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ABSTRACT

A transmission experiment has been performed in which total

cross sections for ‘n'+ and 7 on 3He, 9Be and 12C were obtained for

several energies between 100 MeV and 250 MeV. The 3He and 93e cross
sections have been used in the evaluation of the Kim and Primakof£f sum
rule for nuclear beta decay. The evaluation of the sum rule is further
extended to 'Li cross sections obtained by Allardyce etsal.

A second application of the 3He data is made to determine a

value for the effective 7 -nucleus coupling constant, r This is

eff’

generated from a dispersion relation calculation, and is found to be
Toff (3He) = 0.071 + 0.012, which compares to a value of 0.081 + 0.002
for the nucleon.

3

Finally the “He data is compared to the results of a Glauber-

like total cross section calculation by Gurvitz.



I, INTRODUCTION

Nuclear total cross sections for positive and negative pions
on 3He and 9Be were measured at several energies over the 3/2-3/2 res-
onance, The cross sections were measured by an attenuation technique'
using plastic scintillation counters. Pion-nuclear total cross sect-
ions for 120 were also measured using the same experimental set-up,:to
provide an ovér-all calibration of the experimental procedure and data
analysis routines. This was accomplished by comparing our carbon re-
sults with existing carbon cross sections.

The initial purpose of this work was to test a sum rule deve-

loped by Kim and Primakof£1™3) for nuclear beta decay,

N;_"" N;*G- +\I, .
In this theory weak interactions are treated as though the nuclei were
"elementary particles" (E-P). Thus, the weak interactions of nuclei
are treated without explicitly considering nuclei to be composed of
nucleons. This E-P treatment has been invoked together with the Adler-

6, 7

Weisberger (A-W) procedure to obtain a sum rule relating the

axial-vector coupling constant for nuclear beta decay, F;( D; Nt-—bN‘)
to an integral over pion energy of pion-final nucleus total cross sec-
cions“, I(‘Mzw} 1"}\!‘) . 3, 5 The basis for this sum rule depends upon
the validity of 1) fhe equal-time current commutation (ETC) relations

(® and 2) the partially conserved axial-

(9, 10)

for the hadron weak currents

vector current (PCAC) hypothesis. Kim and Primakoff(3’ 5) have

i



shown that the ratio I(‘H;; I'?N') / I(-ﬂ:‘"n'*P) is equal to the
difference in the number of protons and neutrons in Nf, i.e. [2;(;1‘-2,)]‘
multiplied by a factor which becomes unity when virtual meson effects

are neglected. It is the purpose of this work to provide an initial
experimental test of this sum rule,

In addition to the sum rule in nuclear beta decay, an-attempt
is made to determine from our 3He data an effective pion-nuclear coupl-
ing constant using forward dispersion relations in the manner of Ericson
and Locher.(ll) The evaluation of the coupling constant involves a
similar integral over pion energy of the difference between the positive
and negative cross sections.

A Glauber type multiple scattering cross section model for

1ﬁt 3He scattering as calculated by Gurvitz(lz)

will also be presented.
A comparison between the experimental measurement of ﬂﬁt 3He total cross
sections and the multiple scattering model of Gurvitz's is made.

The theoretical background for the sum rule in nuclear beta
decay, the effective pion nuclear coupling constant, and multiple scat-
tering cross sections will be presented in Chapter II. The experiment-
al procedure and description of the 3He cryogenic target will be dis-
cussed in Chapter III, while the data analysis techniques will be dis-
cussed in Chapter IV. The results of the evaluation of the sum rule
and effective coupling constants will be presented in Chapter V. The

comparison of the multiple scattering model and our measured 3He cross

sections will also be given in Chapter V.



_ II. THEORY

A, Sum Rule:;' in Nuclear Beta Decay

1. Elementary Particle Treatment

In the customary theory of beta decay of complex nuclei,

NL—D N.g-’e‘-+ -v-; )
the weak~interaction Hamiltonian is written as a collection of terms
for mutually isolated physical nucleons. Each term in the Hamiltonian
refers to the hadron weak current for beta decay of a physical isolated
nucleon within the nucleus. The initial and final nuclear states ‘PQ{)
and ‘PQ£§> depend on the position, spin, and isospin of each nucleon.
The calculated matrix eleﬁents in this impulse approximation are, in
general, sensitive_to the wave function used., Kim and Primakoff(l)
point out severalbserious discrepancies between the theoretical values
using an impulse approximation and experimental ft values, They point
out that these discrepancies appear too large to be attributed to a
failure of an impulse approximation (iigi_due to neglecting pion—
exchange effects), but rather probably arise from inadequate wave func-
tions.

In the "elementary particles" treatment developed by Kim and

Primakoff the difficulties of obtaining good wave functions are avoided
by treating the nuclei Ni and Nf participating in the beta decay as

"elementary particles". The weak-current matrix elements between the



initial and final nuclear states are expressed in terms of form factors
characteristic of the nuclear transition Nif_’Nf as a whole rather than
the usual sum of n—»p transitions. The hypothesis of the conserved
vector hadron weak current (CVC) and the hypothesis of the partially
conserved axial-vector hadron weak current (PCAC) can-be applied to
determine the effective vector and axial-vector coupling constants,
FV(OJ‘ N;%N‘) and Fa(OJ' N‘*N‘) . These coupling constants are
characteristic of the Nf—a-N£ beta decay transition and their numeri-
cal values reflect the complexity of the nuclear structure. For com~
parison with the basic equations of the "E-P" treatment to be present-
ed, it is advantageous to first describe the transition matiix for the
beta decay of the nucleon and the usual impulse approximation theory
for nuclear beta decay.

a. Beta Decay of the Neutron

From the accepted current-current theory of the lepton-

hadron strangeness-preserving weak interactions, the transition matrix

element for neutron beta decay, n—»p + e + ;e can be written as

e 10l Blat, vl el ol lgola) o

where the matrix element of the vector and axial-vector currents are

given by

<plyolay- L[V Rl e ﬁ‘(q-;,,,,]}u}’m



and

Ys"‘r h-)

<elgetalmy - I Gy, A1 l\.t-'ﬂ * Elg M)] 3

The Fi's (1 =V, M, A, and P) are the neutron-proton weak form factors
called polar-~vector, weak-magnetism, axial-vector, and induced pseudo-
scalar respectively. The constant G is the weak coupling constant

determined from u decay

G- 1.01<18% 12 .

The parameter q represents the four-vector momentum transfer

4= = (Pets) = (Pe=Pa).

The hypotheses of CVC and PCAC can now be used to relate the

neutron-proton form factors (F,,, FA’ FM’

quantities. The CVC hypothesis,(l3) which identifies the vector hadron

and Fp) to known physical

weak currents as components of a divergence-free isovector current,
relates the polar-vector and weak magnetism form factors for n—sp to
the Dirac, Fl(qz) and Pauli, F2(q2) electromagnetic form factors for
n and p:

Fv(q'; A"P) = F: § ) - F: (‘l')

4)

Fulg aop)= Al prFel)- p, F:l“')l



where Mp and Mn are the proton and neutron anomalous magnetic mom—
ents (in units of e2/2Mp). Evaluation of these form factors at q2 =

yields
Fv(o:m-oP)‘ Z,-2,7 1
Fa (0; map) = pp-pa= 370 3

(9, 10)

The PCAC hypothesis, can be written as the divergence

of the strangeness—-preserving axial-vector current

é*42(°)= My Fa(?:--h}; T vac) é‘- / )

where

Fa(pyery ; movec)= O @

is the pion — vacuum axial vector weak form factor and has the value(M)

Qy= 045+ 0.01

determined from the observed 1r+ — p,+ + vu  decay rate. The symbol
¢_”_ is the pion field which creates = -, and is governed by the field

equation

@-m)d- -7, ®

where J. 1is the pion~source current. The matrix element of the diver-

gence of the axial-vector current (eq. 6) between the nucleon states



can be written as (left hand side)

< ?‘ ),J{,JO)M> = ‘L‘{x<?lﬁ:‘°)l"> )
= (Mr-m.)[ﬂ(q“ ‘-pp) 4 S”-:,[-; (‘i‘; A#P)(ﬁ't,‘c"‘).

The right hand side of the matrix element can be written as (using eq.

8)

N103<P\<b,r|m>= "\-“w<P‘(n ) Iy 0
= N:Qw (?%:‘;) 'F(‘i‘i B“ﬂ)(iﬂ; 5 lb) ,

where 'P(q’; [F"P]) is the proton-neutron vertex function. This ex-

pression reduces to

- ¢ 2, (6
(e[ Falmer) + 3 Fleinop) "“(‘&Tﬂ)) . oD

Two approximations result from this expression. They are

~ ‘F(D' Ura 1) Goldberger-Trieman
i) qz-t (o) F‘; (O; A-D?)= O'l’ W} (G-T) relation (12)

G n ) One-Pion Exch
o Flipme i Blled) epmmane o



k3
The parameter ":('“l ,&AP_]) is the pion-neutron-proton coupling con-
stant (on-shell) and can be determined on the basis of a dispersion

relation analysis of & - p elastic scattering to be (15)

ﬂi',,;ﬁ‘ﬁl), 0.0%1% 0.002 .

b. Beta Decay of the Nucleus: Impulse Approximation

Next we turn to the customary impulse approximation of nuclear
beta decay, N i—»Nf +e + ;re. Here the nucleus is treated as a col-
lection of isolated nucleons. The transition matrix element for this

process 18 written similar to eq. (1) as

<rnteiny - E v, [<N;lﬂ@\u>+<~‘lt“d“>] A

where the hadron weak current

V Z T, [\6 F‘q M-”?\ 2 Fn (qz.‘ﬂ-'r)] ™

J

and

P4

3 a .,[h fH, >
QZ Q[x f Fnl(i.;n-b?) L!L— xs ?( ‘»Je“!'l (16)

involves the nucleon operators only. The nuclear states \NL\> and

|N¢> in the matrix element are described by the wave function Qw‘
e

and Iﬂ‘. which are functions-of ,R‘j, fO'; ‘ and f‘r‘j , the posi-

th

tiony spin, and isospin coordinates of the a~ nucleon. Pion-exchange

effects are usually added to the impulse approximation by adjoining a



plon-exchange current(16)

to the vector and axial-vector currents. In
the calculation of transition matrix elements of nuclear beta decay,
further approximations are usually made because of the energies involved
in the beta decay process. The spatial part of the lepton wave function
qu'nw can be set equal to unity in allowed transition because the
deBroglie wave-length of the lepton wave functlon is large relative to
the average nuclear dimension. The small value of the momentum trans-
fer also allows the use of a nonrelativistic limit for the nucleon
motion.

c. Beta Decay of the Nucleus: E-P Theory

The basic equations for the "elementary particle" treatment

of nuclear beta decay for the particular transition

3 4
s o . v . .l - ey
[N‘v (TP:T);a %.J %]_’ [Ng, 6?.1’)"‘ % ) Z‘l TC+Y,
are analogous to those of nucleon beta-decay. Thus, the transition

matrix can be written as

<‘-";°'N$Hl°) \Nv.>"‘ %ﬁlﬁ*‘&) uf:“:< N;‘ Mo (o)\Nb+ <N,\4e(o)lN% .(17)

The current matrix elements are now decomposed according to the

structure of the nucleus and can be written as

N \%’;(0)\“5= {Uu}'f{“.ﬁlq';Nc'T‘k)'%?ﬁ\({;NrNg) Uy ; (18)



10

and

<N4‘-j:‘a\\ﬂb= 2’ ﬁ&["ﬁ,ﬂ WJN;'\\,) +L&!-[g§ﬁ-“)¥£,(¢}q?n’ju}s s

The F-functions (V, M, A, P) now represent the Ni-» Nf weak form fac-

tors, polar vector, weak magnetism, axial-vector, and induced-pseudo-

scalar. The functions U, , and UN

Ni £ are the spinors describing the mo-

tion of the initial and final nucleus as a whole rather than the con-

stituent nucleons.

On the basis of the CVC and PCAC hypotheses, the following
equations can be patternéd on the neutron:beta decay:

1) analogous to eq. (4) and (5):

Folo; NNy = E(Ng-2(0:) = 1

(20)
Fn (D;Nr' N.,\ * [M(N;\-?(Nq)lﬂ]' [ A0) 'Z(N‘.\[A]

where }((N:) and }l(N.;) are the initial and final nucleus magnetic mo-

ments, respectively.

ii) analogous to eq. (9) and (10):

< N; IB). %:lo) ‘Nb - 'i‘fd < NQ \42(0)‘NL>
= (M...*Mu.)[Fa(q': Mo+ e n-m](‘u,@x‘qan

My Oy <N$M>1\ Ni> * N: Qy w mn"f-rxi un;)



11

C. o
where 'F(q ) ['l\'NtNG]) is the pion-initial-nucleus-final-nucleus
vertex function. Equations (20) and (21) yield within the same approx~

imations as for the nucleon case;

? ¥(C8tﬂlkhha) b "

0420 FlojNoNye Qp Reity,  Creterioe ror mectet
3 hy .g!lSi. {:L*;i!‘h

wineo BN (n..m., Jqﬂ L R o

For the E-P treatment of the nuclear beta decay presented
here, the quantum numbers on the initial and final nuclei are identical
-
to the nucleon beta decay, i.e. J:‘T' % ;'& . For nuclear beta
decay with quantum numbers different from those of the nucleon states,
the vector and axial-vector matrix elements must be modified.(l) In
general, more form factors are involved.

