef+m"’ 3?a(e+e) | )

Thér‘efor’_e » the total Velectron»yo‘sit.ron palr energy is proportional to
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- the distance between orbits at the 180° position and independent of the
horizontalk position of pair creation in the converter. This latter
property is termed lateral width focussing. A -

180° focussing. Vardous factors cause the pair menibers to emerge from
the converter with angular displacements from the normal In the spece
trometer described here multiple scattering is most imporbant vith minor A
contribution due to angulsr effects and the peir creation process. In
the 180° design horizontal displééement of the pair merbers at the focus ’
line due to their angular diaplacements at the converter are ninimized
because of focussing to first order in the angle. '
Energy independence of scattering J.ossee. If the projected scatterins
angle on leaving the converter is suffiqientl;y large, an electron will

" not intercept the detectors at the 180° posaition, This will be fpferred
to as 'scatiering out! or 'scattering loss', . ' Ie o’ 38 the rms projedte
ed scattering angle and t the converter thickness, o' can be written as

& = Jﬁ) : . (19)

vhere C is & constent and the function £(t) ie defined in Appendix B, Now
the orbital path length for an electron moving from converter to detector
is 7@ and hence the vertical displacement h at the detector rox' an
electron with emgla ok’ ia ' |

¢ (k) . CT £t .
u....é_(..l . (20).

r . £
h"‘"f”"‘“”ﬁ' E B

Hence, the vertical displacement is independent of E, and théreforo the
'scattering losses' are independent of E, Equatiom (20) 2180 indica.tes
that for different va.lues of B the thickness t can be appropriately chosen
such that these losses are equalized.

2., The Magnetic F:l.eld _ :

o It 1s an obvious calculational adventege for & pair spectrometer
to have a uniform magnetic field such that particle orbite are circular
arcs. Also, because of limitations on the range of gamma ray enérgies
detecteble with such an instrument (in this case (1 + 1/2) E for & mean
energy E), 1t is necealsary_’to operate at variou;a'magnet’ic”fiém settinge
if ‘measurement of a broad gamma-ray spectrum is desired., For a measure~
ment of the Penofeky ratio the detection efficienéy 18 optimized i
measurements are made at two mean energy settings corresponding to the
vadiative capture gauma~ray peek end the central energy of the 77 ‘gemma
ray dlstribution.




~17-

For these ressons & program of magnetic field ﬁeasurmnte_‘md
shimming the spectrometer megnet was undertaken. The pole tip and shim
configuration adoizted 16 showmn in Fig. “7. Thin pole tip surface ehims,
not shown in the figure, vers used in the deuterim ratio messurement to
: pmvide & more uniforn field. S
' The magnetic f£ield settinge B used in this experiment are:

B(gauss .. AppMcation

5,538 ' Panofeky retio
8,235 © . Panofaky ratio
11,013 | - Panofeky rstio

10,500 - Deuterium ratio

Magnetic £ield contoura for the magnet at these field settings ars shown
in Figures 8, 9, and 10 where the values given represent the tield
averaged over 8 Jeinch deep region centered about the median plme.

For the least wiform field, B = 11,013 gauu,'caloulationu
indicated that the meximyp energy shift due to £4i¢14 variations emounts
to < 0.25%. This has been confirmed by couparing the position of the
radiative oapture lina for B = 10,500 and B = 11,013 geuss. |
3. Converters

A converter assenbly is shown in Fig. 11, The lead comrerter
‘is mounted on & 0,060-inch lucite backing vith plastic tape. Emall Jucite
clamps mounted on tha top surface of a O, 060-1nch almninwn plate rigidly
support the canvarter perpendicular to the plate. 8lots 1in a set of .
'para.llel guida" rails accept-the edges of the eluminum plate while a
position stop determines the desired location of the front; edge of the
) plate. With this arrengement the converter could be located to within
0«015 inch of the desived location and cauvarter aaeembliea could be
mpidly intarcbange&.

_ Bealdes the lead and lmite backing, the converter scinuuatimx
counter alsc forms part of the converter system. ‘However, the effective
thickness for pair product.ion :I,n the converter counter is not known. The
menner in vhich the data is tmmd to account for this is discuesed in
paregraph VI-C. o ~

Oharmtaristiea and a.ppucauona of the varicue convarters used
in this exparimant are descr:l,bea in Table 4,
' 3& Counters
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The counter detection system consisted of 66 Gelger tubes and
9 scinti”lo.’cion counters arranged as shown in Figure 12. A coincidence
between the gate counters (scintillators 1, 2-N, end 3P) indicates the
detection of an electron—positron pair created in the converter, The
total energy of the pair is determined by those Gelger tubas and scintille-
~tion counters, 4-N through 9-P, which fire in coincidence with the gate | .
_counters. The scintillation counters served es a check on the Geiger tuhe
system and helpe& to define events when extra Gelger tubes. fired.

" Gelger tube arrangement. The Geiger tubes employed (Victoreen type 1B83)
ere cylindrical in shape with a 0,750« inch dismeter outer aluminum shell
of thickness 0.007 inches. A fine 0,002-inch wire along the exis of the
cylinder forms the enode. I
' * The present tube arrangamnt has been used previoualy.so By
. overlanpi.ng tubes and requiring a coincidence for the overlap. channels,
e channel width of 0.250 inches is provided. In order to incréase the
active ares of the channels, pairs of Gelger tubes were arranged parallel
" end to end to provide a total active length of nearly 5 inches. A side
~ view of the counter array is' shown in Figure 13. Vertical overJ,ap wag
 employed %0 compensate for the reduced efficiency near the tube and. The
positions of the tubes were known to within 0,015 inch. |
Identieally nugbered tu‘bes in Figure 12 define a pair of paraliel
tube:s ‘which form a part of the same energy channels and are connected
‘electrically +to the same lead. Bach tube number N identifies the redius
@ of en electron orbit which passes through the tube center end the
center of the converber, perpendicular to it. Por the left bank (electron
side) P = 5‘%‘3’—- end for the right bank (positron side) g'= ...E"l‘ﬁ
Hence, the total distance 2( @ + ¢') between a pair of electron and
positron channels, which is related to the total pair energy by Equation
, (3-8): is just

2((’ +€) --~—~=¥- (E'+ £7) . (21)

For the overlap channela, ‘N' and N" refei' to the everage of the numbers
me-ntifying the two overlaspped tubes. :

| Scintillation counters. - Dimgnsions of the nine ‘scintillation counters
are given in Teble 5. Counters 2-N and 3~P are composed of tepered pleces
of, plastic ecin'billa’cor and. 1ucite bonded togethar with Epon to i’om a

| uniforn  0.500-inch thick strip. The piece of scintillator ranged in
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Fig. 13, Side view of counter array, -
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 thickness from 0.25 inches at the end closest to the phototube to 0.h4F

inches at the opposite end. This design was incorporated to reduce the
variation in pulse height with distsnce from the phototube and hence to
insure that the detection efficiency was independent of electron energy.

Counters k=N through 9-P form a couplete separate system for
defining the energy chennels, with a resolution of 6%. Mowever, the use-
* fulness of this system was limited due to the relatively large efficiency
(5 to 10%) for detecting Cerenkov radiation in the lucite strips.

Counter Efficiency., The rms variation in efficiency of the Geiger tubes
uged in the present experiment has been determined to be approximately h%.
The ebsolute efficiency es determined from the results of the present
experiment ia between 85 and 90%. Calculations indicate that the absolute
efficiency should be nearly 100%; however, tube end effects may cause
this difference. _

By observing which channel scintillation counters fire when
specific Geigérﬁchanhela fire for #ha_praaent set-up, it was ﬂeﬁarmined
that the effiaienay for eech scintillator channel (Refer to Figure 12.)
was > 98%.

E. Electronics

A schematie draming showing the electronics end related data
recording instrumentation is shown in Figure k,

. A coincidence event (B, C, D, h) in the coincidence unit Wel
signifies a gamne rey hes actuated the ganma-rey monitor telescope. This
counting rate is monitored by scalers S«l(a) and 8-1(b).

The function of the remaining circultry is to detect end indi-
cate photographically those Geiger tubes and those scintillaetion counters,
L.N through 9-P, which fire simultaneously with the threé gate counters
. (1, 2-N, and 3~P).' Detection of a coincidence between the gate counters

'in the fast coincidence unit W-3 triggers the discriminetor 8W-2, The
fast outpuﬁ pulse actuates the gate gensrator G and also eerves as one
input to each of the 2-fold coincidence circuits Wek through W-9,

Relative time delays in the syatem are adjusted so that, if any
of the spectrammter channel counters, 4-N through 9-P, fire simultaneouaky
with & coincidence of the gate counters, the corresponding coincidence
units are triggered. These 2-fold coincidence events provide Inpute to
corresponding units of the"amplifier and pulss generator’, Each of the
N pair of parallel Gaiger tubes is also connected to tha input of one of
these unita.

A 20-volt, 5-peec pulse from the gate generator, G, provides
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" & slow coincidence between the gate counters and the channel defining

‘counters in the "amplifier and pulse germrator unita. A neon lamp is
located in the output circuit of each unit. These lamps, vhen tired,

mdicate coincidence events and are photogrephically vecorded, .

The camera is a 35 mm. Dumont type—»modified to inelune an auto-
matic £ilm edvance mechanism which is actuaxed.by the gate pulse.  Low
intensity lights within the hood inaured firing of the neon lamps whan
voltage was applied.

i~
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IV. EXPERTMENTAL PROCEDURE

Throughout the Panofsky ratio measurement the hydrogen target was
clawped firmly in position. Cyclotron runs were made with various combine~
tions of spectrometer converters and hagnetic fields es 1ndicatéd in Table
6. Penofsky ratiosI and II refer to the two independent measurement.z pers
formed as described in Section II, one utilizing a fixed magnetic £ield .
(II) and the other, two different fields (I). The runs with converter out
determined the sffect of the converter counter. A4ditional background
measurements not indicated in the table were made vith the convertersboth
in and out but with the hydrogen removéd from the flaek, In order. to h»lp
cancel systematic monitoring and background effects due to cyclotron apsm-
tion a large number of individual runs were performed (130) alternating
between the various magnetic field end converter combinations.

During measurement of the deuterium ratio §, runs with the hydroe
gen and deuterium targeté were alternated. Nearly 20 cn@-hour ang vere
performed with each target. Magnetic field and converter combinetions are
shown in the teble, '

Frequent checks were made to ensure that the equipment was operae
ting properly. All magnet currents and counter voltages were inspmﬁe;d
every few hours. A'closed clrcuit T.V. system permitted continuous monitore
ing of the hydrogen and deuterium target gauges. -Bimilariy, visusl
presentation on a wall recorder of the output from the ion chember nonitor
provided a continuous check on the cyclotron beem, In eddition, the equip~
ment was pulsed through several times during the experiment to make sure
the timing had not changed or components had not failed.

’ Gamma~rey Yield ve Hydrogen Density

In order to correct for the difference in stopping power batwaen
the liquid hydrogen and deuterium, a measurement of ganme~ray yield vs.
hydrogen density was performed. Chenges 1n density were made by altaring
the pressure in the hydrogen flask, The minimum end meximm pressures
attained were 3 psia and 30 psia, corresponding to a change of hydrogen
density from 67 to 75 gm/liter. Values of density were determined by
temperature measurements. '

A copper-constentan thermocouple was used for the temporature
measurements. One junction was located near the bottam of the hydrogen
target while the reference Junction was located in a liquid N, bath,



=30~ -

Voltage measurements were mde with a I.éed’é' end Northrup K2 potéhtiometer;‘. ,
With this system the tempemture could be determined to within 0.2 of &
clegree. ' ' : . o L

v The test equipment used 19 shown in Figure 15 To acquire .

' pressures above a.tmospheric t.he reservoir-flask system wa.s closed off
and the. pressure allowed to riae._ h relief val\m set for 15 peig was
provided to mto.in tha preasure et a set value until temperature equilibrium

was eata‘oliahed.. Homver, becauea of the alow rate of pressure increase ’

' approa:imate temperatum equilibrim was constently maintained; hence
measurements were ma.de et several different pressures. Measurements CORe =
sisted of simultaneous recordinga of the: genma-my monitor ra‘oe a.nd the

'themocouple voltage. ‘ For presauree below atmospheric tha vacuun pump
was_ connected directly to the hwd.rogen ayatem. _ Meaaurementa were performed
as before f\‘qrv : seyexfa; presgures ,bglaw_ a_t.moapheriq. ! ‘
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V. SPECTROMETER RESOLUTION AND DETECTION EFFICIENCY

Assume & gamma Xay selocted st rendom from a spectrum with energy
distribution (= X } is incident on & converter of thickness T. Then the
_probability that a pair 1s produced and detected with total enhergy between
B and E+ AR can be written as
- (By o o o
P(E) AE= X(T) s('r,xa) I(Ey ) r(E y,m)amx AE “or (22)
Ex . ‘
. P(E) AEw ¥(m) s(1,p) g 1By IR (By ,E)AE, € () oz (23)

whera Y (T) is the probabil:\ty for pair procluction in the oonverter avers
aged over the spectrun of 1nc1dent energies, 8(T ,B) 4s the probebility
that the vertical positions for both particles at the 180° point of their
orbits ere within the detector verticel limits, r(E y »E) end R(E y yB) are
resolution functions, end €(E) is defined as the lateral detection
effieciency. The integration extends over all genma-ray energies occﬁrring
in the distribution I(EX ). These equations are derived in Appendix C.
The function r(E X ,B) describes the energy distribution of pairs for which
"both pa.rticles enter the datector region, while R(E x +E) gives the com-
plete energy Gistribution of pairs emerging from the convertex. The
efficiency € (E) compensatea for this difference snd specifies the fmetion'
of pairs with total encrgy E for which both particles enter the lateral
linits of the detectors. € (E) cen be written for a fixed By as '

e = r(Ey ,B) -

R(.E ) (21;)

Dus to the counter geometry and the thin converters employed in
the present experiment € (E) can be determined to within a few percent of

145 true value by geometry considerations alone. .

. The Resolution Function R(Ey L,E)

'l‘his functiou is defined as
: R(Eg :D) 5 P(EJ ,E )f“(Eb' ,t,B)5 l F (E »t, E :E )

xF (EX -mo J4,E-E ) ) ax,” at a” . | (25)
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where the integrations extend over all values of ‘the initial and final
electron energles ’_-E'o.. end El“ , and for vhich LX R(Ey ,E)E = 1. 'The
function p(E ’B ") denotes the df~tribution of electron energles
occurring in pair production and is shown in Figure 16 for a gamma-ray
energy of 129 Mev. The function W(E ¥ »T,B) serves to weight slices of
the converter with respect to pair moduction yleld and to scattering
losses. For given initial particle energles and position in the converter
the functions P~ and F' describe the distridbution in final electron and
positron energles, l“ end BuE_l ; upon 1ea.v1ng the converter, These
latter functions include contrivutions to the energy loss due to
bremsstrehlung (or radiation straggling) end fonization as well as the
line broadening due to the Geiger tube channel width, In the calcule.tion
of the resolution these three effects have been treated eesparately and
the resulting distributions folded together, For the chmmel. width
contribution this proceaure le exact since the energy width of all chaxmels
is the same due to the wuniform magnetic fleld. Separate treatment of the
raediatlion and ionization effects is also a good epproximation since the
‘jonization energy loss for relativistic electrons is nearly independent of
energy while the radistion losses change very litile over a range of
particle energies compargble to the average ionizabion loss in the éan-
verters used. -

, The channel width distribution was calculated by folding together
tvo uniform distributions both of energy width equal to a geiger channel,
one corresponding to the electron side of the spectrometer, the other to
the positron side. The result of this fold is an equilateral triengle
with base width equal to the sum of the channel widths and is showm in
Figure 17 for a magnetic field setting of 11,013 gause. |

For ionization energy losses the m.r:.dauﬁ.distribution was used
with the most Apro‘ba.bl@ enorgy loss -correated for the density effect as
described by St@mmaimer32 and experimentally verified by Fudeon, 53

Since the lonization energy loss for a reletivistic electron
is nearly independent of initiel particle energy, the distribution

function for the total energy loss by both pair members is cbtained by
awveraging the fold of the electron and positron distributions over the
converter thickness. However, in this cage the fold for a given thick-
ness 1s equivalent to the distridbution resulting from a single particle
traversing twic}e that thicknees. This is proven in Appendix D. Therefore



- =34-

0.008

0.006 .
| o
(VY] ]
~
= 0004 | .

0.002

0 ! L 1 1 | |
0] 20 40 60 80 100 120 140

Electron energy, E,(Mev)

MU-26181

Fig, 16. Distribution of electron energies in pair production
for EY= 129 Mev,

-



-35a.

50 T I' T T T T T

Ep= total energy
of electron position
40 . posttion.
‘ pair,each particle
passing through
center of the
30+ respective Geiger-
"u‘j ‘ channels.
a
20+ 2
10} -
| L. ! | | !

Eql2 E5OB EjO4 E, EJ04 EqO8 Egl2

Pair energy,E (Mev)

MU-26182

Fig.17. Channel width resolution for B = 10, 500 gauss,



-36-

the lonization energy loss distridbution for the pair was calculsted by.
ave'x;agin;g the Landau distribution for aa electron over twice the thick«
‘nesg of the ectusl convexter. In the averaging process the taile of the
Lendau d1stribution for each converter slice were extended to an energy
puch thet in the aversged distribution less than 1.5% of the pairs bad
energies 1omar than this.

The. everaged distribution for ianimt.ion losses in converter
P-3 is shown in Figure 18.

The radietion straggling distributions for elecﬁrona snd positrons
viere computed using the sum of the cross sections for bremsstrsblung in
the fleld of the nucleus as derived by Bethe, Davies, end Mmcimony,' and
in the field of the atomic electrons &s given by Wheeler-Lamb. 35 To obe
tain the mtegrated raaie,tion stragaling as & function of total pair energy
the individual electron end positron radiation dietributions were integrated
over final electron energy, converter thickness, and initial electron -
energy s indicated in Equation {25). The IBM 709 compuber was prqgrannnéd
fox this calc\ﬂation. An. explanation of the computational proceﬁure 15
given in Appendix E.

' The integrated radiation straggling diatribm;ion for converter
P=3 end & goumasryay energy of 129 Mev la shovn in Figure 19,
TLateral Detection Efficilency

For simplicity it is assumed that there is no scattering in the
converter. The lateral detection efficlency ¢ (E) 1s then the fraction ‘
of peirs produced with energy E which enter the detector regiom For en
extremc.ly thin converter in which the electron and poaitmn easentially
lose no ener@r the totel pair energy is equal to the incident gammaeray .
enexgy and hence the efficiency € (E) 4s determined entirely by the pair
_' freguent energy distribution function p(E y B 0) and the geometyy of the
spectrometer., The values of this function for the remge of particle
- energles detected by the spectrometer are quite close to the average
value. Refer to Figure 16. Therefore, if & uniform distribution is
assumed for p(By ,E_7), the detection efficlency can be determined to
w:!.thin a few percent from the spectrometer geometry by the equations

(26)

'(E) = -——&5 Where E = E' + }‘u and E .EﬁEQ
and
+

é'(ﬁ‘) = EQ%E- where E =YE? + B and B B; (27)
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for which E ; , E@' , E df‘ andvEg are the energies of the minimum

,ana maximum ofbits originating at the converter center.

, Pairs produced in a ”thick" converter by gamma raya of some
arbitraxy fixed energy E X wul ~emerge from the converter witb a dietribu-
tion of energiea E S EK . Tha efficienqy é () for detecting theae yairs,
howcver, will not in general be the same as for pairs produced by gamma '
rays of energy E in an extremely thin converter. This is because the
~efficlency is determined both by the pair fragment energy diatribution
for the incident gamna ray and by the distribution of energy 1oasea for
tho electron and positron. ﬁowever for the converters used 1n the experi-
ment end the gomma Yay energles 1nv61ved, the efficiency ¢'(E) eos
‘determined from Equations (26) and (27) st1ll differs by only e few percent
from the correct velues obtained from Equation (24). Because of thie and
since the correct efficlency é(ED is dependent upon gamma ray en@rgy,

€ '(E) -was used to correct to th@ first approximation the measured data
‘for the energy dependence of the detaction system,
The energy dependence of the measured spectra rtd(ASE) for a
 monoenerg@tic gemma ray should be equivalent to the calculated spectra
r(E ¥ SE). Hc.nce, if Ny is the number of pairs detected over a given energy
intervel and corrected for the energy dependence of the detection system
with the efficienqy €'(E), we cen write

-r{Ey ,E) AE
Ny mg n,éif_%;lm Egé"ﬁ‘;‘)l’”‘ = Zw(my »E) AE. (28)

Since the correct expression is

[ E E‘ halA®) EM ER(E@/ JE) AE
a € (E) € (£)  (2)
ve obtain by forming the ratio of these expressiona -
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(Ex,E)AE A
[N ] ZR(EWE)AE- By ) | .(-30)V

which epecifies the correction factor to N q
For the monoenergetic radiative capture ga.mma rays from
h:ymoacn both functions r(E, y »E) and R(Ey ,E) were calculated &s a
fwlctiorx of E. using “the computer program described in Appendix E end
(E) was ‘determined. The correctiou factor wa.s then evalua,tcd for the
enex X gy in’cerval used in the ana.lysis. For the case of the 7T £onma-ray

anectrum this correction factor was calculated for several geuma-ra,y

enerfries aud the results averaged over ‘the distribution. E
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VI. DATA AND ANALYSIS
A. Treatment of Data

In scanning the £1lm all neon lamps which fired were recorded
for each event in terms of the numbers 1dentify1ng the corresponding
Getger tubes and seintillators. The total pair energy, B E'+ E » Vas
then ealculated according to Equation (21), vhich can be written as