2. Adler-Weisberger Procedure .::edu:y?

The sum rule developed by Kim and Primakoff is fundamentally
dependent upon the PCAC hypothesis and the equal-time current commuta-

tion (ETC) relation introduced by Gell—Mann:(S)

O Gl - Gk Gl = 2 T4k) -

where

Ghlt)a -i-f [ 3;w&',i) ti :rw&‘,f)“}' ,

L
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The symbols 3’“; R and I; are, respectively, the isovector, axial
vector strangeness-preserving weak current and the third component of
isospin,

The matrix element of the ETC relation taken between the final

nuclear state \N’; N'ﬁ, . M‘D in beta decay yields
DAL

+3

(2'-‘7:*1) 2 <N¢"‘¢,Pv My ‘[Q,.lo) Qn(o) \N,, Pﬁ. M;) <|I,l°)l) (24)

which becomes

(J"M.)S <N‘\QAI°QA(O) QplO)Q.(D)‘Nf> =L, (f-\-?;) .

Introducing a complete set of hadron states, th> this equation can

be written as

() |2 lonlabuatn] - ¢ |0ululf 2y oo

Since the interaction, Qz (o) , which takes N, — N, is charge rais-

f
ing (+) and Q; (o) charge lowering (-), only certain states will con-
tribute to the sum. Because of the selection rules on QZ (o) and

QZ (o) only the intermediate discrete and continuum states with
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B(Ns)= BIN,) - A,

Z(Ns) = Z(Ng)a 1
TN~ T(Ng)=1 ; TN,)
S(Ng)= S(N,)

(26)

and all w*-N(f states will contribute to the sums over NS and Ns'
(where B, Q, I, S are baryon, charge, isospin and strangeness quan-
tum numbers). Therefore, the sums over N, and Ns' of the inter-
mediate states, which contain both discrete and continuum states, can
be written as the sum ovér states below and above the threshold for
+ 7 (see Appendix I).

Ns Nf

For the sum over the states below the pion threshold, N_ is

I
@3, 3)

written by Kim and Primakoff using their "elementary particle"

treatment for the nuclear states in the approximation q2—> 0 as

é": é,[ F;(OJ NI"Nr);l(Zﬁ]) @’:,Tq;"’u) @7

where §(1;,-Jg; qu) represents a "kinematic" coeffieient, ©) which
is a function of the spin and parity of the nuclear states.

For complex nuclei with complicated energy level diagrams,
many of the coupling constants FA(O; NI——Nf) are not known, and
therefore, the conventional method of isolating the contribution

FA(O; Ni—— Nf) is not useful. Kim and Primakoff, instead, evaluate
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this sum over the states below the threshold by transition from the

"elementary particle" treatment to an impulse approximation with a

plon exchange correction.

Because of the poor overlap of the nuclear states, i;
and EI for the mass ﬂ;)ﬂ,*“\' , the sum over Ny (states below
threshold) is now extended to include all intermediate states, This

allows the closure property of the complete set to be used. Therefore,

Kim and Primakoff write

2[]:“‘0 Nx"Nt)] (2 Y ) é(‘l’, Y :4)

- le (osnep| <] (cherci) LA c,,\\ik}
- 3‘&(0-»?)! (15)'<¥| o 0, Ozp- cr,,cu@;)

= | Falo; map)’ (255) <L‘? (), §4>

« | Falomep)|” (a45)° L2e-(a-24)]

where, for the purpose of estimating the 'meson exchange' terms, the
operator D-:X has been replaced by SO:A where 5' is assumed to
vary monotonically and slowly with Ac . ) The impulse approximation

axial operator 61“ is written as

g e,

The sum of the nuclear states above the pion threshold can

be written as (see Appendix II)

“2’\»"’ 0; X(O)'N;NX I"N:;TN;) ’ (29)
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where

Oy= Fﬂ (-n: ST vnc) ) (30)

k(O;TTNLN.;)E 'F(O;FN';N,;V Flns, ;WN;N‘) ) (31)

and

The functions D't ("'H;; 'l\'N.g) are the 7 N_' nuclear total cross
sections for TT*-Ng at the total laboratory energy E-'- . The
constant K(O; TN}N,) presents a measure of how fast the form factor
'F(O‘ 'IYN;NQ) moves off-shell.

Combining the terms for the matrix element of the ETIC rela-
tion, the sum rule for a final state beta decay nucleus, can be writ-

ten as

\FA(":"?)\Z(”S)![*:‘(“{:S}* Q}K[o; wN;Ns I(-h;;rN,)-“-'E; M,-l‘) , (39
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For the special case of A-t?-t e 09; s this equation reduces to

l Falo ‘“"P)r*‘ O: XIO,' ™ p)zﬂ-n: ; n‘p)= 1. (34)

Combining these two equations yields the expression

() T 4- Falo:msp)* (4+5)
) —— (35)

I (’H: ; KNg)‘[Ec' (l\c"z;)] I('N:;“?)[X(O;tNtN; 1-Faforasp) |-

If we make the approximations that the meson~exchange beta
decay correction factor,s » 18 negligible relative to one, i,e,

«1 and that
K(O' TA ) ~ 1
X0o; TN; Ny) /

then the above expression becomes simply

I ('“:} TN#) = [Z( (Arh)] I('H:, wf'_) . (36)

Therefore, subject to these approximations, IG“;;IN;) and I(-)\:JTP)

would behave as an additive-type quantum number as a consequence of

the ETC relation and the PCAC hypothesis.

B. Effective Pion-Nuclear Coupling Constant

Dispersion relations founded on the basic concepts of causal-
ity and analyticity,(17) have been of significant value in many fields of
physics as a phenomenological framework for the interpretation of exper-

mental scattering data. The use of forxrward dispersion relations to
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determine pion coupling constants have been used extensively for the

nucleon(le’ 19, 20)

and more recently this approach has been extended
to complex nuclei.(21’ 1 The basic framework for determining the
effective pion-nuclear coupling constant for isospin I = 1/2, will be

outlined here.

1. Pion-Nuclear Forward Dispersion Relation

(11)

Ericson and Locher have shown that an effective pion-

nuclear coupling strength can be obtained from pion scattering by nuc~

lei, A, with I = 1/2, Defining an antisymmetric scattering amplitude,

r‘(w e%:‘ ¥“ ) - .g'u(u)]* , (37)

they write the dispersion relation for the real part of the anti-

symmetric amplitude as

‘Re“_-"(w) = 2 _3_)_:_:%&‘ 'Zb) ?fb .LM'?(w e

*
This is defined for a target with excess neutrons. The pion

charge can be reversed if the isospin component I3 is positive.
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th pole.

where w is the pion total energy and LA is the energy of the i
The real constant .n;, is the dimensionless residue of the ith pole and
is proportional to the square of the coupling constant as the = -AA:l
vertex. The pole terms correspond to the ground state and the excited
states of the neighboring nuclei Ai with the same nucleon number, but
differing in charge from A according to the pion charge. The lower
limit of the integration UJ, lies in the unphysical region (W< Ht )
and has a value close to zero. This condition is due to physical pion
absorption and is referred to as an unphysical cut below the threshold
for scattering.

To obtain an effective coupling constant, Ericson and Locher

3
evaluate equation (38) at U*My while ignoring terms of order W), / My

to obtain

- M —  In¥lw
’RC'F(M-.)"%‘ZIM"‘ WF'P%-W)' . (39)

The effective coupling strength, -n.gn may be regarded as the sum of
the residues of the poles, Z‘.ﬂ.a , and therefore eq. (39) can be re~

written as

wre) -GBS w

o.n )

! '
vhere B'= WMy, ko (w)
Using the optical theorem IM‘F (b’) = Ih— s
where (o I '%:[ Og-a- U‘I’A] = * Do™ ,

eq. (40) can be rewritten as
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ﬁtm ® -%j Re 'Y-(Mr)" %rzi ? L.Am' "%"z . (41)

2. Unphysical Region

The unphysical cuts for pion-nucleus ( w—R ) scattering
adds a special feature, relative to the nucleon,iin that Im f(w) does
not equal zero below the physical threshold WeMy . The imaginary
part, Im f-(w), in the unphysical region for {J,€6J< My cannot be
directly measured. The extrapolation of Im f(w) from the elastic
threshold W=Mpg to W,aO have been made phenomenologically(ll)

by a continuation of the complex amplitude above threshold by a re-

placement of k-'l.lkl . This leads to the form
Tnsl)= o+ gl VIR el @

where the coefficients are given by the complex s, p, and d wave scat-

tering lengths; -
o= Ina ¢2-2Rea,Ina, ¥=-3Imq,
=0 €« SIma;

These low energy pion nuclear scattering parameters, (scat-
tering lengths, volumes, etc.) can be obtained from measurement of the
electromagnetic levels of 7 -mesic atoms. The Bohr levels are per-
turbed by the 7 -nuclear strong interaction which results in a shift,
AE, of the energy level as well as broadening,r , of the energy

level due to strong absorption of the pion. Writing the complex
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energy shifts as AE’ RGAE‘N ('E') ’ Trueman(zz) expregsses the s-

and p wave scattering lengths a, and a, as (l1inear terms only)

AE (43)
= 2
0= T ¥ M
where Z is-the nuclear charge -and & the fine strueture constant.
Returning to equation (41), we see that the effective pion-
nucleus coupling constant can be obtained from the value of Ref-(M'.)
and from the integral of the wi -nuclear cross sections with an ex-
tension being made into the unphysical region. The scattering amplitude
Ref-(M‘-) is deducible from w-nucleus scattering lengths. The evalu~-
ation of Ref-(n), as well as the contribution of the integral will be

given in section C of Chapter V for the 3He effective compling constant.

C. Strong Interaction Cross Sections 1r-t 3He

Nuclear total cross section for wi 3He have been calcul-
ated by Gurvitz(lz) by means of a Feynman diagram technique. The scat-
tering of the meson by the nucleus was regarded in terms of single
scattering by each nucleon and all possible rescattering by the remain-
ing nucleons. The contribution to the scattering amplitude from the
corresponding diagram for single, double, and triple scattering were

considered to yield an expression for the total cross section,

yor B3N

LN 2, ,
Oror= 300 - 30 (07 V'+ Tigws log) (34-1)

The symbol :ax 1s the ratio of the real to imaginary parts of the scat-
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tering amplitude in the forward direction and

N=08Tx10" i®

The spin and isospin of the nucleons were not taken into account in the
calculations.

The results for the contribution-of the rescattering calcul-
ated by Gurvitz coincides with the contribution calculated using the
Glauber model.(za) Similar calculations were carried out by Gribov(za)
for m -D scattering using the diagram technique. The results obtained

using the Feynman diagram technique are valid up to an incident pion

momentum at which a pion can be produced in the virtual state @'21“[4).



III, EXPERIMENTAL PROCEDURE

The experiment was performed at the 600 MeV synchrocyclotron
of the N.A.S.A. Space Radiation Effects Laboratory (SREL) in Newport
News, Virginia. Data were accunulated in three separate cyclotroa
runs, each approximately a week in duration. Two conventional beam-
lines were used with the pions produced by the cyclotron being brought
to a one inch diameter definition at the target. Data for the first
two runs were taken in the Neutron-Meson area .(NMA4), which will be
referred to as Beam I, and yielded cross sections. For the last
run, data were accumulated in the Preton-Target area (PTA), which will bé
designated as Beam II. These measurements produced wfcross sections
and an additional 7 measurement.

The experimental technique and apparatus used to determine
the cross sections will be described in this section. A description

3

of the "He cryostat,as well as a discussion of the beam characteristics,

will also be given in this section.

A. Counter Description

The total cross sections were measured by a transmission tech-
nique. The experimental counter arrangement used to measure cross sec~
tions for the 3He is shown in Fig. (1). All counters except the
Cerenkov counter (not shown) were plastic scintillation counters (Pilot
B) with each scintillator viewed through a Lucite light pipe by Amperex
56AVP photomultipliers. The description of the Cerenkov counter and

22
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time of flight counters will be given in section C.

The incident beam from the cyclotron was collimated toa 1 1/2"
diameter by a lead shielding wall, 3' width, by 2' height, by 2/3'
depth. This wall was erected four feet downstream of the last quadra-
pole magnet. Three circular counters, Sl’ 82, and 83 defined the
incident beam size. Counters Sl and 82 were positioned directly behind
the lead shielding and were 2" and 1" in diameter respectively. Count-
er S3, which was positioned directly in front of the Mylar entrance
window of the cryostat, was 1" in diameter. Counters 8, and §4 were

separated by 40". Both S, and S, had a thickness of 1/8", while S

2 3
was 1/32" thick. The thickness of 83 was determined by a compromise
between keeping the efficiency of the counter greater than 957 and
reducing the number of particles scattered out of the incident beam by
the counter itself.