E“E + B 'T."§I3(e (’)“5—,5-5‘5(3+N)- (31)

‘The date is presented in Tebles Ts 8, 9, and 10, Tablo 7 &ndicates how
,all recorded events for each measurement were treated. In Tables 8, 9,
and 10 the energy spectra of the acceptable events is tabulatea.
o The difference between the "Total gates" and "Total events

recorded"” columna in Table T is dus primarily to eccidental coincidences
~ of the gate counters for which no gamma rey is involved,
o For geometrical ressons a few channels in the spectrometer

deteation ‘array were not used. The limits of the useful region are in-
dicated in Figure 12 by the minimum end meximum orbits, Events in which
’e:lther the electron or positron falls outside this reglon were rejected!
’.I?he nmber of these is given under column A in Teble 7, In eddition, for
‘each meamemnt the data analysis was perforned over a limited range of
energies (colum By EB) of the detected pairs. Events falling outsids
this range are note& in column D. Beceuse of the relatively small varia-
tions in efficiency of the Geiger tubes (see Paragraph III-D) and since

in general many dii’femnt palrs of electron and positron channels correg=-
pond to the same energy, it is assumed that the Geiger tube efficiency,
avmed over all congtent energy channels, is independent of total pair
e_m;rgy, Therefore it is permissible to reject all events in which Geiger
tubes on one or both sides do not fire, The number of these is given
under colum B. Bince the efficiem:y of the channel scintillation counters
18 quite laxge (¥98% for each electron or positron chennel) and agein since
in general several pets of electron and positron channels correspond. to
the same emergy, 1t 1s elso essumed that the efficlency of the scintilla-
tion éamt«er syam is independent of totel pair energy. In arder to
elimiﬁaw amr possible energy dependent background all scintillators
overlapping the Geiger tube chamnel which fired were also required to fire.
The number 03.‘ events not meeting this requirement is given in column C.
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Acceptable events are classified ss "good" or "extra." “Good"
events ere those for which either one Gelger tube or two overlapping ones
fire on both electron and positron sides snd for which the overlapping
scintillator channel counters all fire. "Extra" events ere those in
which -edditionel Geiger tubes fire and for vhich the scintillator and
Geiger channels are in agreement.

In epproximately 80% of the "extra" events less than k Geiger
tubes fireé on either side., For a large majority of these ovents the
energy could be determined to within one or two Geiger channel widths.
Hovever, in nearly all cases the gama-ray group involved could be deters
mined. _' o '
o Beveral effecta contribute to cause extra Geiger tubes to fire.
These includez 1) large angle scattering in the converter causing a
pair menber to elther intercept the 1.80° position at some mgle or strike
the pole tip or Gedger holders and. acatter back into the detectora; 2)
Multiple scattering in Geiger tubes or chennel acintillatorsz 3) Accidentals;
4) Delta reys produced at the detectors and passing through neo.x'-by tubes;
end, 5) Back scattering from energy degrader or gate nointillamion counter.
Scattering calculations indicate contributions due to effect (1) are
negligible. This has been conf 1rmed by ovserving that the ratio of "extra"
to "good" counts is independent of converter thickness T for values of T
up to three timee lerger than the normal thickness. Since contributions
from effects (2), (4), end (5) are energy dependent and due to particles
traversing tha detector region, it is necessary that these “extra” events
be included.

The “uncertain events" in Teble 7 are events in vhich extra
Geiger tubes fired and for which either the gamma-rey group involved could
not be determined or it could not be ascertained whether the incident
electron‘or’poaitron passed through the acceptable detector channels,

If these events are equally divided among the possible alternatives, no
significant influence on the ratios being measured results, Since the
number of these events is amall,‘we bave chosen to ignore them,

. Let & number of gama reys, Ny , be incident upon the gonverter.
kg ud(zsm) is the number of pairs detected in an energy channel of width

A B, then nd(AE) (32)

N, = - -
¥ p(B)AE
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‘vhich by substituting Equation (23) for P(E)AE can be rewritten as

3 /X(T) B(T»B)j K I(Eg )R(Ey :E) AE- ' (33)

since: N y ' is independent of the energy interval over which the masurement
is made, for a interval between E, a.nd EB ve cen write ' -

By Ex o R .
/ ¥(2) s(mZ f I‘f“’x)*‘(?‘x B) dBy AB - ()
| A .
where
AE : :
5% 1an ?B “ SN
d 1s evaluated :m Tablas 8 9, and lo for tha various measurementm '.L'he

" meesured apeotra N (AE) are shown in Figurea 21 end 23 for Panofsky ratio

- measurement 1, s 1n Figtwe 23 for meaanrement II s ‘nod :Ln Figure 9.1& tor the

. deuterium mtio measuremexft. -

’ }'Backgro ﬂ.‘he meaaured yielda obtamed for each converter with the "H,
_-;removed fmm the. target vere a.pproximately 0.5% &g large as the correspond-
ing yielda with the Hg in. This is co:xsiatent with the asmunption that
) this yield is entirely due to mtemntiona of the 77 mesons with tha
x'eaidual Ha gaa in the target. T S R
o The Yotal euar@r range of the spectrometer over much pe.ira wem
detectable for each magnetic field setting 13 indicate belowa |

Field (Gausa) - Enerq range (Mev)
538 o 33 -200.7
8235 51,0 - 149,7

10500 6540 - 190.9

'11013 R  68,2'« 200.2 - '

It cen be ‘seen’ fram 'rable Ty Colum D, that for the radiative capture
| reaction 'bhe number of events detected wii'.h energies lsrger than bhe
high energy cut off EB is quite small. -Although some of these ﬁrveuta

~ may be due to accidental background, the numbers ere consistent with what

is expected f’rom vediative ¢ capture in flight. Bince the detes:table energy
ra.nga gbove EB 18 gquite appreciable as can be aeen gbove, the wcid.eata.l
ba.ckground is mssumed mgligible.
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B, EBpectromeher Pexformunce Checks

Several checks were made Yo insure that the spectrmtér opamn
tion was as predicted,

. With the spectrometer fleld set abt 10,500 gzuss the yeild from
the rediative cepture reoction in hydrogen wes measured for several
converter thicknesses, ‘The "scattering in" probebility 5{T;B) for each
thickness wae then determined sccording to Equation {34). The vesults
‘are given in Figure 20, In evalusting 5(7,B) the calculated valuas for
the resolution were used, However, as indiceted in Parsgraph VI-C the
¢aleulated spectra o not agree azmctly with the measured spectra.
Although the absolute corrections to 5(T,8) for this effect are not
knowie, the values for the greater thicknesses should be increased some-
what, The solid curvé in the figure. repmamw the results of &
scattering celeulntion in vhich 1t is assuned that the distribution of

- projected scattering sngles i Gausplsn. This caleulation is dest ribed
 in Appendix B, It is noted that the caleulated results in the Figure
have been compared for several comverter thickness with remults obtaimzd
frem e similar independent calculation using the exsot Molidre theory and
sgree within 1 to @ percent. |
The measured ratio of yield with comrert;e:r in to yield ﬂ%h
converter out for the Panofeky retio runs is compexed in Teble 12 wit-h
that calculated using Equation (31&) The caloulated ratios include
seattering corrections as determined Trom Pigure 20, In eddition the
effective thickness of the converter counter has been teken 88 0,9 the
totel thicknees, while en equivalent thickness of 4 inches of sir has
been added % all converters to account for pair production in aiy
pmcea.ing the sonverter. The calculated retios sye expected 40 be lower
limitu., Although the diff‘@rence in the ratios for the high field is
slightly grester than one stendard deviation, the results sve tee»somm
and provide good evidence that only pmm ereated in the convermr axe
detected. ’ .
8ince the mm:ber of gamna rays incident upon the converter,
By » m independent of magnetic field, s comparison of messured values
of N ¥ for the Bams ganma-rey spectra but differeént £ields provms a

- check on eny magnetic £ield effects. N y Was determined from Equation
( 34) using the Panof'sky reatio d.ata for the meaic capture gemma 18yS 8b
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the low and medium fields and the radiative cepture genma rays at

the mo@ium and high fielda. PFor this calculation an aversge value for
the summation Z vwas used as described in Pexegraph VI-Zi The results
ore given in Teble 12.

C. Panofsky Ratlo Calculation

The measured Panofsky ratio, Pormila (12), can be rewritten
in terms of Equation (3#) to give

N ¥o(T) 8y(rm) 2p .
P - ()0 3 o Y un) BT 31 (36)
whefe
o <'BL 1
, 2', “ZE R,(E)AE wf | g I {EJR, (B, EME AR
- Al S | - {37)
and SRS 2 :
2 ==Z BQ(EX = 129 Mev, E} A\ E, (38)
2 i

Epn

Subscripta 1 and 2 refer to the mesic capture and radia.tivé capture gemma A
Tays, respacﬁively, and Il(E X ) is the energy distribution frunction for
the mesic captuxe oMM TEY G, ‘.I,'hez factor M normalizea the yields from

the two reactions to the same mbers of 77‘ mesons stopping in ths terget.

3_, c2 ; and GB are correction factors, cl compensates for the fect thab |
the lateral detectlon efficiency used in eveluating Ny 18 not exact, This
i discueaed in Section V. c ad;]usm the data for tphe mt.@rnal. aonveraion
'raacticne_whueﬂ (:3 coryvects fhe meapured meaic capture apectrum for the
contribution resulting from radiative capture gemma reys.

| | The values detemmined for the quantities in Equation (36) ere
given in Table 13 for the Panofaky ratic measurenents I and II.

‘ The effect produced by the converter counter has been treated

by subtracting the measured yield with converter out from the yleld with
converter in, This can be written as

Ny = Wy(in) - { Miﬂt B ) Nylout), (39)
“

in
respectively, and the factor (3 compensates for the reduced number of

palrs produced in the converter counter when the converter 1s in place.

Values of N,d end M are given in Table 7,

where M, and Mout are the wonitor counte for converter in and out,
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With the pair spectrometer, electrons produced by gaxmm-rm?
Compton scattering in the converter are not detected. Considering this,
the probability for pair production in the converter is given by

¥ (1) = (1~e e(¢p+ GE)T) .' (%) |

P Tc

where @ 15 the density and G end g, eve the cross sections for pair
production and Compton scattering, respectively. The expression in the

parenthesls 1s the total gamma-ray ebsorption probabiliw while the ratio
of cross sections defines the fraction of the total abgorption due to pair
production. The croes sections are avereges over the energy spectrum
considered, The eum of the cross sections for pair production in the field
of the nucleus and the field of the atom:io electrons wos uéed. For the .
nuclesr contribution the results of Bethe, Davis, and Mmcambnsh were
employed with an energy dependent correction factor es discussed in NBS
Cirewlar 583. The contribution by the atomic electrons wes determined
from the results of Verbruba.ss For the Compton scattering cross section
‘the Klein-Nishina formile was used. -

Although the thicknesses of the converters were aelected to
equalize the "scattering in" probability 8(7,B) for each field setbing,
the - thiclmeaa of converter C-l deviated slightly from the required. valua.
To compensate for this the ratio ?ag_T_f,)), for measurenent I was detgrmined
from the caleulated curve of 811,38 5(T,B) va T for B = 11,013 gauss
corresponding to that in Figure 20, 2(',I‘,,B) is obtained airectly for a
thickness corresponding to converter C-3 while 8 ('1‘ ,B) corremponds to the
value given for that thickness such that the ncattaring 15 the pame as
for convesrter C=1 and B = 5,538 gauss.

The calculated spectra Rl(E) end Rg(m) , defined in Equations (37)
and (38),mapectively, ere shown in Figures2l and 22 for measurement I
end in Figure 23 for measurement II. The corresponding measured spectra
ere also glven. Since the energy scales of the caloulated spectra are
absolute, the curves were fitted to the measured date merely by ad Justing
the heights. For the radistive capture gama ray the galculated apectr
vae adjusted so that the aveas in the peak between 124 and 130 Mev for
both spectra vere equal, The limits of the energy intervals over which
Nd and, E have been evaluated are indicated in these figures by arrows.

o It will be noted in Figures 21, 22, and 23 that the caleulated
spectra are conslstently emaller in the tails than the measured specta.
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Fig, 21, Mesic capture gamma-ray spectra for B=5,538 gauss,



Ng (AE)

1"49‘

1450 1 - — T T T

1250 Curve= calculated resolution _ -
Histograph= measured values

000} | | | .
750 | | .

|
500 _ : ‘ : —
250  Ea Eg
80 90 100 130

Pair energy, E (Mev)

MUB-976

Fig, 22, Radiative capture gamma-ray spectra for B=11,013 gauss, |



-50-

*ssned g¢7‘g = g

103y Aex-ewrwed aanjdeo o..&um%mu pue aanided o1s9N °*¢7 *Srg

SL6-9NW
(MW ) 3 ¢ AbBisus spgd
ogl ozl oll 00! 06 08 0L 09 0%
Pr——— . _ — _ 0
mm <m

-

| San|pA pasnsoaw = ydoibojsiH
UOI4N|0Sa4 PIJDINIDI = SAAIND

1

no»%
| ) 1 i

06¢

00S

0sL

000!

oGzl

PN

(3v)



-51-

Possiblc reasons for this are discussed 1n Section VII. Becausc of this
effcct there is some uncertainty in determining the quantities Ef and.:;
If 1t 15 assumed that the discrepancy betwcen the calculated and mcaaured

' - spectra, 15 due to brcmaetrahlung 1ncomplete1y accounted for, then, since

thc tail of the calculated specta is elmost entirely dne to bremsstrahlung,
;! correction to thc calculated value for :E‘ 1a obtained by taking the
rclativc diccrepancy as constant from the lower cut-off euergy down to zero.
"The value of EE obtained in this manner is considered a lower limit. It
the discrcpancy 18 caused by other energy loss effects, such as ionigzation,
it 1s believed the tail contribution would not be as great. Since the
behavior 1n the tail is not known, the valuc of 2. calculated £rom theory
e taken as thc upper limit. The upper and lowar llmits for 2? 2, and
thc x'atio "’T derived from this enalysis are tebulated below.

2
| MEASUR;EMENT: 1  MEASUREMENT IT
R Upper limit Lower limit Upper limit Lower limit
2 991 978 963 4907
2 950 913 970 .9k8
.é-.?. 959 w93k 1.007 1.045
21 ,
2{2'

It 18 now asaumcd that the correct value for the ratio =3 lies with
cqual prcbability onywhere between the upper and lover limita. This
assumption dcfines the velués listed in Table 13, .

' 'fThe factor C, adJusts the measured data eo that the reaulta for
P are cxprccccd in terms of the definition in hquation (%),

la) + (1b o
e - GG | M
In the present method of measurement reaction (1b) is dctccted only half

a8 efficiently as (la) while reaction (3) 1s never detected; due to this,

Ca is caleulated to be

2 = + vl *4. ; | . B (ul)

élb and J' the ratio

Y

where j is the branching ratio . 55 Using the values
for these ratios given in the Introduction ca is dctermined to bc 0.999.
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D. Deuterium Ratio 8 Calculetion

The measured deuterivm ra.tio, Formule (15), written in texms of
Equetion (34) is

Xu() ___‘L _ :
M(l P) ﬁélil 5 ] .-1A (42)
whera EB& . |
Zauz' Ry(Ey = 129 Mev, E) AE | (43)
and ’ "a2

o By ¥ | |
~ 2 RM(F.)L\E - Z S I, (EX)R! (E(y ,E)amar AR,
o (4h)

Al

Subsciipta 2 and b refer to the hydrogen and deuterium radiastive cepture
reactions, reapec'hwély, while xu(m Y ) is the deuterium gamma-rey energy
distridution. The vatio of the term in Equation {(34) envolving 5(T,B)

is unity and baos been omitted in Equation (42). In addition, corrections

to the measured spectra due to the lateral detection efficiency are near- -

dy ;w.nn‘ticallanﬁ no adjustment to 8 1s necessary. The velues detemiined
for the quantities appearing in Equation (42) are listed in Teble 14 to-
gether with the valus caloulated for B,

Spectmgmpmc enalysis of the deuteriunm used in the experiment;
indicated & 2.25% contemination of hydrogen., In correcting for the effects
of this it 15 assumed that the yleld due to the hydrogen 1s directly
proportional to the concentration of hydrogen. Calculations mede Ly

Cohen, Judd, a.nd;'Rm&ella'f for /f nesic-nton systems indicate that for a

,u p. atom woving with lov energy through pure deuterium the rate for
10, -1

~ trensfer of the /x mescen to a deuterium stom ie B 10" sec . However, the

vabte :L’or nuclear cepture of a7/ meson fyom a 77 p mesic atom state is
> 25 x 1010 aec.w Since 1t i reasonable that the probebility for

‘capture of a 77 meson into a 77 p mesic atom state 15 proportional to the

concentration of hydrogen and that the above tranafer rate 1s not very
daifferent for the 77 meson, our assumption 3s Justified, The coyrection

‘was made by subtracting from the measured deuterium yleld d;:aa the

contribution due to the hydrogen contamination and then edding thet
coirtribution Which woulclg-;,have"mésulted 4f the hydrogen had been deuterium.
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The expression for this cen be written as
Ty, =0 M (.0225) N.. + .0225 sy
al - dh. . Tl T ak : ‘ _-

which v,by ;‘_egzrra.nging te.rms .bécom'elaf

R - Meas, o T y
M . : . .
My, = Was Ciig, =W ) e

., Meas. .
= 1.0230 _(Nah-' ~ 0.0268 1,,)

o - ngy, (AE) ~0.0268 0, (AE)
= 1.0230 Z BT : (&7).

h 18 evaluated 1n T&ble 0. _ : :
E The pair production prdbability foxr the deuterfium gommise X8y
:distribution J (1), vas calculated using for the cross section an

- averege value weighted in tcrms of the gamna-rey distribution. -The
‘zssumed form of the diatribution vas taken from the calculations of
Watson and StewartBa for a value of the n-n scattcring length as determine
_ ca by Crowe and Phillips.39,
S In ordér to evaluate the ratioji¥f s the relative contributions
in the tails of the measured spectra below the lowbenergy cut off wust be
determined, The meaqured distributions Ny(AE) for both the H, and D,

. gemma rays‘axe;ehown in Figura ah;whe:e the distributions have been
normalized tb the pame number'of events. The cut~off energiea are indicated
by arrows. . 8ince most of the contribution in the tail of the hydrogen
distributidn 1s due to radiation straggling, the contribution in the’
deuterium tedl should:be apprbximate;y 20% larger'due'to enhanced con~
trdbutlons from 1ower'energy gammasrays. After teking this into mccount
the differ@nce ramaining in tha two spectra at the lower cut~off energy
was extrapolated linearly to zero energy. A contribution of 2. Th of the
total”spectfa wag obtained. Bince the shape of actual deuterium garmo«
ray Spectrum is expected to fall off with decreaaing energy faster than
linearly, the value used for this contribution ves teken as 1.4 1.0.

>

! waB calculated using this procedure for both the upper and lﬁWer
limits of EZ a8 determined in the’ manner discusaed 1n Paragraph VI-G.
Thﬂ two reaulta vere avereged togethsr to giva '

Zu

“” vq 'ol"
S5 = o9Tzo0
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~ In the normalization term, M, it i1s necessary to. include in
addition to the ratlo of monitor counts s factor which compensates for

 tha d@ifference in stopping power between H2 and DQ, The average ioni-
zobion energy loss for heavy charged particles can be written

BA8Z 2y, 1) e

where 9 is the mass dc‘nsity, Z the etomic nuber, A the atomle veighrt,-

v the particle veloc.ity s and I the average ionization potentiel. Now

7 15 the same end I nearly go for both B, and D,. However P/A for D,

| is nearly 15% largexr then for H, end hence the stopping power 15% largex.

e _Homver, singe the energy spectrum of the 77 beam was not uniform, ﬁ. was
necessary to detormine exparimer;;alTyﬁgﬁe—'felative number of 71 mesong ~ " "~ -
stopping in the }I and, D Two indepéndent methods were employed.

, In describing the £irot method let  be the thickness (in gm/cm

of A, equivalent) of the ener@ degreder shown in Figura 25 and let r.
represent the range (in gafen® of Hy) of a typicel 77 meson, Then the
resldual renge of e meson upon passing through a thickness t is Just r-.
Now if the function P(r) denotes the range distribution of the 77~ meson

~bean and I (rnt) repregents the probebility that e meson with residusl

rmlge r—t stops in the HQ target, ve can write

F(t)=(P(r) q(r-t) ar (49)
fog
~ where the fwnction F(t) defines the fraction of the total beam which
| stops in the na for a given‘ t. This function is directly proportiona.l
to the range curve of Figure 3 with background subtrocted end 1s shown
in Figure 25, If we now assume no scattering loeses for the meson beam,
~« then all mesons with range between t end t + 1.78 e;m/;zm"'2 will etop in the
Ha target. This specifies the function a(r-t) as equal to 1 if O<r ~ &
< 1.78 end 0 otherwise. Therefore, both functions F(%) and q(r-t) are
kuown end the integrel in Equation (49) cen be unfolded to give the
function P(r). P(r) is shown in Figuve 26.

If the degrader thickness & 13 now f£ixed ‘and the H, denelty
increased, the target thickness in gm/cm 18 increased end more of the
meoon range distribution P(r) will lie within the target. Hence by
calculating F(t) for various B, denstties the relative nuber of mesons
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stopping in the target es @ function of density is cbteined. The regults
of this are shown by the smooth curve in Figure 27. The normal density
of the hyclrogen and the density of deuterium corresponding to the sanme
stopping power are indicated.
In the second method, severel different values of hydrogen
density were obtsined by suitably presaurizing the liquid Wdrogen
system. BSee Section V. By mon.!.toring the reaction rate with the gamna-
ray belescope the rclative 77 meson atapping rate as a function of density
1728 determined. The measured values are shown in Figure 27, ‘
The ratio of the mmmer of n" mesona stopping in the Da texget
_,to 'bhe m:mber stopping in the Ha targat as & result of the atopping power
~ diffevence 1s determined fx-om this figure as 1.13.