For the first data run in Beam I, these three circular count-
ers defined the incident pion signal, SISZSS' This counter coincid-
ence was designated the beam monitor trigger (MT). For the second data
run in Beam I and the data run in Beam II, two anticounters, A1 and A2,
were used in conjunction with the circular counters to define the inci-
dent beam according to Klslszizsa. The primary purpose of these count-
ers was to define a more parallel beam and to aid in eliminating acci-
dental coincidences. Counter A,, which had a 8" x 8" x 1/4" active
plastic region with a 1 1/8" diameter hole at its center, was position-
ed between the 1ead.shielding wall and Sl' The purpose of A1 was to

eliminate particles from the incident beam which had lip-scattered from

the inside of the lead collimator and traversed a diagonal path between
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the edges of 82 and S3. The geometry of such a path would have fequir—
ed the particle to pass through Al’ thereby rejecting such an event as

a valid master trigger event, With counter Al in anticoincidence, the
loss of beam was less than 4%, The anticounter Ay, which had a 6" x 6"
x 1/4" active region with a 1 1/4" diameter hole at its center, was
positioned upstream of S3. The initial purpose of A2 was to eliminate
accidental coincidence in the transmission counters caused by two part-
icles traversing the beam axis within the resolving time 7 of the inci-
dent beam coineéidence. Suppose a particle triggering Sl’ SZ’ and S

3

were followed within time T by a second particle which missed S This

3¢
second particle could register a false count in one of the transmission
counters. The number of such events vetoed by the anticounter A2 meas-
ured less than .5% of the indident beam.

The use of an anticounter positioned before the target to
eliminate this second pion problem can, however, give rise to a syste-
matic error in the measured cross section. Incident pions identified
by the monitor trigger may interact in the target sending a particle
into the backward hemisphere. If the anticounter detects this part-
icle, then a valid event will be rejected causing a systematically
lower value in the cross section. The magnitude of the effect depends
on the solid angle subtended by the ant;g?unter at the target. The
correction made for this effect was typically less than 1% and will be
described in section I of Chapter 1IV.

For the solid targets, the monitor trigger was slightly mod-

3

ified from that described for the ~He-target: This was done because

it was not always feasible, from a consideration of available running
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time, to remove the helium-3 cryostat from the beam line, once in posi-
tion. With the cryostat in position, a fourth circular counter, 34, of
1" diameter and 1/8" thickness, was placed directly behind the exit
window of the cryostat. The solid targets were mounted immediately !
downstream of this counter. The monitor trigger, defining the incident
flux upon the target, then became SISZK183K3S4. This beanrdef}ning
coincidence was used both in Beam I and Beam II. Some data were, how-
ever, accumulated in Beam I without the helium-3 cryostat in position.
Under this condition, only the three circular counters, Sl’ Sz, and SS’
were used,

A small probe counter i/4" x 1/4" plastic scintillant meas-
ured the beam profile at the target position. The counter was mounted
upon a remotely operated traversing platform which allowed a beam pro-
file to be taken in a horizontal and vertical direction. The measured
profiles were Gaussian in shape with a typical full-width at half-maxi-
mum (FWHM) of 0.75 inches. These profiles were used to assure proper
beam alignment and were also used in evaluating the Coulomb scattering
correction for a definite beam size (see section C, Chapter IV).

The transmission counters consisted of a 3 1/2" diameter dise-
shaped scintillator and four annular shaped counters with increasing
radii., The disc-shaped scintillant was 1/16" thick and the annular
counters were 1/2" thick, Each of the transmission counters was view-
ed from one side only by a wedge-shaped Lucite light pipe. The disc-~
shaped counter was designated as counter T and the annular counters

labeled R in order of increasing radius. The dimensions of the

1-4°

inner and outer radii of the ring counters, as well as all other
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scintillators used, are listed in Table I.

The transmission counters were mounted concentrically about
the beam axis, as shown imn Fig. (1), with R4 closest to the scattering
targets. The counters were spaced approximately 1 mm apart. The sys-
tem of ring counters was mounted in the Beam II work on a remotely con-
trolled rail system which allowed the ring counters to traverse the
beam axis, changing the interval of scattering angles accepted by each
counter, Counter T measured the attenuation of the incident beam,
while counters R1-4 mapped out a differential total cross section of
the scattering particles. The differential cross section was used to
make the correction for the forward nuclear scattering into the counter
T. The procedure for extracting the forward nuclear scattering into
counter T using the annular counters, as well as the analysis of the
transmission measurements to yield total cross sections will be given
in section B of Chapter IV.

The radii of the rings and the thickness of counter T were
chosen to minimize the effect of back scattering of the transmitted
particle into an adjacent ring. In an early data run, under Beam I
conditions, two adjacent counters overlapped by 1/4", and counter T
had a thickness of 1/2". The removal of counter T from the beam line
produced a 10% effect #n the number of particles registered in count-
ers Rl—4' This was attributed to the fact that counter T, which nor-
mally received 90-95% of the transmitted beam, was back scattering
pions into counters R; ,. Counter T was then redesigned as a 1/16"
thick scintillant of the same diameter,and the inner radii of the

counters R1_4 were increased to the nonoverlapping values listed in
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Table I. With these new dimensions, the removal of counter T produced
less than a 2% change in the number of particles registering in the
adjacent counters. A similar effect was obtained for the removal of
any of the other counters Rl—4' Since the effect is the same for both
target full and target empty data runs to first order, no explicit
correction was made.

Because of the annular shape of ring counters Rl—&’ the
light collection efficiency for a particle traversing the scintillant
closest to the photomultiplier was much higher than for a particle
traversing the opposite surface of the ring. This effect produced
"jittering" in the timing curve because of the difference in pulse
height from the phototube. To minimize this effect, a triangular
shaped diffuse reflecting surface was formed on the Lucite light pipe
of each counter by painting with Tygon paint (SB-361-white). The area
of the triangle painted was proportional to the area of the ring count=-
er. This reflecting surface gave a pulse height response uniform to
within 30% over the entire annular surface.

The possibility of false counts from Cerenkov light produced
in the light guides of the transmission counters was also investigated.
A light guide identical to the one used for counter T, but without any
agintillator, was mounted in place of counter T. The number of counts
registered under standard beam conditions proved to be less than .1%

of the normal T flux.

B. Logic Circuitry

A block diagram of the logic circuitry used in the experiment
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is shown in Fig. (2). All the units were modular in form and were com—
mercially manufactured (Chronetics, Inc., E. G. & G., Inc., or Ortec,
Inc.). The blocks labefed D are standard 100 MH% discriminators and
those labeled C are coincidence units. For all the counters used in
the experiment high voltage plateau and delay curves were taken at fre-
quent intervals. The outputs of all discriminators were typically set
at 6 nsec FWHM except for the anticounters, which were set at 15 nsec
FWHM. The incident beam coincidence unit, the mohitor trigger, was
gated off for 1 millisecond during the prompt spike of the beam's macro-
structure. For this 1 msec. period the instantaneous rates were high
and could overload the electronic circuitry, increasing the probability
of accidental coincidence. Only the stretched portion of the spill was
accepted for Beam I and II.

Signals from the transmission counters were sent to a strobe
coincidence wnit (E. G. & G. C126/N), which was strobed by the monitor
trigger, MI. The widths of the resolution curves for each coincidence
MT(T) and MT(Ri)), were adjusted to be the same within 0.5 nsec. This
insured that the ring counters had the same probability for adcidental
events. The five outputs of the strobe unit were then sent to five
individual fanout units., This permitted us, with the aid of equal len-
gth signal cables, to form every conceivalle two-fold coincidence among
the transmission counters, i.e., MT(R,)(T) and MT(R,) (Rj) (=),

These coincidences were scaled, as were the five outputs of the strobe
unit. The complex coincidences,wMT(Ri)T and MI(Ri)(Bj) (o= j ) were
examined merely for probable systematic errors and were not used in the

cross section analysis. Each of the coincidences that made up the
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monitor trigger was also scaled.

As a measurement of accidental coincidences between the beam
monitor, MT, and the various transmission counters, the monitor trigger
input to the strobe unit was delayed 54 nsec, By delaying in this way,
we obtained measurements of the probability of accidental coincidences.
The corrections made for accidental coincidences will be described in

section G of Chapter IV.

C. Measurement of Beam Composition

The composition of the beam incident upon the scattering tar-
get was measured in the early runs by time of flight (TOF) method, and
in the later runs by a total absorption Cerenkov counter technique.

The time of flight system which was used under Beam I conditions con-
sisted of two scintillation counters which were separated by approxi-
mately 4 meters. The scintillators were coupled directly to their
phototubes without light pipes and gave a timing resolution of 300 psec.

Fig. (3-A) shows a schematic of the time of flight: system." The
output of the downstream counter T2 formed the start signal to a time
to amplitude converter (TAC) and the upstream counter T, was used as
the stop signal. The TAC was gated by the monitor trigger pulse, MT,
and the output of the TAC was fed toa 512 channel Kicksort analyazer.
The resulting spectrum consisted of # and W peaks with the relative
areas giving the beam composition. The electrons present in the inci-
dent beam were few in number and typically could not be resolved. Fig-
ures (10-A, B) show typical spectra accumulated using the time of flight

system, Discussion of the computer fitting procedure used in extracting
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the composition from the TOF spectra will be given in section E of
Chapter 1V.

During the earlier run under Beam I conditions, the downstream
counter of the time of flight system was positioned behind the assembly
of ring counters., This allowed the beam composition to be measured dur-
ing the target out runs, but it was necessary to correct the spectra
for the pions which decayed between the target and the time of flight
counter T2. During the later runs in Beam I, the downstream counter
was positioned at the target position on a traversing platform, which
allowed the counter to be put in and out of the beam. The beam com-
position was then measured between target in and target out runs for a
given incident energy.

For the data runs in Beam II, the beam composition was deter-
mined from a total absorption Cerenkov chamber. Fig. (3-B) shows a sche-
matic of the Cerenkov chamber with the assoclated logic circuitry. The
chamber used followed the design of ref. (24). The detector was 16
inches long, 4 1/2" in diameter, and was lined with an aluminum reflec-
tive liner. A fluorocarbon radiator (3M Co., Type FC 75) was used for
all incident energies.

The chamber was viewed through a 1/4" thick Lucite window at
the downstream end by a five inch diameter RCA bi-alkali phototube with
a gallium-phosphide first dynode, (No. C70135B). The output of the
Cerenkov detector served as input to a linear gate (E. G. & G. No.
LG102/N), which was gated by the monitor trigger, MI. The output of
the linear gate was then sent to a 512 channel pulse height analyzer.

For the beam composition measurement, the front face of the



31

Cerenkov chamber was positioned at the target location to determine for
the various energies the incident beam composition at the target. Dur-
ing data accumulation, the chamber was positioned 12 inches downstream
of the transmission counters and was used as a monitor of the complete
system. The Cerenkov spectra accumulated under this condition were
analyzed and checked for consistancy from one run to the next.

Figures (11-ABC) show typical Cerenkov spectra measured at
the target position for Beam II. Fig. (12) shows the spectrum of the
m ~ beam used in Beam II. Discussion of the fitting procedure for
extracting beam composition will also be given in section E of Chapter

Iv.

D. Beam Characteristics

1. Beam I

For the data runs taken in the Neutron-Meson area(NMA4) nega-
tive pions were produced by the 600 MeV protons incident upon an inter-
nal carbon production target. Figure (4) shows a layout of the meson
beam area at SREL. A pair of 9" diameter quadrapole magnets inside the
cyclotron vault focused the beam for passage throggh the main shielding
wall of the cyclotron. A bending magnet, outside the shielding wail
and at a 45° angle to the beam port, deflected the pién beam onto the
experimental apparatus. The incident pion beam was determined by range
curve measurement to have an energy of 240 MeV with an energy resolu-
tion of + 4Z.

Beam "stretching' was accomplished by a "harp" production tar-

get shaped from 100 thin carbon fibers. With the duty factor defined as
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the ratio of the duration of the beam burst to the separation between
beam bursts, the duty factor was 20Z%.

Because the particles exiting from a given beam port have been
momentum analyzed by the main magnetic field of the cyclotron, it was
necessary to degrade:the energy:.of the incident beam' to produce a vari-
able range of energies. Both copper and polyethylene were used as
energy degrading materials, The degrader was normally inffwont of the
lead collimator downstream of the bender. For some of the data accumu-
lated under parasitic conditions, it was necessary to place the degrad-
er between the cyclotron shielding wall and the bending magnet because
of physical limitations. In those cases, the degrader was dropped into
place from a catwalk above the experimental area., The energies deve-
loped in this manner ranged from 130 MeV to 240 MeV and are listed in
Table II, as are the other beam characteristics.