‘B, Error Aijlsis
The error assigxxed to the value for P 1n measuremnta I and IX
18 calcv.la.ted from the equation ' ‘

«2 AL\ S
+ X z’l‘ + : (50)
1(T)
The st@dard error on th@ ratio of to N 15 Just
wy o om, T .
S(=) = 5= v
tn, T (51)

v‘here SN a.n.d S‘N are the standard errors on Nay and Ndé Bince these
quemti‘bies are d.ef‘ined by Equation (39) in which N (1n) and N (out) are

~ eveluated in &ccord&nce with Equation (33), SNy and S.Nda are deter~

_ minad by the generel eapresaion

.

s - | Saglar) (AE)
SN, - Z na.(AE) « (i ) E i (52)
da : "‘“"2"" ..
| (6 7‘}_{;;2 ? é (E) out
Du;a to the relatively small backgmund in the gama-rey monitor
telescope counting rate (cee Figure 3), the accuracy of this monitor is

limited by fluctuations. in losses in the sraling system. These fluctua~
tions were determined to be less than 2%, A compexison of the two

e eyt e e
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monltoring s'ys'c.em.s used showed that the aversge fluctuations in the
relative indications were of this ssme magnitude. Since more then 15
runs were performed for each converter-field situation and the various j
types of . rune altemated, We estimate the monitoring error. to be 0.3%.
The ratio of the pair production probebilities cen be
appxaxim:mted by S S
_éi‘r)/v 1-@e €22 ~ @—-—

s M T A o

since the ?robabilities are smell compared to one. Therefore‘, the fraction~
al error on the ratio of probabilities is Just the fractional arror on the
ratio of eross sections - : :

Y e WXQ(T) 5 () / ’ ECEN
“"(“)’ & . o . v
The errors in Oy and 0 arise from the approximation made - :l.n tha celeu~
lations of Bethe, Davis , and Ma.ximon.% Since the ratio only is involved
here,. “the error should be swall. We estimste a 1% error in the retio.

: The. error assigned to the deuterium ratio 8 is determined from .
. - the expreasion : , ‘

2:

. =1 | 2 - . 82« -
&8 =8 <Ndl+}+61+P)> + (w)a-r ‘ . (55)
‘A Ndh | 22

, The expresa:l.on for thra standerd error on the ratio of Nio w Na
has the . geme form as Dquetion (51). However, &'N,, and SNG)& are eved.uated
in thia case by the @;am,ral e.xpreasion

69

In addition to & 0. 3% error on the ratio oct" monitor counts as
deacribed previoualy, a 1§ error has been _assigned to the ratio of the
nurbers of }7‘ mesons stopping in 32 and 1’)2 due to the difference in
‘stopping power. This exror arises from the uncertainty in the remnge curve
unfolding: | - ,
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VII. RESULTS AND DISCUSSION
The final results for the Panofsky ratio end the deuterium

retio S_are: .
| P = 1.51 + 0.0k

S = 3016 :'. 0.10 .

~ Here.P is the w&ightad average of the valuea determined for measurements
: I and II 1n Paragraph VI-C.

_ Previous measurements of P are shown in Table 1. If each of
theae is weighted according to the quoted error, the value obteained 1s

_Pw15h+008. B

- Quy result is in complete egreement,

The velue of 8 obtained here ig eignificantly hisher than the
results of previous measurements, which are shown in Teble 2, It is
also considersbly higher than that calculeted £xrom Equaxion 11, (8ee
Table 39 Although the reason for this disagreement is not known,
systematic errors oﬁ this measurement ere believed to be quite small)
since the same converter and the same magnetic field are used for both -
the hydrogen and deuterium runs and since both radiative capture gamnas
ray spectra are quite similar. '

~ As was indicated in Paragraph VI-C a discrepancy exists between
the shepe of the theoretical spectra end the measured spectra. The
values detefmiued for P and 8§ depend upon the assumed cause of this o
diecrepancy. In obtaining the above results we have assumed that‘ths
discrepancy 1s caused by energy losses of the electrons and positrona

:in the converter incompletely accounted for « In the following paragrepha

we discuss the various causes of this effect which have been considered,

~ and the probsble magnitude of their contribution. These include;

1)  Reduced energy geawe rays entering the spectrometer;. 2) apparent

or real energy loss effeats assoclated with the spectromater design;
and 3) uncertainties in the energy loss ©of high energy relativiatic
electrons.

The first possible cause might 1nvolve elther nuclear reaction
in which lower energy gemma rays are produced or gamma rqya with reduccd
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energy produced by Compton effect or shower formation on ﬁhe collimator
wells. It 1s noted that the measured hydrogen radiative capture spectrum.
- can be reconstructed very well with a combination of 82% of the theoretical
hydrogen spectra plus 18% of the measured deuterium spectra. Since the
hydrogenvused bad the normal isotopic ebundance, then, if this epparent
agreement were meaningful, 1t would imply a very high transfer rate of
the jﬁ"fmeeon between hydrogen end deuterium, Howeéer, as indicated in
Paragreph VI-D the transfer rate even in pure deuterfum 1s believed to
be relatively small. This, together with the fact that the 77° gemma-roy
spectra also displeys the seme effect; leads us to conslder this explona-
tion as quite improbable. Rough calculations of Compton scattering of
gexma. rays in the collimntor walls indicate the contridbution of rgduced
energy gomms. rays due to this should be mich smaller than the cbserved
effect. Itlseems unlikely that this process or shower formation would
'yield & gammeray spectrum required to explain the diecrepancy. R Howaver,
it Compton scattering on the collimator valls were assumed to be the cause,
from s comparison of the measured and theoretical spectra it is eatimated
that the quoted value for P would be reduced by 6% end S would rennin
essentiaixy unchanged. This reduced value for P, hovever, would disagree .
siyaifieantly with previous neasured values of P.

' With raapect to the second possible cause, an electron underg01ng
a 1arge anu;e.scattering in the converter may enter the detector region
with &gparent lower energy. For an spparent energy decrease of a few Mev
it is very'probablé that several Gelger tubes would be triggered end the
evenﬁ claseified as “extra," as defined in Paragraph'VI~A. However, the
measured speqtra is essentially the seme whether these events are included
or not. The'scsitterinD calculations elso indicate that theseﬂlarga angle
,scattering events are too yrare to explain the observed effect. They also
indicate that the nuuber of electrons scattered off the pole tip or the
Geiger holders and back into the detector region simulating a reducea
energy electron is wuch too small to account for the observed resultm.

There are two processes by which the electron and positron can

1ose.energy in the converter, bremsstrshlung and ioni?ation. The
breméstrahlung cross seotion employed (see paragraph VI-C) is believed
to be accurste to within a few percent, but has not been experimentally
verified. A summary of previous bremsstrshlung measurements is given
ia the review article by Koch and Motz.*0 with respect to fonization,
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the Yandow fonization energy loss diatribution for high energy electrons
has been checked by Mulson>> who cbtains Elight devietions in the shape
of the distribuxibn near the high energy end and excellent egreement with
reevect. o the mpat prdbdble energy’ loss. However, very little
expertmsntal infarmation is mvaildblo with regard to the tail of the
Aiatributiom -
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 TX. APPENDICIES

A Deriiré.tiqn of 8 e.n_dl?

' If it in asswned that the trsnaition rata for nuclear capture
from & bound state mesic atom is pronorcional to the square of the plon
wave func’oion st the position of the proton, then we cen write

b(n+p~>17+u)»=v [ 8(0)] o-(ﬂw-mw) (57)‘

vhere the relative melocity v snd cross section 0 correspond to t‘.ha 1n«
£1ight process end ¢H(0) is the wave function for the mesic atom state
from which cepture occurs evaluated at the position of the proton. If
charge independence in the pion nucleon interaction is assumed, the
cherge exchange ¢roes section can be expressed as
T+ p >T% 1) = %’%z (ag = 2y)° . (58)

vhere g and a.l are the S-weve uéattering Jengths for isotopic sp:l.n atafeej_
3/2 end 1/2, vespectively, and q is the incident c.m. pion momentum. A
firsb order correction due to the 77 - 77 nmass difforence changes Eque.tion
' (58) to |

o (7+ 3 >T7% n) ai”g}z‘ 3 (%”‘%)a' - 9)

wham Vo and v.. are the ¢.m. velocities of the 77%nd 77" maeons w.r.t. blm
nuc:t.aons. Subetitubing Equation (59) into (5T) yields

wb(,ﬂ'; p'-a»-rrfn)m*?f:gv % (0)1 (o3 a)® (6"?’

In analogy *bo Equation (57) ‘the bound state rmdiative captum
,roaoﬁion rate ia

wbm.; P ‘-:}’ank \{ )ﬁﬂ(q)}_a a(m+oe ~;b‘+ n) . (61)

Using detailed baléncing the in-flight cross section can be expressed as‘
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.- ‘ o : . -
o (7" +p=> ¥+ )= -‘;-2-0~(A’+n—->17*P)_ , (62)

wvhere k 1s the incident photon ¢.m. moment:ulm. ~ If R 1s defined us

o ¥+ n>7 + p)

o~( X+p->17+n) - (63)
then Equetion (62) may be rewritten es
o (7 +p>¥+n) = & REC(¥+paTM+0) . (64)

Substitubing Equa‘bion (64) into (61) yields .

b(ﬂ*pé X+n)a 2""2 R }¢(0)\ o ( X*p«m*n)«- 4
| (65)
By forming the ratio of Equations (60) and (65) we cbtain for the

Panofsky ratio,
| 2 R
4 vo (e3 - &) . .(66)
-P”“g"ﬁ' V_'ka‘g-(y+p—bﬂ*? Y (

| Since at threahold for the photoprodmtion reaction

: l+’2'bi'7"" : . (6)
Wlf&,, > v v . 7

auawehave ‘ , : ‘
V:q : _ : ' - (68)

vhere p end M ave the pidn and nucleon rest masses, Equation (66) cen be
rewvritten in the final form s |

a .
b Yo (g ) (e ql) . (6
P-a'gﬁq (l+£_) o ( X+p-9ﬂ*+n) | (69)

“In snelogy wit' Equation (57)
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o (77 + 4 >20)= P 8y0)) (4 a o). (70)
he 1n-fligm cross section can be ex:preésed using ‘detailed}balaneing as

currasm - Bo@inarea) A
3 g : ,

where P, is tl"e ¢.. neutron momentun and q_D the e.m, p:lon momentum in

the - 77 - d syatem. Now by chaa:ge symmetry

o~ (a+ am7+ @) =g (p + pa 77+ Q) ) (72)

and hence by substituting ‘Equations (T1) and (72) into Equation (70), we

obtain - S
W 7+ -&"an) - £ vD )¢D<o)l -n«o-(p + p-m + a) (73)
: 2
If the ratio T 1g ‘aef:mea: a.ccording to
| LUb(JT‘-v a > A’+.2n-), - Tw, (77 + p §X+ n) ()

and Equation (61) ‘wbstituted into (7h), we can write -

W (7 + 4> +m) =T v I¢H(°)I2¢.(ﬂ'+ pry+n). ()
. Using Equation (6&) ’ vKwatiour (75 ) cea be expressed as
w, (7 + a »x*.-an).ﬁ e /¢H(°)I, RT( ¥+ par7™en). . (76)

BY fomd.ng the ratio of Fquations (73) end (76) the following
express:lnn :t‘or 8 1s obtained

Ja
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P flf. WD(o)l - o fp+ poll + a . T
il )MO ";&— T ( ¥+ p+T"+ n)

By thé:;éeigﬁigng e
e | n(g)F
P na,&, M st ?hiéé;@ia
a1 *E ) and
S qD(l'??!f» ) .
8 cé.n be e;cpresﬁed.in the ;?1na;!; rorm,’

M .l*-'*bt 0"(p+p~>7r+d) . o
S= TR o TTH otFTparvn (18)

 Be Calcula‘oibn of 's('r,'z_a)
- The pm.jeci.e-d a.ngle o 18 der:med 25 thet angle which the pro-
Jection, oi‘ the mammtwn vector (for en electron or positron leaving the
convex"ter) on a verbical p).eme perpendicuhr t0 the comverter makea with

the converber nomal.  Angles for vhich the momentum vector is directed

bclow the horizon‘bal are cansidered negative.
The multiple scabtering distributiou for pro,jected a.nglea es

derived. by Maliere ana be written as
| oaa , falsh)
ﬁ(& )dd = —Ta‘*é-‘jgﬁ—*‘ { @ + Qco‘} dd
: o - (19)

- The first term is Gamssien and normalized'td one. The remaining tt},rmév
eve much smaller and cen be considered e coxvections to the Gausslan term.
The veyisble 61 in Nquation (79) 18 defined according to.
91 ‘a o 157 &.ﬁéi;l.l -:- (t in %%? » B in Mev)
~and {3 cen be determined to better than 1% from $he formula
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(9 2181»237@1 0.02q2

vhere g o
T P S I S I
9 10 A 2.12 x 10% + 3.76 22 _

Since a Gs.ussian approximation for multiple scattering is known to bold
quite well for angles less than 2 or 3 t:l.mea the rms width :lf the width
is appropristely chosen, and because the Moliére distridvution predicts

quite accurately. the acettering, the Geussisn term in Equation (79) with
rms width A = T%(a“ is used in this celculation end 1s rewritten belows

. 2
)t = proge o™ L1 0t o o P U (o)

d/
The "scattering in" probe:bility 8(T,B) is defined in Appendix
'C, Equation (92) as .

scu:,m - A2 § ¥e,m) semar @
where S(t,B) is glven as

! Wy 'hb ' ‘ v
S(t:B)” [Z(z) j Ph(t,z,B,h)dhjPh,(t,z,B,h')dh'dz. ’ (82)
hg by -
These func-aians ars all defined in Appendix C. Since P (t,z,B »h) :La
the distribution function for vertical heights of the electrona at the
debector, it cen be written as

, . alld '
Ph(tig:nah)dh = j f(t:E 5d\) 8(‘1:2: ?:h)dd\dh (83)

‘where £(4,E ;) is the dlstribution function o pro,jected engle for en
electron of énergy E- traversing a th:lcknesa % of material and g(ol 120 ¥ 2
h)dh is the probebility that en electron originating in the converter at
the verticel position z, having angle o4 and radius of curvature ? »
wlll atx'ike the detector with height between h end dh,

‘ For small scattering angles an electron with ol and © wila
travel a distance JIP from converter to the 180° orbit position as indicat-
ed in the diagram below, ' -



Converter B Deteé_tor

Hera i:im actualvcircuiar orbits are represented ‘asf'straight lines, The
converter height is 22 ‘end the detector height is 2h If the verti-
‘cal position of the electrcn et the converter is 2, then the vertical
height h et the detec’cor is Just ‘ : :

ha ed +8.+ o - (B!@)

This sp‘ec,:u‘ie‘ﬁ the function" ‘g( A ,z, e h) ’as t.ixe Krohecker delte function
| h-g

g(()\, z, Pa h)=z PS(d - ""‘F) . | P .. (85)

: u\ﬂostitutmg Equamon (85) into (83) ve abta:l.n

e

I% has bein showu in Paragraph IIX«D of the text that thia dietrlbution
is indapendent of electron energy. Therefore the electron and poaitmn
distribution functions P, end P, in Equation (82) are 1dentical. ‘Bube
sti’outing Equation (86) bau:k into Equation (82) and nsina Equation (80) '
we obtain '

(t.z,B,h)dh -7 5 "t ) §(ah - =2 Tk arhr(s,E, ‘T‘,'”)ah-(%)

(h~Z)

o w0/ Jowte Fa)

Since gannw-r & are incmen'c \miformly over the convarwr, the functien
'z(z.) 1s Just 2; - 5 arul :Lf we let Y= ém Equation (87) can be rewritton

'S(t:B) f‘_ﬁ%; j [ah -//Zﬂ'ed‘ dyf ds .



[

‘tgavefsm' the cbnveﬁer, h and h' the respeot:tve vertical halghtﬂ g% the
detector Tor electron and positron, r end ' the reapact.ive lateral
'positions ab the detector for electron and poeitron, and B the magnet.m
: fie:.d.. '.T.'he f\metions axe defined et ‘zhe end of 'thira Appendixa ‘
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" This equation was numerically integrated using the BM 650 computer to-

cbtain S(t,B) as a 'functioﬁ of t for the diff‘eren‘ﬁ negnetic lelde used,

The "scattering in" probability s(m,n) was then celculated from Equationv '

(81)

Ci Spectrometér Detection ?robability Caleulation o
Let P(E)dE be the probability that o gamma ray selected at

- random from a - spectrwn with energy distribution I(E, p ) will pair produce, '

in the converter end the resulting pairs be detected with tota.l energy
between E and E+ dn. .

P(E)cmnj ( 5 {( ( By X (y) z(z) X.(m;,.,t,'.r) ,P(Ex-,mqf)‘

% F(Ey 5%, Ej,E) FHE, ~E" t,E-Ey" ) (88)

x (B By ~Eg, By~ !"E-E]}.,f +,¥,2,B)d8, 55 4t da dy dBy AE
where - R : o
| b/ - , .
 G= g _Ph(E ZL s t,z,B h)d.h ;8 (El ’ y,’B,r < r< ) o (89)

¥ g Pur (B By ’E’El“rf“?“'B#h')“h‘ Y (E"EJ, IBTL 1<)

‘I‘Iem E y is the gama.—ray anergy, y ‘the lateral converter meition, 8
- the vert.:lca.l converter position, % the thicknesa of converter fmm 't,ha

position of pair cr@ation to the exit face ) T the total converker thickneaa,

L od

the initlal electron enexrgy; El".' the £inal alectron ‘energy after

hTO { Detggheryssaion .| converter Orz |  Detector region|
B R T y ek © | (positron)
:!15 - r | rd e y CRR . T{‘e I"i o Z‘b
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The distribution functiona for wrhival haight et the dﬁtector,
Ph and. Pl‘ are derived in Appendix B emd it 18 noted that for the geomatry' |
used these functions ara independent of the particle enérgiea. ' ,
| Sub&ti‘buting Equation (89) 5nm (68) we ovtadn -
P(E)ak= 5 jy x(y)j P(I‘ . By ’)‘ ,y(mt,,',t,'r) o

xf‘ (E(Y ,tmo,ml)n(n ,y,B,r\r<rb)ﬁ' (n ﬁo,t,mz )

Ry, < e By  (90)
- x-j z(z) Ph(‘c,z}fs,h)dh fh Ph,(t,g,g,h‘o)dh.h atdE.

hy By
‘The uﬁdcrlined intégral above is thé ﬁrbbébility that for a
given t ond B the vertical height for both electron and poeitron at the
160° orbit poaition is between ha &nd hb. Lot us call this the Mgoatter -
ing-1n" probebility and refer to 1t as S('b,B) Also let /e et By x(e,1),
thcn we may. rewrite (90), to give o ( ¥ T) '

P(E)&Eu ? )/(“t: T)S(t,B)dtSE I(Ea( )fr(y) fo P(EX 9B, )

b

¥ (2y,t,m)8(4,8) v . |
f ?;L o Y(t,T)8(t,B)at | ’ (E:Y 18, ’EJ,')H (Ei »v.cB:ra< r<.z,)

% (I&. B ,t E-El ) 1 E-El ,y,B r 4r'<rb)dE at

% dE dyd_ua,(ﬂ:,. - - | (91)

Now if S(‘I',B) is the probability for "scattering in" averaged over the
converter thicknesa s We _can vrite

£=0 X(t,'r) s(t,B) At
¥ (1)

8(T,8) = (92)

where
T' :
Y (r) = 2 y(t,1) At - (93)

t =0
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~ 1s the total probability for pair production in the converter of thicke
nesg T averaged over the energy Spactrum considered. He define the
weighting function W(Ey ,%,B) as _ : :

: o -J(Ex 28,T) 8(%B) (%)
a'(t,ic)s(t,n_)At - ¥(7) 8(T,B)

Equation (91) cen now ‘be expressed asg

P(E)dm - J(T)s(w)f I(Ear)f' !(y) 9 P(E,y % )
e j ;W(Ea ,t,B)jxl ¥ (E,y S E)H (El ,y,B,r < r<rb)
R "y 288 ) K (55, y.B..M F'< rb)dﬁ |
'x d‘bdb dyamxdn.i '_.(95.)‘_

If we aeﬁne & resolution function r(E y E) as

| i |
‘ \r(I‘-',y ;E) j x(Y) f@ P(E‘y »E )f W(Eg 't’B)J ' F..H'F* H
x aml ay a8 &y , | | -~ (96)

Equation (95) can be rewritten a8’
HEME ¥(@) o(18) [ a(ay )rey 8 amy @m on

The functions H" _and H"} ocmming in, r(E Y +E) effectively serve to cv.t
- off the respective functions F~ and P oat certain values of the energles
B end E-B,” corvesponding to the detector lateral lmits, If & (B) 1s
ealled the 191.&:'&1. detection efficlency defined as the effigiency for both

nembers of a pa:lr of energy B to intercept the 180% poeition within the

lateral aatec:mr linits, Equatian (97 ) can be rewritten as

| P(R)dm = (y(w)s(m) f 4 By )R(Ey ,E)dEy 'é(mega)

vhere
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E - “ £ . £ - R
: B(EJ :E>"j o P(EJ :1;0 ) 5 W(E(y :F:B)f-.l F_.(EJ DT:EO‘nEJ:)
2 F (Ey By 6EE) @7 a6 ", (99)

This function_g(Ey »E) 15 termed _thé ehgrwaﬂ.jﬁs_ted rgsoluticn function.
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Definition of mncmons; in Appendix_c

I(Ey)aE,
Y(y)ar

;’Z-(z‘)dz‘

| A/(E‘X';t;f)dt )

¥ (1)

-

P(Ey ,Ep")d?o

F (Ea, >ty E ,3: )dE _
: -Pmbabilihy that an electron of mitial energy B~ o Pro=

Probability that a gamma rey has energy between E ¥ end

Ey +dEy .