An attempt was made to extract a 1f+ beam under the same ex-
perimental layout by reversing the polarity of the main magnetic field
of the cyclotron. The pions were produced in the backward direction
(relative to the proton beam) from a stainless steel production target.
Because of the high proton background .and low pion flux encountered, no

W'+ data were taken under Beam:Il conditionms.
2, Beam II

To produce a 1T+ beam, a second beam line involving the ex-
tracted proton beam was used. Pions were produced from a polyethylene
target placed in the magnet hall in the path of the proton beam. The
stochastic cee was used to stretkh the proton beam resulting in a duty

factor of 40%.
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Figure (5) shows a layout of the Risk(zs)

pion channel used
to transport the pions into the experimental counting area (PTA). The
pions were momenium analyzed by two bending magnets, M1 and M2, and
were focused onto the scattering target by four quadrapole singlets;
Ql’ Q2, Q3, and Q4. A field lens (quadrapole doublet Qi and Qé), placed
between Ml and Q3, permitted spatial recombination of all momenta at
the second bending magnet, A 1 1/2" width beam slit was positioned
between Qi and Qi and gave an energy resolution of + 2%. A 1/8" alum-
inum plate located at the entrance of Qi was used to remove protons,
The energy of the incident pion beam used was determined:by
the current setting of the bending magnets and the thickness of the
CH2 production target. Energles ranging from 170 MeV to 295 MeV were pro-
duced by selecting CH2 production target thicknesses between 18" and
3 1/2", Measurements were taken at 270 MeV and 290rMeV but the cross
sections were not computed because it appeared that protons were con-
taminating the monitor trigger signal. Energies below 170 MeV were
produced by degrading the incident beam with CH2 absorber just before
the lead collimating wall. Table III consists of a listing of the
energies covered in Beam II and their related parameters.
Beam II was alsoAused to provide a beam of negative pioms.
By reversing the polarity of the magnets, with thé>exception of Qi
and Qi, in the pion channel, a beam of m was provided with the same

+ -
resolution and energy as the 7 beam. One energy measurement of 7

on 3He was taken under this condition.
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E. Targets

1. Solid Targets

The carbon and beryllium targets were mounted on a remotely
operated traversing platform which provided motion perpendicular to the
beam axis. These targets were separated by a 5" blank space which per- .
mitted the following data runs to be taken quickly for a given energy
and transmission counter-to-~target distance: 1) Carbon, 2) Blank, and
3) Beryllium.

The dimensions and weights of the carbon and beryllium targets
were measured to determine their densities and number of atoms/cmz. T¥he
targets were machined before use in order to "true" the edges of the
target. The carbon target had a mean thickness of .660 + .005 inches
and had a density of 1.33 + .01 g/cm3. The beryllium target used was
.720 + .005 inches thick and had a density of 1.85 + .01 g/cm3. A sec-
ond beryllium target with a .410 + .005 inch mean thickness was also
used. Measurements forltwo beryllium thicknesses permitted us to deter-
mine the effect of target size upon the cross sections (see section I).
The physical dimensions and number of atoms/cm2 are given in Table IV.

2. Liquid 3He Cryostat

One hundred liters (STP) of 3

He gas (on loan from Carnegle-
Mellon University) were liquified and used as a scattering target. A
schematic of the cryogenic system, together with the auxiliary equip-
ment devedoped for liquifying and maintaining 3He in a liquid state,
is shown in Fig. (6). A description of each of these components and

their functions will be given in the following sectionms.
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a, Cryostat Design

A 200 cm3 3He target was suspended beneath a liquid helium 4
reservolir and placed in thermal contact with the reservoir. The 3He
target was housed in a Sulfrian Corporation cryostat, which had a capa-
city of approximately 30 liters. The reservoir was filled with liquid
helium 4 from a 100 liter liquid 4He storage dewar. The storage dewar
was coupled to the cryostat by a rigid transfer line which incorporated
a valve to regulate the 4He flow. The lower section of the cryostat
containing the e garget is shown in Fig. (7).

The 4He regservolr of the cryostat was composed of an upper
and lower section which were connedted by means of an indium "0"-ring
seal, as described by Buckle ggggl.(ZG) This made it possible to re-
move the lower section to which the 3He target was connected for easy
access to the target. A liquid nitrogen jacket enclosed the upper sec-

4

tion of the 'He reservoir making contact only at the neck of the dewar.
All inner walls of the cryostat were gold plated in order to reduce tﬂe
radiative heating. The lower section of the 4He reservolr was wrapped
in tin foil for the same reason.
Surrounding the 3He target was a tin foil radiation shield,

50 mils thick (helium tail), which was in thermal contact with the 4He
reservoir. This tail provided a heat shield at approximately the same
temperature as the liquid 3He target and thereby reduced the turbulence
of the liquid due to boiling. Surrounding the helium tail was a 1/16"
thick copper radiation shield (nitrogen tail), placed in thermal contact
with a liquid nitrogen jacket. All surfaces of the helium and nitrogen

talls were cleaned and polished to create surfaces of low emissivity.
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Quarter-mil aluminized Mylar was used as entrance and exit windows of
the nitrogen and helium tails instead of copper and tin, respectively.
This was to minimize the non-target material in the beam while still
protecting against incident radiatiom.

A stainless steel vacuum jacket completed the enclosure of
the cryostat., Fifteen mil Mylar was used for the entrance and exit
windows of the vacuum jacket, which were 4.0" in diameter. The Mylar
was captured by a double O-ring (neoprene) seal between a flange on
the vacuum jacket and a retaining ring which could be clamped to the
vacuum flange. A 2" diameter vacuum line coupled the cryostat to a
portable pumping station. The pumping station consisted of a 4" dia-
meter oil diffusion pump (CVC type-PMC 720-A) with a liquid nitrogen
cooled baffle. A helium leak detector, which could be calibrated to
sense 3He oru4He leaks, was coupled to the system to indicate vacuum
leaks that might develop during the course of the experiment.

b. 3He Target

The 3He target was a cylindrical stainless steel vessel,
2.375 + .005" in diameter by 2.575 + .009 inches in length with the
symmetry axis of the cylinder aligned with the beam axis. A ferrule
was welded at each end of the cylinder into which an end window could
be sealed. The end windows for the target initially consisted of 3 mil
stainless steel, which was Heliarc welded between two stainless steel
rings. The outside ring had an inside diameter of 2.325" and outside
diameter ofi 2.625", and a thickness of 1/32". The inside ring was of
the same dimensions and had a cylindrical 1lip which mated’to the ferrule

of the target cylinder. Once in position, this window was sealed to the
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target with low temperature indium solder. This arrangement for the
3He target window was used for data obtained in Beam I.

Because of the difficulty encountered in making the indium
seals at the windows leak proof at liquid helium temperatures, and also
to improve the ratio of 3He scattering material to total scattering
material (3He + empty target), the window and seal were wdedesigned.

The 3 mil stainless steel was replaced by a sandwich of two 5 mil

Mylar sheets bonded with an adhesive of Epon-Versamid. A 507%-507 mix-
ture, by weight, of Epon No. 828 (produced by tﬁe Shell Chemical Co.)
and Versaid No. 125 (produced by the General Mills, Inc.) was msed,

The resulting 10 mil Mylar was then bonded with Epon-Versamid to a cop-
per ring and ring flange of the same design as described for the stain-
less steel window., The joint was mechanically clamped by 16 screws
which brought together the two copper rings and the Mylar. All surfaces
that were bonded were first cleaned with acetone and lightly sand- ‘
Blasted with a fine powder. Copper was used instead of the stainless
steel because of the tendency of the Mylar-stainless joint to crack when
cooled to cryogenic temperatures.(27) The Mylar-copper window was then
bonded to the target cylinder with Epon-Versamid adhesive, replacing

the indium solder joint. Successive layers of adhesive were applied,
allowing the previous layer to partially cure before the next layer was
added. This adhesive proved to give a mechanically strong, vacuum

tight joing.

This arrangement of the 10 mil Mylar window for the scattering
target was used under Beam II conditions. The 10 mil Mylar windows gave

a ratio of 3He to 3He pitus empty target material (g/cmz) of 72%. This
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represented an improvement of 5% over fhe stainless windows.

c. Gas Handling System

Fig. (8) shows a schematic of gas handling system used in the
liquification and recovery of the 3He gas. The 3He gas was'normally
stored in a 20 liter stainless steel cylinder at a pressure of approxi-
mately 65 psig. The storage cylinder was connected to the gas panel
through a metering valve which was used to regulate the flow rate and
to decrease the high cylinder pressure to a level more easily handled
by the rest of the gas system. The gas panel consisted of a double
piston pump which was used to transfer the 3He to and from the scat-
tering target; a liquid nitrogen cold trap, used to purify the 3He gas
before liquification; a Wallace and Tiernan 0-2 atmesphere absolute
pressure manometer (Model FA145), used to measure the vapor pressure
of the liqudid 3He; and a Vacsorb pump.

The double piston pump used to transfer the 3He gas was sim—
ilar to that described by Erdman.(zs) The upper piston chamber was
used as a pumping station. Teflon O-rings were used as seals for the
pistons. Two "pop-it" valves connected to the top chamber determined
the direction of gas flow through the pump. The second piston chamber
was used to drive the upper piston. Dry nitrogen gas at pressures up
to 85 psig. was used to operate the lower piston. Alfour-way solenoid
valve regulated the nitrogen gas pressure to provide up and down cycl-
ing of the pump. A variable speed control unit regulated the period
of the pumping cycle.

The liquid nitrogen cold trap consisted of six stainless steel

cylinders containing activated charcoal and connected in series. The
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cylinders were placed in & liquid nitrogen bath to remove those impuri-

3He gas which condense above 77° K. The charcoal trap was

ties in the
initially baked in a heating jacket and evacuated beforée .each use.

All elements of the gas panel were connected with 1/4" copper
tubing, A Marsh vacuum-pressure gauge was placed in the line between
the metering valve and the 20 liter storage tank to register the pres-
sure in the tank. Other Marsh wvacuum-pressure gauges were placed at
various critical points in the gas panel lines.

The gas panel was coupled to the cryogenic scattering tagget
by two long 1/8" o.d. by 0.020" wall stainless steel tubes which ser-
ved as the input and return lines for the 3He gas. The stainless tubes
passed through the liquid 4He reservolr and penetrated the bottom ise-
lation plate of the reservoir into the 3He target chamber. The two
tubes were carefully hard soldered to the 1/4" thick stainless steel
plate which separated the target region from the 4He reservoir section
to prevent mixing of the isotopes. The input line for the 3He was
wound in a helical coil to enhance heat exchange with the 4He. The gas
panel, stainless steel tubing, and 3He target thus formed a closed sys-
tem which was initially pumped out by the Vacsorb pump.

d. Target Preparation

The process used in preparing the 3He tafget was the following:

After the cryostat and gas panel proved to be leak-proof at
room temperature, the liquid nitrogen jacket of the cryostat was filled.
Cold nitrogen gas was also allowed to flow into the 4He reservoir sec-

tion until a temperature of ~~ 125°K was attained. Cold helium 4 gas

from the 100 liter liquid helium storage dewar was then allowed to flow
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into the reservoir, continuing the cooling process. The initial cool-
down to liquid nitrogen temperature proceeded slowly, taking 2-3 hours,
in order to prevent vacuum leaks due to differential contractions in
the target. The leak detector coupled to the system monitored the sys-
tem for the development of leaks during and after cool-down. The temp-
erature during codl-down was monitored by two copper-constantan thermo-
couples, one fastened to the 4He tail and the other to the nitrogen
tail, Once the liquid helium began to codlect in the reservoir, it
could be filled rapidly. The reservolr was normally filled to a 20~
25 liter capacity. The valve of the 4He transfer line was then closed,
isolating the storage dewar from the cryostat. The entire cooling pro-
cegsg (T = 300° K to T = 4.2° K) took 4-5 hours.

With the helium 4 reservoir full, a small amount of 3He gas
was allowed to flow into the scattering target to test for 3He leaks
at liquid 4He temperature. The 0-2 atmosphere Wallace and Tiernan
absolute pressure manometer which was coupled to the closed 3He sys=
tem monitored the amount of 3He gas transferred to the target cell.
This pressure gauge was also used to monitor the target vapor pres-

(29) could

sure after liquification of the 3He in order that its density
be determined,

Since the normal boiling point of liquid ‘e occurs at 4.2° K
and helium 3 liquifies at 3.2° K under normal pressure, it was necessary
to lower the temperature of the 4He reservoir, This involved pumping on
the 4He reservoir, in order to lower its vapor pressure and consequently

its temperature. With the top of the reservoir vacuum sealed, the sys-

tem was pumped by a 425 1/min. Welch mechanical pump through a 1" dia-
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meter pumping port. Interrupting the pumping system, between the reser-

voir and the mechanical pump, was a cartesian manoétat(3o)

which was
used to regulate and maintain a set 4He vapor pressure. A 0-1 atmos-
phere Wallace and Tierman absolute pressure gauge (Model FAl45) was
used in order to monitor the reservoir‘vapor.pressure. The vapor pres-
sure was usually maintained at 110 mm of Hg, which corresponded to a
temperature of 2.7° K. This somewhat arbitrary temperature was chosen
to restrict the temperature between 2.2° K, and A point for 4He and
3.2° K, normal condensation point for 3He. Since tﬁe 3He target was

in thermal contact with the reservoir, the measurement of the 4He vapor
pressure gave a second method for determining the temperature and
density of 3He. )

A by-pass valve with 1" orifice was installed in parallel -
with the manostat. This was utilized in the initial pump-down of the
reservoir and in any refilling of the reservoir affer the temperature
had been set at 2.7° K. After the vapor pressure had been lowered to
about 125 mm of Hg, following an initial pumping, the by-pass ball-
valve was closed and the Cartesian manostat with its 1/8" pumping
orifice then regulated the wapor pressure.