Probability that a gemue, ray is :anident on the converter
with lateral posltion between y end y + dy .
Probebility that a gamma rey 1s incident on the converter :

- with verticel poeition between z and z +dzo

Probebility that a gamma rey of energy E ¥ inciden‘h on _
a cotiverter of thickness T will peir produce in a thick-
ness interval between t and t + dt. - |

Total probability for pa.ﬁ' production in & thickness T
averaged over the incident gemme-ray spectyum.
Probebility that in pair prbduction by e gamma rey of
energy B y the electron produced has an energy between 1
Eo" ‘and, F +, dE

duced by & gamma ray of energy B y Vill have a final

energy between Ey- end Ej- + a8~ after passing through

a thicknese %t of naterial,

"'(E E :%EE ")

Probabili’cy that a positron of initisel energy E Y nE Proe
duced in pair production by e gamms ray with E Y w;l.ll have
a final energy between Eo»El" end E-El" + dEi' after passe~
ing through a thickness t of material.

(E )E :t: V':B ,h)dh
h l

Probebility that an electron of initisal energy E having
converter vertical coordinate z and final energy EJ~ efter
paseing through & thickness t of the comrerter will
intercept the 180 degree oxbit position with vertical
helght between h and dh.

H’(l:y,ﬁr<r<r) L

This function is equal to 1 12 r, < (2 626 + 'y)<,r{)
an& 0 othervise. |
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D. Proof of Ionization EnergxwLoss Theorem‘

It is assumed that the 1onization energy 1oss d1strivution for
an electron or positron 1is independent of initiel particle energy. Iet
p(t,x) represent this distribution where p(t,k)dk 18 dofined as the
probability that either perticle passing through & thickness + of material
1osesn an energy between k and k + dk. . If both particles go thxough a
thickness t, the distribution function represenxing the total energy loss
by both particles can be written in terma of the folding 1ntegral

k

F(t,K)éS P(t,k) P(t, K-k)ax | | (100)

where F{t,K)dK is the probebility for a total energy loss between K and

X + dX:; We wish to show that the distribution F(t,K) 1s identical to

that for & gingle electron going through a thickness 2t of the same material,
The ionizetion energy loss distridbution for a particle after'péssn

ing half way through & converter of totel thickness ot 1s just P(t,k).

Since this functlon defines the distribution of energies entering the

second half of the converter, we can write for the final energy loss

. distribution F(t,X')

CF(6,K") ={ P(t,K) £(t,,K)ax (o)

where f(t,k,K!)dKf‘ is the probability that en electron which has lost
an energy k in the first helf will have en edditionel energy loss betwveen
K'k and K'<k + dK' in the second half, Towever, since the energy‘loas
is assured independent of initial energy

, £(t,k,K')aK' = P(t,K'-k)dK!
and hence Equation (1OL) cen be rewritten as
SRR _
F(t,80) = 5 P(ik) P, (202)

ghe distributions in Equations (100) end (102) ere identical. QsE.D,
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E. Description of Radis.tion Strag,glihg Calculation

_ I brmss‘brehlung energy losses e.lone are considered, the energy
d:igtribution p(E, Ey SE). of the pairs produced by a beam of gamma rays of
<nr~1gy By :aniden‘t vpon the converber can be witten es

{
-

EE o o o 1. o .
I‘(E ,}:) uf : P(EJ ,Eo _) j “-'(EJ ',t,B) P (Ea, “E ,t,E-El’)

x ¥ (E, ,m ) e at'cmo' . (103)

'l‘m.z: 15 idexﬁ\tical in form with Eoua‘bion (25) in the texb, however, in
’ Bquation (lOJ) the functions ¥~ end F rertain only %o radia‘bion straggling.
It is noted thab i‘or & given t end initisl electron and poaitron energles
the integral over By [ 1.e, the function F(E 2By <E, ",t,B) ] 48 the
"folding" in'tegrml. Hence, P(Ey ,E) is obtained by averaging this fold .
over the converter thickness and “initial electron energy.

- The converter of thickness T was aivided into

! /Elecztron '
T Positron
N

>
ganma, . ray

XY
. .r
A'““)']_.;hm“1

s

I
I
]
i
1

I slices as indicated sbove. For both electrons a.nd. positrons originatins
at the ccm;er of a slice vith energy L and By —-E 'y respectively, and,.
traverging the residual thiclmess of converter thﬂ rediation stmggling
ﬂivtributiea wa.s caleulated. These “two diatributions vere then folded
togethér wi'bh I’@u,'pBO‘t} to the flnd.l ‘electron energy l-"' This proceﬂs wae
repeated for all N blj.ces and the resulting distribution everaged together
with the weighting ﬁmction W(Ey % »4,B). This procedure was repeated for

& large nuber of velues of E, . DNumerical integration over D for many
vaﬂ.uea of L geve the dis tribution P(EJ SE). '

* The x'admtion a‘bra.gg,ling dlatmbution function ¥ (E » At, B, ")
resulting from an electron of initial enexrgy E traversing a mfficiently
thin slice At can ba vritten in terms of the bremxsstrahlung (differential
in encrgy) CrOiaﬁ section ¢1‘(Eo ’ El ) a8 ‘

’F"(‘Eo » A%, By )dEl - Naofﬁl,(mo ,El")‘_é.‘t; az,’
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where IT 1«3 the nurber of atoms per unit VOlme. Fdr bremss‘tréhlmg in
the fism’. of the nucleua the diff’érentiel cross section es given by

Davies, Belthe, and tia.ecimnB ,
R hza 2 . E .'-” 8
) Sl T L s (L))
El. 13((p ~bl ) , o

[¢3(a') %’-mznf(Z)] - (2 g-:«-)

J) |
[¢2< ) L e ])) (10

where F(F’) 1s a Coulomb correction tern ond ¢1(¢Y) and ¢2( Y ) are
’ functions given by Wheeler and Lanb 3’? The cross section used for ‘
f'olectron-alactmn bremsstrelﬂung is similar in form t0 Equation (1014);
: hmrevnr ) 22 s replaced by 2 and alightly different f‘\mctions are used
. in plece of $,(¥) and ¢2(3) In deternining the straggling dia’aribution
3fo:‘ :m ‘electron originatmg et the center of a slice and tmversing the
residual thickness s At was teken equal to & half slice thickness. The
distribu‘cion resultin from pmming through the first slice wag then uged
o the input energy spectrum to the second half glice. 1In this hali’ slice
~ the energy distributions ware calculated for all input energies and ‘the

~ contributions to each fina,l energy sunmed using the input distribution as
the weighting function. 'L'his procedure was ca.rried out for all ha.lf 611068
Cdn the residua,l thickness. '

The thickness of the slice At was determined in the followins
menner. For particulexr fpitial energies of the electron and poai‘bron the
‘interrral of the fold with respect to the comrer’cer thickness was ev«a.luated
‘ for aeverel values of slice thickness. The velue of the distribution
function obtained for & glven energy E was then plotted againat slice
thickness., From the asymptotic nature of the curve the slice thickness
reciuired for eny desired accuracy of the distribublon function could be
determined. For the converter thicknesses employed here N = 7 slices

proved adequate.
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X. - Definition of Symbols -

_Atomle weight.

* Megnetic field intensity.
Velocity of light,
Chm'ge of electron.
Tor t;al electron-positron pa.ir enery. _
Low energy cut off used in axm.lysis of measured and
caleulated speetra. :
High energy cut off used in ana.lysil of measured and
calculated spectra.,

& % 0 w
o B0 >

k)

F?egéibi

Electron energy.
E (; Electron energy immedia'bely after pair production.
El" Electyon energy at exit face of converter.

Positron energy.

Gamma ray energy.

Vertical height of particle at the 180 degree orbit
. position, '
I  Average ionization potemtial.
M  Normelizetion factor.
M Nucleon rest mass.

Ny | Nunber of gemma yeys incident on the converter;
N.‘l Y= muber from mesic cepture reaction,
- Ny = nuber from radiative capture reaction in K2

, le = number from radiative capture reaction in D
nd(A'E) - Number of pairs detected within the Geiger channal '
' encrgy interval AE;
n dJ_(AE) = nurbexr from the mesic capture reaction,
dz(AE) = puzber from the radietive cepture yesctlon

in H
ar
| d’;‘( AE) = nurber from the radiative capture yeaction in D,.
N : Number of pairs detectea in the energy interval E »EB

- corrected for the lateral detection efficiency;
Ngy, = nunber from the mesic copture reaction,

N an™ nurber from the rodiative capture reaction in I

Ndh” nutber from the rediative capture reaction in I)2 s



=
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=,

o HR Y

N

DR 4 o

4

<+

e

9.9

-80-

N'.,( in) = number with converter in,
”n{ et )= wrher with converter out.

 Gelger uubc location number (electron slde).

Geiger. tube location nurher (poqitmn aida).

' Particle mmcntmn, _
“Range of 17 meson (4in gm/cmg of Ha).:
Total converter thickucan.
N Dietzmce from position of pair creaetion in converter to

exit face.

- Meson beam degreﬂ,er thicknesa (gm/mn of Ha equiv.)

Velocity.
Abomic nmrﬁ)er. ‘
Root mean squa:ce projected scotbering augle.

" Redius of curvature.

Flactron radius of curvelure.

Positron radius of curvature.

Pion rest mass.
Palr pmdﬁctio,n cross section.
Compton scattering cross section.
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XL TABLES
Teble I. Measurcments of ‘the Panofeky Ratio
T e o
Experimenter Reference | Method Panofeky ratio

Panofeky et al.
‘Sargent et al, .
Cassels, et al. :
Fischer et al.-
AKuehner et al.
Koller .
Derrick Qt’ el
Samios

Jones., et al.
Coceconi et al.
This Experiment

F W

VO -1 O W\

10

..t"!

Palr Spectrometer

Cloud Chamber

 Total ebsorption
" Cerenkov detector

© . Total sbeorption
Cevenkov dge

- Pair Spectrometer

: Cerenkov det

¢ctor

Total absorption

. Bubble Chazber
Bubble Chsamber

- Boted.fRsprpten

gerenkovagrggéggr

Pair Spectrometer

ectoy -

0,94 +0.30

1.87 + 0.10

1.46 + 0,10

1.62 * 0,06
1.56 + 0,05

1.533 +0.021
151 + 0,0h
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' Teble 2. Measurements of the Deuterium Ratios (8 end R) '

Experiment - : Referéﬁce : - Method 8 | R
Panofeky et al, 2 Pair Spectrometer 2.36 + 0.7 =0.003 +0.073
Chinowsky end S o :

Steinberger ‘12 Counter detection 1.5 * 0.8

o , of both reactions
Chinowsky snd - L E o
- Steimberger 13 - ' o -.00310 4»0.00!#3
‘Kuehner et al, 14 Pair Spectrometer 2. 36 +0,35
This Experiment ,.‘Pair‘epg:ctrometer 3.16 + 0,10
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Teble 3. Comparison of measured and ’calg'mle.ted values for P and S

o Calculated Value -, Megsiu"ed‘ velue

55402 153 +0.02
Lm;o% 3,16 4 0.0

 Caleulated values based upon

ey 2 oome B
'0'( X+p-$ﬂ*+n)u(o.19 ; 0.02)q
x10% @ oy
T (p+pa7™ a)=(1.38 + o,;s)q”
210852 28
R = 1.33 + 0.1k 25
T a'o.77':;o;oa %

Ref.

P - veightad average of all

“.expe riments

8 = thm experment

Measured values based upon
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‘Teble ;fu Converter chardcte;istics and epplications
7 - Thicknesa gm/cm
Converter . Iucite o '
Nomenelature - Pb Backing (CH) - Applications
c-1 2293 .52 Penofeky ratio
c-2 L7181 152 - Panofsky ratio
Bt .8 152 o
¢ ,3' , 102  152 ‘ Panofaky Eeu er um ratio
G~k x.527 152 Spectrometer checks
-5

 2.938 52 Spectrometer checks
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Teble 5. Bcintillation counter chavacteristics

Plastic

Seintillation Dimensions (inches)
Counter . Thickness - length - Height , . Notes
r o050 6k
o ‘ 0'590 - ‘17’5. R oggéngaperggrlengtﬁwise
f;P. ‘ -0.5905 ', - 17f5 7 | 85%“t%%$§§2§ igng%gwise
LN 0.125 16 '8 2.4n, lengths of
c L scintillator and lucite
. ' : - . : ﬁlzerngfa e -
AN 0,12 12 I & °
> S 125 ’ ntal) g r and lucite
6n Coazs 8 5
™ 0.125 | lﬁv g . ai$2 ngﬁ&a ggigcin-
o o ? 5 nt 17 00 1u-

te alternat e
o 0,125 8 5
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Table 6. Converter-field combinstions used in cyclotron runs

Measurement ‘ Co;iveftér . Mag. Field Ba or D, |
Panof sky 'ré.t:_l,o : S Cc-l B 5536 - 112
Penofeky retio I  C-2 8235 K,
Panéfsky‘ratio I . 0-3'. 11,013 K,
Panofalky ratio I out | 5538 | :Ha
?anofskyiiatio 11 - 9u§ o 8235 K, ‘
Panofsky ratioc I ~ omt 11,013 oon,
Deuterium ratio C-3 10,500 ' R, -
Deuterium ratio ¢-3 . 10,500 ~ ‘E’a |
Yield vs. Thickness C-1 10,500 K,
" Yield vs. Thickness c-2 10,500 K,
Yield ve. Thickness Ch 10,500 B, '
Yicld ve. Thickness  C-5 | | 10,500 E,
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Table 8. Data (Penofsky ratio I spectum)

B = 5538 gauss

Converter Co1 Converter out
- o " n{AE) - nAE)
- AE{Mev) ¢’B naﬂz;E) ‘.~%7rﬁy« nd(ékE) : “%7(@7-

50.1-k2.2  J166k 5 ©30.0 - .
bo.o-khi3 . L2070 8 . 386 b8
R T S A 614 |
48,5 278 23 82.7
50,6 . .309 36 16,5
-52.7 331 53 15T.2 K
S48 .363 w6 hoz.2 13.8
-56.9  .387 193 k98,7 1841
59.0 .39k 208 5219 10 a5k
S a6L2 Wiz 2k 5849 13 n.5
-63.3 k32 285 520.8 - 231
654 50 261 580.0. 26,7
67,5 .68 235 502.1 5.6
“69.6 sk 2ho 528.6 8.8
o7 Al 212 517.0 29.3
-73.8 3710 190 5135 27,0
~15.9 .33 157  hh3 18,1,
18,0 - 295 158 535.5 23,7
-80.1 260 19 - 457.6 1L
-82.2 227 . 5B 229.1

176
. N
Rglam) Mylout)

3.6
n.9

-3 WA & o P

flrwaoBB=KES
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Teble 8. Data (Penofsky ratio I spectrum) Continued

B = 11,013 gausse

Converter C-3 Converter OQut
7 n(AE) = n,(AE) n,(AR)  n.,(AE)
AE(yev)  E(E) e 6,_&_)___ at ™ 51'57“
87.5-88.1 .24 3 R
- 88.1-92.3 ~2hk 32 S 1311
- «96.5 .278 Ly - 158.3 .
~100.7 309 51 5.0 1 3.2
~104.8 337 b6 136.5 ! 3.0
. .109.0 4363 n 195.6 o ‘
sz W38T %6 248.1 | .
-117.4 3o 13 2.6 1 2.5
-119.5 40T a0 255.5 | o
<1216 W7 1200 2877 X 2k
~123.7  Jh27 18K h30.9 . ® W
-125.8 M37 3 gisey .

126,86 W 376 86,8 3 6.8
C.127.9 M8 533 1189,7 10 g2.3

-128.9 453 519 11456 17 373
-130.0 .57 256 5601 ) 32.8
.13L.0 - k62 43 93.1 7 15,2
135 465 b 86 N
2986 0575 58 130.5

M) ylout)
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Table 9. Data (Panofsky ratio II spectrum)

" Converter C-2  Converter out

, < n,(AE) - n,(AE)

CAB(Mev)  €(E)  ny(AB) ZHgm nd(AE) o
51.%52.1 .0153 2 130.7 S 65 .4
52.1-52.9 0299 7T a3kl |
. =53.7 Olh2 13 - 2%k, :
-56.4 L0750 122 . 1626.6 40.0

=59.6  .1213 270 = 2225.9
«62.7 L1664 35k 21274
-65.9 2070 - 455 - 2198.1 53.1
-69.0 «2hk 486 1991.8 5T.4

3
3 k.7
9
n
: 1
~72.1 278 562 2021.6 18 4.7
22
25
9
n
b

Skl

-75.3 +307 582 1895.8 LT

R CE 332 583 1T86.0 To:3.

- =800 .32 . 277 786.9 25.6
-8L5 .36k 181 497.3. 30.2
-83.9 377 5% k3.2 10,6

| 3948 1.7329'.5;' Cam - sm28

W) Ny fout)
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Teble 9. Data (Panofsky ratio II spectrum) Contimued =

e

- c&ﬁ&e&ei'-'c-a o : dohvaiﬁeﬁloqt.‘.
S ) . _nJ(AR) . n(aR)
NEQMev) . €(E) 'na(AE) . '%7@')" nd(AE)' : -%7(157—

90,5-9k.1 27 M. . 9.6 1 2.3
-or.2 T 27 ok
2100.3 L1 2% 52l a2 b3
03,5 M6 32 . TT 8
206,603 M 109.2
J09.8 .62 L 133
-32.9 W34 5L 15T

CA116.0 .88 W8 166.7
-119.2 253 36 k2.3

223 .22 58 . a26e.k
~125.8 g2 10 8937
«226,6 1707 139 .  8he -

o el27k 163 165 . 20085 . 3 18.3

Ce128.2 W56 2000 de7T o T W8
+120.0 ko3 131 errh . 10 67.0..
«129,7 2k 3 25,8 b 28
21305 355 T ST |

| e 63'?5.1'_* - B 203.7_,.
| Ny(tn) . Ny(out)

5.0
8.3 .
3.1
3.5
4.0

o W N

2.0

&
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Table 10. Data (Deuterium ratio S spectrum)

‘W, inTarget D in Target - -

o : ndz(AE) ndh(AE). 0.0268 0.0268 ndg(AE)
ARGtev) e(e) Pa2lAB) —Zrmy mulE) gy Xmgpl®) —gEy -

8892 . .28 33 . 187 . 26  93.5
92-96  .309 ko 1204 39 126,2
96-100 337 b5 1335 52 15h.3-
100-104  ,363 56 15%.3 59 162.5
1ch-108  ,387 80  206,7 8  219.6
108-112  .30h 98 . 248,17 127 - 302.3

S 112-116 a2’ s 359 180 k369
136-138 k27 97 - 2212 152 356.0
118-120  LA37 117 2677 153 350.1
120-122° - JMB6 151 3386 239  535.9

122.12% - .455 228 50L1 269 59L.2

12h-126  JL6% 580 12500 30 689.6

126-128  Jb72 1154 oWMh,9 363 T69.1

128130 Més 528 35 239 510

130-132 W43 15 . 339 36 8L3

o e Xvsﬁg._i 2539 shoa.s o »e?‘a,o

Nap .. .Na;hMeaa.f .. 0.0268 N

3.6
3.2
3.0
5.5
5.2
7.6
9.7
7.0
6.9
9,0
- 13.2
32.3
657
30.1

FRPEorvwruwmmpmre -

WtspiisheraStm———g

th
e

. ~Nd145“ i.OEB(NdbMBaa - v.0!.02:681 Nda)

= 5320
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Table 11. Converter in-coﬁweitarfdutiratios

| Converter in-out Ratios

Magnetic ~ Reaction ' _
Field (gauss) dnvolved Conv. =~ Calculated - Measured

5538  pepentn  C-l 0 8.86 8,70+ 0.80
8235  HepoTan €2 1697  18.33 4 1L.70
823  pm+pH¥+n C2 16,97 15.92 + 2.64
o3 gepayen o ce3 26.72 22,861 3.8
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Tsble 12. Measurement of yleld ve magnetic field

Reastion Magnetic

involved Fleld .  conv. o NJQ‘

7+ p»T*n 8235 c.2 613,500} S
7+ pem+n 5538 : C~l1 6,200 ) FRatio= 0.999 40,043
Te+psy+n 0235 ce2  I9LM00) pousil5.0u8 400N
TT+P¥+n MOM3 CA3 202,000 ) T



Teble 13.  Penofeky ratio determiuation

_9s-

- Quantity |

’ Meé.aurement, I .

Value

. Messurement II

© VYelue -

= ﬁ-g}z 1

=
-t-':lw
o~
S
st | Naut®

: j#71
g I
—
e Re
&
o’

M ™
= I

|

€ O O
W N e

1 0.9766 + 0.0311
0.935 + 0,003

| 3.720 + 0.038

0.996

0,947 + 0,008

| 0.937
0,999

0,994

2,811 + 0.112

1.0 |
‘il;JM + o_.o;é |
3
| 1.@26 + 0;61?

70,939 -

0,999
0.9

- Panofsky
- ratio P

190 3 0,050

1,543 + 0,063
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. Tablo b, Deutertun ratis 8 deterntnation

~ Pavameter Value

Wy . nlrro.om
AP S - 2.53 +0.02
y ST Leok 05

#

) S 0,995

—— ’ . 0.970 £ 0,010

8 3164010
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A. Makes any warranty or representation, expressed or
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or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,

or for damages resulting from the use of any infor-

. mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee _
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.