With the 4He reservoir cooled to the desired temperature, the
main valve of the 20 liter 3He storage tank was opened. The 3He gas
was first passed through the liquid nitrogen cold trap to aid in remov-
ing residual impurities. As the gas passed through the 1/8" diameter
input line in the reservoir, the 3He liquified and collected in the

target volume. The piston pump was used to empty the 20 liter storage

tank and to pump the 3He gas toward the cryostat., The entire process
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of liquification took 2-3 hours,

Unlike the solid target arrangement where a target—out run
followed a target-in run, a series of 3He target-full runs were taken
over a set of energles before the corresponding target-out runs were
taken. In order to have the target-full and target-empty data runs at
a given energy follow each other as closely as possible in time, the
process used was normally the following: A series of target~empty runs
were taken over an energy range with the cryostat at 2,7° K. The tar-
get was then filled and the data runs taken over the same energy range.
With the target still fill, a second set of runs was taken over a dif-
ferent set of energies, after which the target was emptied and the cor-
responding empty runs were taken.

Since the 3He target was normally emptied while the cryostat
was at 2,7° K, a small heating resistor attached to the target was uti-
lized to hasten evacuation. A 10 ohm, 1/4 watt carbon resistor was
fastened to the underside of the target by cryogenic epoxy (Helex Epoxy
Products, type R313). A current of 500-700 ma passing throﬁgh the re-
sistor provided sufficient heat input to slowly vaporize the 3He. The
piston pump was used in junction with the carbon resistor to pump the
3He gas back into the 20 liter storage tank. The process of emptying

the target took 3-4 hours.

F., Energy Measurement

The energy and energy spread of the pion beamswere obtained
from analysis of differential range curves in copper. The range tele-

scope, shown in Fig. (9-A), was positioned in front of the lead colli-
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mator. The telescope consisted of two plastic scintillators, Wl and
W? placed in front of a variable copper absorber, with two plastic
scintillators, w3 and W4, placed behind the absorber. Counters W1 and
W, were 2" x 2" x 1/4", W, had dimensions of 5" x 5" x 1/8", while
W,, which was used as an anticounter, was 10" x 10" x 1/4".

The variable beam degrader consisted of 12" x 12" copper
plates whose total thickness could be changed in steps of 1/16".

This "copper~dropper" worked on an inclined plane principle with each
plate riding downhill on a set of ball bearings. The individual plates
were held out of the beam line by a spring~loaded lever arm which could
be remotely released to allow the plate to slide into place. The plates
were held vertical between two grooved platforms to assure proper align-
ment. A television camera monitored the position of each plate upon
release,

A thin absorber, usually a 1/16" iron plate, was inserted be-
tween counters W3 and W4. This absorber was used to increase the stop-
ping target thickness and had the effect of increasing the signal-to-
noise ratio.

A plot of the coincidence wlZSZ (W4 in anticoincidence) per
le versus the g/cm2 of the copper absorber ylelded a peak at the mean
range of the incident pion beam. Figures (9-B) and (9-C) show they
typical range curves taken in Beam I and Beam II. The centroid of the
peak was determined by a least square curve fitting computer code (see
section E, Chapter IV). The distribution was fitted to a Gaussian

with a sloping background.
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The mean range determined in this manner represented the mean
depth of penetration along a straight line. The actual path length of
the pion in the absorber is always larger than the measured range be-

cause of multiple Coulomb scattering. Corrections to the mean range

for multiple scattering were made following the procedure of Lewis(al)

4(32)

and Jann and were of the order of a percent or less.

The mean range was also corrected for the energy loss in count-
ers Wl’ WZ’

energy loss in the counters was added to the mean range. This equivalend

and W3. The amount of copper thickness equivalent to the

amount of copper, ﬂﬁk s Was obtained by solving the equation

A F13
ax AxL“‘s f dx Axl“m-t ENERCY LOSS .

An equivalent amount of copper for one-half the thickness of the 1/16"
iron plate was also added. One-half of the thickness was used because
the maximum counting rate corresponds to the piomns with the'most pro-
bable energy stopping in the middle of the iron plate. The energy of
the incident beam was then determined by the use of a range-energy
table.(33)
When the flux of muons in the incident beam was high.enough
to yield good statistics, the mean range of the muons was also deter-
mined., Since the pions and muons in the incident beam have the same
momentum, this provided a second method of obtaining the incident energy.
For two of the Beam II magnet current settings, a separate ex-
perimental group(aa) had determined the incident energy of the pion chan-

nel by the wire orbit technique. The two different methods yielded

agreement to within 1%, with the rarge curve method producing the lower
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value of the two.

The energy resolution of the incident beam was determined from
the full-width at half-maximum (FWHM) of the fitted Gaussian. The width
of the measured differential range curve can be expressed as the result
of the combined effects of straggling, incident energy spread, and the
stopping target resolution. The amount of straggling for each incident

4(3%)

beam energy was compute and subtracted from the FWHM. For the per-

centage of range straggling ¢ , defined by

& = 100x( 4?%“')*) ‘

where <ARI>* represents the mean square deviation of the range to
straggling, the values of € ranged from 1.2% to 1.5% over the energies
covered in this experiment. As an estimate of the effect of the stop-
ping target resolution, one-half of the thickness of the absorber posi-
tioned between W3 and WA is subtracted for the measured FWHM. The
energy spread of the incident beam measured in this manner was + 4.0%
at 240 MeV and increased to 5.2% at 145 MeV for Beam I. For Beam II,
the energy spread was consistant at + 2.0%Z for all energies except 198
MeV where the value rose to + 3.0%.

All energies quoted for the cross sections are energies at
the center of the target. Those values were obtained from the incident
energies wikth corrections applied for the energy loss caused by the
material in the beam, namely counters Sl’ SZ’ and 83, and 1/2 the tar-

get thickness,



IV. DATA ANALYSIS

A. General Considerations

The transmission technique of measuring nuclear total cross
sections involves a comparison of particle flux transmitted by a target
to a reading of the particle flux transmitted with the target removed.
This method automatically corrects for instrumental effects and attenu-
ation by any target holder or other material in the beam.

Under idealistic conditions (narrow parallel or pencil beam,
no Coulomb scattering, and a transmission counter of such a reduced size
that any pions interacting with the scattering material would be absorb-
ed or scattered beyond the acceptance of the transmission counter) the
number of pions, T, detected in the transmission counter for a beam of

I° particles incident on the target can be written as

Te= (lo),_. & OrNs &8 @

*

The parameter x represents the thickness of the target, (J;- the total
nuclear cross section for the scatteriﬁg material, and N the number of
scattering nuclei per unit volume. The factor e_B accounts for back-
ground scattering due to any target container material, attenuation in
the air and beam-defining counters upstream of the targét. Subscripts
designate readings taken either for a full target (F) or an empty tar-

get (E). Under the same beam conditions the corresfonding measurement

T T rrmane mern e R S B o SR

ot - 46 0z
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with the target material removed can be written as

Tg - (I,)‘ C.B . @)

Dividing eq. (1) by eq. (2) yields

(T ) . ONx
iz, L. ’

o,= % W%/ (B)] @

The standard deviation for the computed cross section due to counting

or

statistics alone ig given by
%
AU’ Nx [T; (I ), Tc ‘L)g (4)

B, Experimental Method

For a transmission counter of finite size, subtending a half
angle § measured from the target center, the measured cross section,
D;\ using eq. (3) is less than the true total cross section by an
amount due to forward scattering events, both elastic and inelastic, w
which scatter into the transmission counter. If the number of particles
registering in the transmission counter is written as the sum of trans-
mitted particles, T, (no nuclear interaction) and forward nuclear scat-

tered particles, FNS, then eq. (3) can be written as (setting Iy= IoE)
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L ]

In /1
C,= Nx (T+FNS), )
This equation can be wewritten in terms of the true cross section as

e () 6 (14 5)

or (6)

G.= O,- ¥ In (:L+FNS)

The second term in eq. (6) represents the correction for the forward
nuclear scattering into the transmission counter., The number of part-

icles nuclear scattered into the transmission counter is given by

Frs- T [ ($h),dn

where (ﬁ)o‘ represents the value of the nuclear differential cross
section.

For the counter arrangement used in the present experiment.:as
shown in Fig, 1, counter T measured the attenuation of the incident beam
and yielded the value UM . The annular counters, RJ.- 4 measured the
angular distribution of both elastic and inelastic events. The angular
distribution was plotted versus the mean angle of acceptance of the
annular counters and extrapolated to @ = O degrees. In this way, it
was possible to numerically calculate the forward nuclear scattering

contribution of eq. (7).
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The differential cross section measured by the annular counter

AW &)
do 1 € 3
(E)LS Nx AN, (8)

J

Ri can be expressed as

where (Ri)F and (Ri)E are the ith counter events corrected to yield only
the nuclear events for the target full and empty, respectively. The sym~
bol A{}; represents the average solid angle subtended by the annular
counter Ri' These solid angle values were calculated by a Monte Carlo
method which averaged over (1) the finite beam size using the measured
incident beam distribution (see section A, Chapter III), and (2) the t
target thickness. The statistical error for the differential cross sec~
tion is given in the manner of eq. (9) by adding in quadrature the pro-
babilities that a particle has been transmitted into the annular counter

under target full and target empty conditions: N
2

1L BEN, [ TeBET o
I, «

A(%%L_)f Nx T,

For the beams used in this work, the beam intensity Io incie

dent upon the scattering material can be written as

I Gpe)= ¥, T+ R I+fT. . (10)

The f's represent the fractional number of pions, muons, and electrons

(positrons) present in the incident beam and satisfy the expression
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Fyefurfeml . av

For the pion interaction with the scattering material, the

"reaction' cross section can be written as

LA AR TARY A

=%—?{+%%c+%a].%" .

12)

where FN is the nuclear scattering amplitude and Fo the Coulomb scat-
tering amplitude. The number of particles, Te (‘“:P') , registering
in the finite size transmission counter, T, for the target empty condi-
tion can be written as (neglecting the electron term for economy of

space since the muons and electrons interact in the same manner)

R AR AT
Telnp)= fo Lolay) M TN e, FLise™™ av

where
-« A Probability for particle to
6. = .a.g. C\ fl = Coulomb scatter between 6 and
e Jg S
]

ar from the target holder,
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TA Probability for nuclear scat-
D-N :{ 3& c[n. a tering (elastic and inelastic)

fr from target holder,

(14)

Probability for pion to scatter
1)
5—‘ - AO"‘C A into the angular range @ —= 7
NeT =
due to the nuclear-Coulemb intex-

ference,

number of nuclei per volume of

zl
]

the target holder material,

and
- " thickness of the target holder
X =
material in the beam.
(Inelastic events such as particle knock-out registering in counter T
are included in the argument 7 of TE of eq. (13)), With the target

material in position, the number of particles registering in the trans-

mission counter can be expressed as
BNk <O Nk = OpcNx -TNX Gy ik ~ feic X
-ﬂ(ign)= tle et e e Ok el

-ONx -G Nk
+¥ . Le ™ ‘e x/
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where 5: ’ GN ’ D'" ¢’ N and X represent the corresponding target-
full quantities.
From the experimentally determined values, TE (7,4) and TF

( w,H4) the number of pions registering in the transmission counter can

be ebtained by computing

T,(n)= Tolw p) - £, 5N &M as

4

and

) = Telnw) - FuLos ™

Taking the ratio of these last two expression yields

Taln)  § L. Bbi Tk
Telo) T, S0 Ol g O O Tk B/
= & 0N e:o',.Nx e:w'mh

an

Finally, taking the natural log of both sides of this equation and re-

writing, the result becomes

i Tel
e i Jn () - 02 a8

Invoking the definitions for the o's in eq. (14), eq. (18)

can be written as

foT%% da= wii D“(;‘%)) _f?gtlm-ftdz_éﬂ. (19)

°, S,
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The nuclear total cross section o3 can be constructed from eq. (19) by
adding to both sides the correction for the forward nuclear scattering

as illustrated in eq. (6).

0, = r :r‘e\n *xﬂc.-!-(.‘_). -l-\.:u:
0, f&a‘e\n‘ *xﬂc.-r‘,) c\-ﬂ. fdrké +N "*Q*(i ’l?la)m)

(Mens &) (Coul) (eouMocl)  (Fog. Nucl) @

For a given beam energy, data were accumulated for up to three

different positions of the transmission counters, with each position
yielding a cross section measurement., The differential cross sections
measured by the annular counters for each position of the transmission
counters, after all corrections had been made to yield only nuclear
events, were combined to form a single plot from which the extrapolation
to zero degrees could be made. The transmission counters were position-
ed to cover the range of momentum transfer from 50 to 150 MeV/c. The
lower limit was required in order to keep the Coulomb-nuclear inter-
ference correction of the order of 1%, while the upper limit kept the
correction for the forward nuclear scattering of the order of a 10%
correction. The values obtained for the total cross section at each
position of the transmission counters were then averaged to give the

final cross section at that energy.

C. Coulomb Correction

Corrections for the Coulomb scattering of the beam consti-

tuents were applied as required by eqs. (16) and (20). For incident
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pions of momentum p, the Coulomb scattering amplitude is given by

|h.6)] = -2n T BO)T &) | @

where|t| is the four momentum transfer
t=-2p (.1.—(:05@) , (22)

and 7 is the effective Coulomb coupling constant,

2 2
N= 3"{’( . (23)

The parameters z and Z are the charge of the pion and the charge of the
target nucleus : respectively; B is the velocity of the incident pion
and a is the fine-structure constant.

The functions F-“lt) and E’f (‘k) are the pion and target nuc-
leus charge form factors, respectively. The pion form factor can be

expressed as (36)

Fe lt) = exp[- ‘1&' Ny ltl-] (24)

with Sl-“ = 0,8 fm, while the form factor for carbon and beryllium can

be written as(37)

u'ﬂz : - 2,2
Rl (1 5?2_%37) e e @)
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where a = 1/3 (2-2) and a = 1.63 fm for carbon and 1.56 fm for beryl-

iium, For helium-3 the form factor was expressed by(38)

2
Fo b= oo , (26)

where a, = 1,31 fm.

For the muons and electrons in the incident beam, the Coulonb
scattering amplitude can be written as in eq. (21) with the form factor
of the incident particle set equal to one and corrected to take into
account the spin of the projectile. The spin of the incident particle
can be taken into account by multiplying eq. (21) by the factor (1 -
B'Siﬂ"g ) where B is the velocity of the incident muon or electron.
Further corrections to the scattering amplitude for the spin of the
nucleus of the recoil of the nucleus have been neglected since these
corrections are proportiénal to the inverse of the mass of the nucleus.
The neglect of these terms yielded uncertainties in the Coulomb cor-
rection of the order of 0.1% or less.

To evaluate the effect of the finite beam size incident upon
the scattering target, the measured beam profile (see section A, Chapter
III) was folded into the integral for the Coulomb correction. The re-
sulting integral for the Coulomb scattering was evaluated numerically
by Simpson's rule. The Coulomb correction was typically a 1-3% cor-
rection, depending on the incident energy and the position of the trans-
mission counters. The Coulomb corrections for the 7r+ and 7 cross
section measurements are listed for carbon in Tables VI and VII; for

beryllium-9 in Tables VIII and IX; and for helium—-3 in Tables X and XI.
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In addition to correcting for particles which missed counter
T because of Coulomb scattering, corrections were also made for the num—
ber of particles registering in the individual annular counters, R1-4’
because of Coulomb scattering. This was required by eq. (7) since the
extrapolation to zero of the differential cross section, which provides
the forward nuclear scattering correction, must involve nuclear events
only. The calculation was performed in the same manner as above with
the limits of integration carried over the angular acceptance of each
counter,

The correction to the creoss section for multiple Coulomb scat-
tering was also investigated. Following the technique of Sternheimer,(39)
the number of particles missing the transmission counter T, because of
multiple Coulomb scattering could be calculated. The correction to' the
carbon cross section at the two lowest energies was calculated and found

to be completely negligible, Therefore, no correction to any of the

cross section measurements was made.

D. Coulomb-Nuclear Interference

The data were corrected for the interference between the =l:
elastic nuclear amplitude and the Coulomb amplitude. The differential

cooss section involving these two amplitudes can be written as

i%-)ta l’F \fc e.,28+ Fﬂ‘z ) (27)

where f,c‘,(;fu') stands for the Coulomb (nuclear) scattering amplitude and

28 is a phase which includes the pure Coulomb phase and the relative
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phase between the two scattering amplitudes, The upper sign corresponds
to 1r+ scattering and the lower to = .

In the evaluation of the Coulomb-nuclear interference term,
the nuclear amplitude was parameterized following the work of Binon

(

35_21.36) They measured the Coulomb-nuclear interference for 17--012
elastic scattering over the 3-3 resonance. They used as the nuclear

scattering amplitude the phenomenological expression

£.16)= [Reflo)+i Infte)] €t T

or . (28)
e
= : wRsit
'Fult)*' IM'F(O)[H«] e Il ,

where a = Ref(o)/Im £(o) and RS was used to introduce a strong inter-
action r.m.s. radius. The parameter t is the squared four-momentum
transfer 2

t=-27 (j_-cose)
where p* and 6% are the momentum and scattering angle in the center
of mass system, respectively. The use of this nuclear amplitude was

supported by previous data(40)

in which the exponential decrease with
ltl of the elastic nuclear differential cross section was determined
for Itl values between the interference region and the first minimum.
With the nuclear amplitude parameterized in this manner, the interfer-
ence term of eq. (21) can be written as
3 .
(%) 4 lfclIn $o) &émt‘ [ﬁl o528t SWZG] . @

= F
TR

The relative phase shift~8 was obtained from an expression by
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(41)

West and Yennie and is given by

29=-21 sm-g-*-*)\ L? -] [.‘l. , (30)

where 7 is the effective Coulomb coupling conmstant (eq. (23)). The
phase shift, using the nuclear scattering amplitude of eq. (28), can

be written as

28= -'}1[2},,\5."-2--;(: "Q"(ZP R,/s /(»-m)} (31)

where C is Euler's constant (C = 0.5772).

For the evaluation of the interference term, the parameters
R, a , and Im £(o) need to be determined for each target. The values
for the carbon measurements were interpolated from the existing inter-
ference data on carbon.(36) The Qalues of Rs for 9Be and 3He, which are
representative of a strong interaction radius, were scaled from the car-

1/3

bon values assuming an A dependence. The data proved to be insen-
sitive to the value of R.S because of the range of momentum transfer
covered in this work. The values of RS determined in this matter were
varied 20% from the scaled values and yielded an uncertainty of 0.3% or
less in the final cress sections. The values of Rs used in making the
Coulomb-nuclear interference correction, as well as the values of «
used, are listed in Table V for each target.

In determining the parameter & , Binon demonstrated that for

7 scattering, the interference was constructive at energies below the

1 - nucleus resonance and became destructive at energies above the
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.resonance. This characteristic feature of the interference gave a curve
for Re f(o) that passed through zero at the 4 -nucleus resonance. =
Landau and Locher in reference (36) calculated Re f(o) from a dispersion
relation using the total cross section for carbon from reference (40).
They generated a curve for Re f(o) which agreed with the experimental
results of Binon. The values of «a for carbon could then be construct-
ed from the calculated values of Re £(o) and the measured cross section.
A plot of the parameter o for carbon over the energy range of this ex~
periment yielded a curve ranging from the value: of 0.2 at the low ener-
gles, passing through zero at the 4 -nucleus resonance and approaching
the value -0,3 at 240 MeV.

Approximations to the values of a for 9Be and 3He were deter~
mined from the plot of a for carbon with the energy axis displaced such
that the curve for « crossed the energy axis at the s -nuclear-reson-
ance energy. The values of a determined in this manner were varied 20%
and yielded an uncertainty of the order of 0.5% or less in the final
cross section.

For the determination of the values for Im f£(o) to be used in
eq. (29), a "self-consistency" type of approach was used. A value for
Im £(o) was first determined by the optical theorem, from the measured
cross section without a Coulomb-nuclear interference correction. This
value was used to make the interference correction, yielding a new cross
section which, in turn, produced a new Im f(o) to be used in evaluating
the interference correction. The iteration process was continued until
a change of 0.01% or less in the total cross section occured. The pro-

cess was usually terminated after three to four iteratioms: This YedIf-
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consistency" method was tested for the carbon measurements, where pre-
vious total cross sections were available, and proved to be satisfactor-
ily convergent.

The integration for the Coulomb-nuclear scattering interfer-
ence was performed in the same manner as the Coulomb correction. A
numerical integration was performed with the beam profile folded into
the integral. The corrections arising from the interference were typi-—
cally 1% or less of the total cross section near the resonance energy
and incrgased to a 3% correction at gnergies off resonance. The values
for Coulomb-nuclear interference corrections for n'+ and 7 cross
section measurements are listed for carbon in Tables VI and VII; for

beryllium-9 in Tables VIII and IX; and for helium-3 in Tables X and XI.

E. Beam Composition

Composition of the incident beam was determined by applying

(42) least-squared fitting procedure to the pulse height

a Gauss—-Seidel
spectra. Figs. 10-A, B show typical spectra and computer fits for the
time-of-flight (TOF) system.

Peaks in the TOF spectra were initially assumed to be Gaussian

and were fitted to the function

(32)

- (x-¢)*
0= Rep[ g | |

where A is the amplitude of the peak, C is the center channel of the
peak, and FWiM = 2428a2 0" is the full width at half maximum. The

fitting procedure varied the parameters A, C, and o so as to minimize
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1§?
the value of which 1s defined as

2
K'a g[ Yj‘;(—xg (33)

/

where Y‘ is the number of counts in the channel X; and N is the
number of channels included in the fit. The parameters were varied in
such a way as to minimize 'xz until the change in each parameter per
iteration was less than .01%Z. The ''goodness of fit" was measured by the
variance of fit. This quantity is defined as the value of ‘12 divided
by N - P, the number of points fitted minus the number of parameters,
and is expected to have a value of 1.0 for a "perfect" fit.

In order to obtain good fits for the TOF spectra (variance of
fit less than 1.5) it became necessary to modify the fitting functiom.

Following Routti and Prussin,(43)

each peak in the fitting code was
described by a Gaussian with an exponential joined on either side., The
exponentials were joined to the Gaussian so that the function and its

first derivative were continuous. The fitting function can be repre-

sented by
£&)= Aexp [- (x-c\’lzo'] C-X <K < C+Xy
= ACX? [’3 x‘ (2!-2(‘-*&)/0] X< C‘xo (34)
= A exp ['é' X, (2¢~ 2*-!-!3)/03 X> C+Xy

where A, C, and o are as defined in eq. (32), X, is the distance in
channels to the lower junction point, and Xg is the distance in chan-

nels to the upper junction point. In fitting the peaks, it was necessary
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to add a tail only to the low side of the pion peak and to the high side
of the muons, The junction points were treated as parameters and allowed
to vary in the fitting procedure.

Although deviations of the peaks from a true Gaussian in the
TOF spectra were not fully understood, it was felt that it could be
attributed to fluctuations of time connected with the difference in len~-
gth of the light paths from different parts of the scintillators. Sev-
eral attempts to improve the TOF system, following the techniques of
Charpak(44) and Ward(és) were made to eliminate resolution degradation
caused by irregular light collection from the scintillant. These attempts
consisted of viewing the scintillators from both ends by phototubes and
forming two separate TOF systems. However, the TQOF system as described
in section C of Chapter III yielded the best resolution and was used in
all TOF measurements.

The m and M peaks in the TOF spectra were fitted with the
function in eq. (34). The fitting procedure yielded the parameters for
each peak with their associated errors. fhe area under the two curves
was numerically integrated with the relative areas giving the beam com-
position. Errors on the beam composition were calculated using standard
Gaussian statistics and represented one statistical standard deviation.

Electrons present in the beams used in the NMA4 area (Beam I)
were few in number and could not be resolved in the TOF spectra. To
determine the number of electrons present in a given spectrum, a stand-
ard procedure was to sum the spectrum in the region two standard devia-
tions removed above the u peak. The contributions of electrons deter-

mined in this manner were always less than .5%.
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It was determined in calculating the cross section that be-
cause of the low electron contamination in the beam, the electrons could
be treated as muons without any further increase in the uncertainty of
the cross section. The positron contribution measured in Beam II (PTA)
was also found to be small and treated in the same manner. The only
cross section measurement in which the electron contamination was expli-
citly treated was the s measurement in Beam II, In thdscease, the
electron contribution as shown in Fig. 12 was 17%Z of the incident beam.

For the TOF spectra with pion energies greater than 150 MeV,

a constraint was applied to the fitting procedure. In these spectra,
the fitting program could not resolve the # and u peaks.because of
the similar flight times. The channel separation of the two peaks was
calculated knowing the flight path interval and the time calibration of
the pulse height analyzer. The spectra were fit with the channel separ-
ation of the centroids of the two peaks held constant. In this case,
fits were performed over various channel intervals of the spectrum to
check thattthe fit résults were insensitive to the choice of interval.
The composition of the incident beam in the Beam I area are listed in
Table II.

For the measurement of beam composition in the Beam II area,
the total absorption Cerenkov chamber was used. The composition of the
incident beam used in Beam II (PTA) are listed in Table III. The
Cerenkov counter was required-in Beam II because of the higher energies
available there. The counter also gave good energy resolution for pions
and muons over the range of energies measured and thereby eliminated the

difficulty encountered in the fitting procedure of the TOF system during
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earlier rumns.

Figs. 11-A, B, C show typical Cerenkov pulse height spectra
for the positive incident beams. Fig. 12 shows the composition of the
one 7 measurement made using Beam II. As shown in these spectra, the
pion exhibits a peak with a low pulse height tail. This low tail can be
attributed to pions which interact in flight with the fluorocarbon radi-
ator, either by absorption or by scattering from the chamber. Pions
interacting in this manner were assumed to be removed from the radiator
without producing the full Cerenkov light that a pion exiting the down-
stream end of the chamber would produce.

In fitting the Cerenkov spectra, it was determined that over

the range of energies measured, the low pulse height tail could be para-

meterized by

<3.(X~<3a)

‘F(K) = ma_c‘ﬂ , (35)

where the C's were wariable parameters in the fitting procedure. The
pion peak of the spectra was fitted with a Gaussian. The muons in the
spectra were fitted with a Gaussian with a low energy tail similar to
eq. (34). The need for a tail on the low side of the muon peak was
attributed to muons which Coulomb scattered out of the chamber. The
beam composition was determined by a numerical integratiom of the fitted
spectra with the relative areas giving the percentage of the beam con-

stituents.
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F. Decay Pions

It was necessary to apply a small correction to the cross
section data for pions which missed counter T because of decay between
target and counter T. The correction was applied only to the trans-
mission counter T, since this counter normally received 90% of the °
transmitted beam and yielded the largest contribution to the final

cross section.

From the kinematics for relativistic decay,(“) the maximum
opening angle, 0::‘ , for the decay muon in the lab, is given by
!
M
MAX Q-

P &
taN 9 = %Z T u’t)g
LAB e Q J
(2
where B”’ is the velocity of the decay muon in the center of mass sys-
2
tem, B is the velocity of the pion in the lab, and K‘ 1/(1"Q)* .

The decay cross-section in the lab system can be written as
(AO') _ N(A-ﬂ-cn =NT
aﬂ- um- c\.ﬂ- LAB
where N, the decay cross section in the center of mass, is constant be-
cause of the isotropic decay of the pion. The symbol, J, represents

the Jacobian for the transformation from the center mass to the lab sys-

tem and is given by '
e
sin’d

T= cind cosO, (Yhwb swd's osd’)

where the angle ¢' is the center of mass angle and 6, the correspond-
ing lab angle. When the Jacobian is evaluated for the available 1lab an~
gles, the decay cross section becomes aingular at the maximum opening

angle,
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Under actual beam conditions, when the momentum resolution of
the incident beam is folded into the theory, the cross section yields a
sharp but finite peak at the maximum opening angle. Coulson‘gg'gl.(47)
have measured the angular distribution of the decay muons coming from a
12 cm. segment of an incident beam with a 5 cm x 5 cm cross sectional
area and have shown the cross section to be sharply peaked at 0::: .

Since the decay cross section has the characteristic shape of
a halo of muons propagating at the angle 0:2: » the assumption was =©
made that all decaying pions with 0::: greater than the angle subtend-
ed by counter T at the point of decay, produce muons which miss counter
T. The correction for the pion decay was always smaller than 1% and was
significant only at the higher energies when the transmission counters
were at their furthermost point from the target. The corrections to the
cross sections for pion decay are listed in Tables VI through XI for the
three targets. For a large number of the transmission counter positioms,
no entry is given for the correction because the counter T, encompassed

the halo of decay muons and no correction was needed.

G. Accidental Coincidences

A correction for accidental events was made for those events
in which a transmitted particle was scattered outside the acceptance of
a transmission counter, but because of a spurious count in the trans-
mission counter, the particle appeared to have scattered into that count-
er, The spurious count may be caused by (1) a beam particle which missed
the monitoring telescope but was registered in a transmission counter, or

by (2) a second beam particle traversing the beam line within the resol-
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ving time of the monitor trigger coincidence.

The use of the two anticoincidence counters, A1 and A2

in eliminating or reducing the random events described above in case (1).

, aided

The contribution to the accidentals as described in case (2) was measured
by forming a coincidence between the monitor trigger delayed and the
transmission counter, to give a= (HT)A‘ R; » where the subscript A
indicated a signal delayed by one R. F. period of the cyclotron. The
number of accidental coincidences, Ni for the ith counter can then be

written as (48)

N;=°((1-Ri) ,

where r, = MI°R coincidences per MI, the probability that a particle
traversed the target and was recorded in the ith counter, The accident-
al coincidences measured in this manner were typically 1 to 2% of the
recorded coincidences and yielded a correction of the order of 0.5% or
less to the final cross section. Cross section corrections for accident-

al events for the three targets are given in Tables VI through XI.

H. Forxward Nuclear Scattering

After all corrections to the annular counter events were made
‘such that the remainder represents only nuclear events, the differential
cross section measured by each annular counter was formed as given by
eq. (8) (section B). For a given incident energy, the measured differ-
ential cross sections from each positioning of the transmission counters
were combined to form one plot. The differential cross section generat-

ed in this manner was least-square fitted to an exponential in the
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momentum transfer Itl over the measured values. The functional fit was
then extrapolated to zero degrees. Figs. 13 A, B, C show plots of the
measured differential cross sections and the functional fit for carbon,
beryllium, and helium-3, respectively.

The number of particles registering in the transmission counter
T because of a nuclear event was calculated from eq. (7). The integral
was evaluated numerically for each positon of the attenuation counter T,
using the fitted differential cross section. Corrections to oy for

w'f and = forward nuclear scattering are given for carbon in Tables
VI and VII; for beryllium-9 in Tables VIII and IX; and for helium-3 in
Tables X and XI.

For the cross section measurement of ‘ﬂ+'and «  on helium-3
at the two lowest energies, the measured differential cross section
could not be fitted to an exponential in ltl . At these energies, the
measurement differential cross section was flat with a slight rise for
larger |t| values. This deviation from an exponential could possibly
be attributed to scattered pions in the 3He target being rescattered by
the stainless steel target chamber into one of the annular counters.

This systematic error was possible because of the small targét diameter
and the nature of the distribution of scattered pions from a low Z ele-
ment at low incident energies. The first minimum in the elastic differ-
ential cross section moves to larger angles as the incident energy or
the target atomic number decreases.(49’ >0)

To make the forward nuclear scattering corrections for these
measurements, the average of the measured differential cross section was

used to make the correction for the forward nuclear scattering. The



69

uncertainty in these corrections for the two low energy measurements on

helium-3 is reflecﬁed in the quoted error for the final cross section.

I, Beam Rate, Counter Efficiency, and Target Size

Measurements were made of the observed cross section as a func-
tion of beam rate for one of the targets used. The measurement consisted
of varying the internal current of the cyclotron for the incident energy
with the highest count rate. The cross sections measured in this manner
were found to bé ébnstant within the statistical counting uncertainty.

The efficiency of the attenuation counter, T, was measured
under experimental conditions. The measurement consisted in position-

ing the counter between the two 1" diameter scintillators, S, and S,.

1 2

The efficiency of the counter was calculated from
AT

ﬁeieitncg LT) a _ﬁ_é),, 1007" .
The efficiency measured in this manner was 99.7%Z. The assumption was
made that the efficiency of the counter, T, was constant over the dur-
ation of the experiment., Based upon this assumption, the efficiency
of the counter cancelled in the ratio of target empty to target full
readings; Therefore, no correction to the cross sections was made for
the efficiency of counter T.

The efficiencies of the four annular counters were not meas-
ured as described above because of the lack of beam time and the difw-
ficdlﬁy of ;uch a measurement owing to the geometrical shape of the
cbﬁﬁters. From a' comparison of the measured carbon cross section using

the annular counters to existing cross section.data, the efficiencies
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of the annular counters were estimated to be 987 or greater. This level
of efficiency was believed to have been maintained for all cross section
measurements throughout this experiment. Voltage plateaus and delay
curves for each of the annular counters were taken and rechecked through-
out the course of the experiment. The output of each counter also gave
well defined separations between the noise and beam particle pulse
heights, indicative of a high efficiency.

As stated in section A of Chapter III, the use of an anti-
counter positioned before the scattering target can give rise to a sys-~
tematic error. Beam particles in the monitor trigger can back scatter
into the anticounter, vetoing the event as a good monitor trigger and
thus yielding a low cross section. For those cross section measurements
in which A2 was in place, the number of particles back scattering into
A2 can be found by taking the difference in the coincidences 812§i3§2
for target full and empty conditions normalized to the same number of
monitor triggers. The number of particles back scattering into A2 was
typicaliy less than 1% of the target full monitor triggers and yielded
a 0.5% correction to the cross section.

As stated in section E of Chapter III, a second beryllium tar-
get was used to investigate the possible influence of target thickness
upon the cross section measurement., For two incldent negative energies,
cross sections were measured using both beryllium targets. The measured

values were found to be consistant within the statistical error.

J., Final Cross Sections and Errors

The final values for the total cross sections for each target
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are given in Table XII. These values represent an average over the .r
cross section measured at each position of the transmission counters for
an incident energy. Figs. 14, 15, and 16 show a plot of the total cross
sections versus the lab kinetic energy for carbon, berylliﬁm, and
helium-3, respectively. Existing carbon and beryllium total cross sec~
tions(éo’ 51’752’ 53) are also included in Figs. 14 and 15. For the
cross sections listed in Table XII and for the compilation of cross sec~
tions listed in Tables XIII -~ XV, no Coulomb distortion (section K) cor-
rections have been included.

The uncertainties due to the various corrections were added
in quadrature together with the statistical error for each position of
the transmission counters., Finally the errors assigned to individual
positions were added in quadrature to give the final error quoted in
Table XII. Estimates for the uncertainties associated with a correc-
tion were generated by varying within reason the parameters used in
making the correction. Uncertainties for the forward nuclear correc+:
tions were generated by adding in quadrature the errors on the curve
fitting parameters. The statistical counting error, beam composition,
and target thickness accounted for the main sources of error in this

experiment.

K. Coulomb Distortion Corrections

In evaluating the integrals over the incident pion energy for
both the sum-rule and the dispersion relation, the term Aoa U-('l'ﬂ)- U,‘fﬁ)
in the integral is due to the nuclear interaction only. As shown in

Fig. 14, the s -carbon cross sections are significantly larger than
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the 1r+-carbon cross section. The difference was first measured by
Clough(54) et al. who measured nt and 7 carbon cross sections under
the same experimental setup from 90 to 850 MeV., This difference in the
measured cross sections is viewed, not as a violation of charge independ-
ence, but is attributed to the distortioﬁ of the incident plon wave func-
tion by the Coulomb field. The positive pion is repelled by the nucleus
and therefore, will not have the same impact parameter as a negative pion
of the same incident energy which is attracted toward the nucleus. This
Coulomb contribution to the ,,,.'.". nucleus cross sections has previously
been calculated explicitly in a semi-classical approximation by Faldt
and Pilkuhen.(ss) The corrections to the cross section differences for
the Coulomb distortion are listed in Table XVI. As a point of interest

9

it is noted that because of the isospin dependence of “Be and 3He the

Coulomb distortion correction made the 9Be difference (0".-0;':) less

positive while the 3He difference is more negative. A discussion of
the correction for Coulomb distortion to the sum rule and to the dis-

persion relation will be given in Chapter V.



V. EVALUATION AND DISCUSSION OF RESULTS

In this section the numerical evaluation of the sum rule for
nuclear beta decay (Eq. 35) will be made for 3He, 7Li and 9Be. A range
of values for the meson-exchange correction factor, £ , and the ratio
of the on-to-off shell coupling constants for the nucleon and the nuc-
leus X(OJ' 'i'A\P)/ K(O,"NIN$), which are compatible with these sum:rule
evaluations will be given. For the 9Be evaluation, the compilation of
a . 9Be cross sections in Table XIV has been combined with the 9Be
measurements of this work in generating the integral I(‘H::;'I'N,)in the
sum rule, Estimates for that portion of the 3He integral at kinetic
energies above 243 MeV which was not measured in this work are also pre-
sented. This estimate for the 3He integral is taken directly from the

measured fractional influence of 7Li and gBe data above 243 MeV. The

T . 7Li cross sections have been obtained from references (51) and
(52) and are given in Table XV.

The remainder of this section will consist of an estimate of
the effective pion-nuclear coupling constant for 3He. A direct compar-

ison of the multiple scattering calculation of 5;.(‘&’&) by Gurvitz will

also be made with the 3He cross section measurements in this work.
A. Sum Rule

In evaluating the sum rule for nuclear beta decay, the dis-

cussion will be presented in two parts. The first part will involve

- 723
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the evaluation of the integral over the pion energy of the total cross

section and the second part will involve the evaluation of the sum rule.
Beforeeevaluating the integral I(‘ﬂ%}WN;) , it is advantage-

ous to review the general functional form of the integral. Rewriting

eq. (32) of Chapter II,

T (% wNg) = 'n‘f Ab'n[d

G.,‘?Nc) -0 (-n'.;tN) ,
we see that the explicit energy dependence of the integral has a form
which peaks at the kinetic energy ('ré "i) M-n' and approaches a 1/E
dependence for E-'>> My . Measured 7% -nuclear cross sections are
characterized by the 3/2-3/2 resonance which occurs approximately at the
pion mass energy and which approach the same value about 1 BeV. When
these characteristies of the integral are considered, the major contri-
bution to the integral can be seen to come, therefore, from the 3/2-3/2
energy region.

In carrying out the integration, the measured cross sections
were first smoothed using a smoothing function which fitted a least

squared, -one degree polynomal to three sucecessive data points. (56)

These
smoothed values became the input to a spline-fit interpolation computer
routine(57) which gave interpolated values for every MeV. The smoothing
of the measured cross section was essential to the interpolating routine
as the interpolated values oscillated strongly between the measured values
when the data were not smoothed. The interpolatéd values were then used
to evaluate I("\:,‘f N{) by a numerical intergration. The cross section
curves which were generated in this way and uéed in integrating I""\:;TI'N;

are plotted as smooth curves in Figs. (15-A) and (16).
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The low energy cross section region from Eq’ﬁ\r (threshold)
up to the lowest energy data position were generated by assuming a mo-
mentum cubed dependence for the cross sections. An extrapolation was
made from the lowest measured cross section to zero kinetic energy.

For the m 3

He data, a linear extrapolation was made using the measured
cross section to 123 MeV and the generated momentum dependent cross sec-
tions started at that point. No attempt was made to match these two
forms continuously.

As discussed in section K of Chapter IV, the measured cross
section must be corrected for the Coulomb distortion of the incident
pion wave functions. This correction was made using the semi-classical.
approach of Faldt and Pilkuhn.(ss) In making this correction to the
measured cross section, 1t was necessary to impose a cutoff at an inci-
dent energy below which no correction was made. This was necessary be-
cause of the unrealistic divergence of the semi-classical model at low

3He, 7Li and 9Be was set at 70 MeV. This

energies. The cutoff for
value was determined from two sources., The 1r+ and 7 cross sections
on carbon (Fig. 1l4-A), which is an isospin zero nucleus, converges below
70 MeV for which no further Coulomb distortion correction is necessary.
Secondly, an evaluation of the effective-pion-nucleus coupling constant
for 9Be and 7Li, produced agreement with the results of Squier,.ggiglsss)
when the cutoff was taken at 70 MeV. The cutoff used in the evaluation
of Ly, "] was varied by 10 Mev and ylelded a 4% change mI('H:;IM.
The value of the integral, I‘*:;I’“.)'for 9Be yielded a value of
0.48 + 0.08;, while the 711 cross section yilelded a value of 0.60 +

0.09,. The integral for the 3He cross sections up to 243 MeV produced
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a value of -0.61 + .11. The integral for the nucleén was also calcu-

69 4p to 60 BeV and yielded

lated using a compilation of nucleon data
a value of -.50 + .01,

As mentioned earlier in this chapter, the integrals of 9Be and
7Li were investigated to determine the degree to which the region above
the 3/2-3/2 resonance contributed to the sum rule in beta decay. The
values of these integrals up to 243 MeV determined in this manner pro-
duced 90% for beryllium and 93% for lithium of theilr normal values for
which an upper limit of 1 BeV was taken. This relatively small contri-
bution to thg integral above 243 MeV is primarily due to the fact that
the cross section curve for ﬂ+ and T cross at approximately 550 MeV.
This crossing of the cross section curves, which is characteristic for
isospin one~half nuclei, most likely reflects the iInfluence of a higher
I = 1/2 resonance. Since 3He 1s an isospin one-half nucleus as well,
the assumption is made that the ﬁt - 3He cross section will also cross
and the contribution to the 3He integral above 243 MeV would, therefore,
be similar to that observed in 7Li and 9Be. For this reason the region

3He was assumed to contribute an additional 8% to the

above 243 MeV in
integral. In assuming this 8% addition, the assumption is made that
higher resonances in the 3He cross sections, if present, would not be a
dominant feature. This assumption is supported by the smearing of
higher resonances by the Fermi motion in deuterium and helium—d.(60) As

a final comment, it is noted that an evaluation of the integral :[tqﬂszfJ
to include only the 3/2-3/2 resonance yields 72% of its normal value.

The value is representative of a maximum correction. With the 8% addi-

tion to the helium-3 integral, the final value is ~0.66 + .15.



77

With the values of 1( M:; w Nf) for 3He, 7Li, and 9Be and

I(-M:; wP; ) stated above, the sum rule was evaluated. The values of
the ratio X(°:I‘M?)IX(U,‘N3“|)for a range of values of the meson exchange
correction factor ¢ , from¢ = -0.1 to 0.1 have been plotted in Fig.
17. The curves for the three nuclei have the same characteristic shape
with a negative slope. Kim and Primakcff(s) have estimated the meson
exchange correction factor to be of the order of 0.05. Harper et al. (61)
have calculated ¢ 3 from experimental ft values for triton beta decay
"to be = 6%. These values of ¢ indicated a ratio of k(o WAP)/ K(O‘TN‘N;)

of £ 1. This fact indicates that for the nuclei considered, the coupl-

ing constant moves off-shell slightly slower than the nucleon.

B. Effective Coupling Constant

Rewriting the expression for the effective coupling constant

presented as eq.(41)in section B of Chapter i1,

dw' AT (s
Newe= 2 RQ'F("") f —E—g_)

/,

we see that the term ‘n'eff consists of three contributions: the value
of Re £ (MMg); the integration over the physical region, Mg4W< O ;
and the integral over the unphysical region, W< W< Mg ., The evalua-
tion of the integral over the physical region for 3He was performed in
the sum rule integral of Kim and Primakoff. The Coulomb distortion cor-
rection was cut off at 70 MeV and the low energy cross sections were
generated by assuming a momentum cubed dependence. The contribution to
the integral above 243 MeV was obtained in a manner similar to that for

the K-P sum rule. The dispersion relation was evaluated for 9Be and 7Li
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using the data in Tables XIV and XV. Termination of the integrals at
243 MeV produced . 91% for 93e and 947 for 7Li of the 1 BeV limiteinte~
gration. With an 8% addition the contribution of the physical region
to the coupling constant was (.037 + .010).

For the contribution ffom the unphysical region, an attempt
was made to parameterize the imaginary part of the antisymmetric amp-

litude according to eq. (42) of Chapter II. The antisymmetric scatter-

ing length can be written as

Qa = 32.— ( Qyea~ Q-"A) ,

vhere Q‘*“ are the 1r:h-A scattering length., The % ~ scattering lengths
can be obtained from 7r-pionic atoms. However, no experimental evalua-
tion of Qﬁ‘“ has been carried out. Ericson and Locher(ll) have evalu-
ated the contribution from the unphysiéal region for Z =N+ 1 nuclei
using effective 7 ~nucleon scattering lengths. They obtained a value
of 0.01 for the contribution from the unphysical region.

The value of Re f (My) has been determined by ref. 11 and ref.
58 from pilonic atoms to have the value 0.048 + 0.010 Mz L, The Re £
(Mg ) can be expressed as 1/3( a 3= @ 1) where o, and o, are the
effective w-nucleon scattering lengths. The 4 -nuclear scattering

(62)
3]'

length a_ was expressed as 1/3[2Z « 1 + (AN + 2) « Values for

a, from seven low Z nuclei were obtained from energy level shifts in

(63, 64) and fit usinf a. 18ast squarés méthod to give the

pilonic atoms
effective valies of a4 and @,
Combining the three contributions, the effective pion-nuclear

coupling constant for 3l-le has the value (.071 + .012). The values of
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-ﬂ. eff for 9Be and 7Li have been calculated recently by Squier et al. (58)

using their measured cross sections. They obtained the values, J'Leff

.068 + .008 for '

Li and 'n'eff = ,061 + .007 for Be. Both of these
values include a contribution of 0.01 from the wnphysical region.

In a nuclear model where the nucleons in the nucleus are treat-
ed as free particles, the value of JUL eff would presumably equal the

pion-nucleon value of 0. 08(65)

In this same model, the nuclear cross
section would be equal to a value of A times the free pion-nucleon cross
sections. The ratio of the effective pion-nuclear coupling constant to

the pion-nucleon value can, therefore, be considered as a measure of

nuclear shadowing effects.

C. Strong Interaction Model

To apply the expression for the total cross section developed

3He case, the isospin dependence of the 3He nucleus

by Gurvitz(lz) to the
must be taken into account. The three terms in the expression for the
total cross section for single, double and triple scattering can be re-

placed for 3He as the following:

1) Single 34 TOT O-T?* UF‘P* Ovn
Cble _3_?2- Tor .
2) Doubl ot (OI'N) lbr[o}? f&u" QAD;]
4 4
A ) A
3) Triple l‘i?.'ll" (O-ma — 192 ¢? O-IPG;'P 5"!"\



80

Evaluating this expression at the nucleon's 3/2-3/2 resonance (i.e. & =
0) and using as input values
l:;l’f'a'czwvﬂ = :ZC)(D nnhn
Oxp = Onm= 70 mb )
the following =« —3He cross sections are computed:

U'is“et 340 ﬁb
Un' e = 280 H\b
Although Gurvitz's model does not predict any energy shift of
the 3/2-3/2 resonance for the 3-nucleon system, the magnitude of the
nuclear cross sections at resonance are found to be in good agreement

with this work. These are to be compared to our experimental values of

3%40 wb for O (1"-’He) and 260 w for O (T[--3He\ .



V1. APPENDICES

. Appendix I
The sum over the intermediate state can be written as
J'gb M'
2 Lt Z + Z
dim, N, bdow Abeve !
where 1) Z contains all states with M_ = Mf (with isospin
batow 8
invariance)
cond.
2) E% contains all continuum states below = +¥uf threshold
W h
cont,
3) 2: contains all states above T + Nf threshold
Abaeve

For example, the sum of the intermediate states for the independent cases

in which the final nucleus is first p and then 3He can be written as:

disc
N‘“? § s> M Is*S: None

LI

cepnt,

5 |sH- Noveé Isy: Nowe

casd
S I v [sh: T™p

Rbovt
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bilow

Cont.

2. \S); MA‘ mmp

bdow

conl 3
2 l5>I TI'°H:;'|I- ']

Abave

18> . NoNE
Is>: PPP
s> 7t *He
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APPENDIX II

The sum over the states above the threshold,

2+ 7 kgl vl ™= £ Ikndaam N

can be evaluated following an Adler-Weisberger procedure. These sums
can be rewritten in terms of the divergence of the axial-vector current

using the following identities:

| <N4\3,5:(o)l N = T (Bh< Ne | 4360) 1N ,
adiay- o [aungay-tERoweNY |

and

<Nelah 0N = [0 el gy oS G-pdetanolil,

where translational invariance has been used in writing the last terms.

These identities allow the matrix element of QA(o) to be written as

<Ny &k (el = (21\35’(.1;*:'?-) H:Te,) <N;l b 4:‘@ l N‘X

where for the sum over the states above threshold, €, = €

Considering the sum over Ns, this term can be written as

2+ |2 @63 (Tl <Nl Bataly
- 3 @) $63) | aa | Kl » )
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This expression contains a 3-momentum conservation only,
Following the procedure of Be11$l6) this expression can be changed
to a formal 4-momentum conservation where € is allowed to be a

"free" parameter. The sum over the states, N, can be written as

5= &)[ B Zesla gl by oy
. and q:(o,lb) .

)
Using covariance, the dependence of << thh &ﬂl“ on
FICOALE

mueA=%—e

€ o can be extracted by evaluating the sum in the lab (prime) frame.

‘ The sum can be written as

le. 2
5- &gl ! longralnto

Using PCAC

é)ﬁ‘;(o) = 0“ N:' &r ,
[DZ‘N-}] & -

this sum can be written as

é‘ - (ilir) ée%a é(ufs*(ﬁ-?,-q') %%“ |<Nr(P¢"°)hn'\ Ns>\z,

2

Y
1) (d¢s e .aml 1' =
= (2.1)f €q-; §‘ (U) s (fg‘f"‘i) q"ﬂl\‘ <Ns h'r N; t?:'O) .
From the definition for total cross sections which can be written as

[2w1vgy, | O] o = el 5\ pyrg) <N [ )
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The sum over the states, N_, can be written in the limit \I*"l(l!q-bb)

2 SRl + [ S L o]

A similar term holds for the sum over Ns‘ « The combined term for the

sum of states above the threshold can be written as

é“’ QP% :Ngr %fﬁ: [l‘]l{ T b-l"&g_]ma .

ova
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TABLE I.

Counter Geometries. All measurements for the counters are given in

inches,
Range Telescope: Counter (X,Y,2)
wl 2,2,1/4
w2 2,2,1/4
W3 5,5,1/16
Wwh 10,10,1/4
Incident Beam Telescopet: Counter Diameter Thickness
S1 2 1/8
52 1 1/8
S3 1 1/32
(s4) 1 1/8
Al 11/8 8,8,1/4
(anti-hole)
A2 11/4 6,6,1/4
(anti-hole)
Transmission Counters: Counter Inside Outside Thickness

Diameter Diameter

T - 3.50 1/16
R1 3.62 5.5 11/2
R2 5.62 7.5 1/2
R3 7.63 9.5 1/2
R4 9.64 12.0 1/2

Other Counter Used:

TOF Tl 2,2,1/4
T2 2,2,2
Profile Counter 1/4,1/4,1/4

Cerenkov Chamber 16, 4-1/2 (bia.)
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TABLE IV.

Target Dimensions and Properties

Target Surface Dimensions :Thigkness Density No. Atoms
(Inches) (Inches) (g/cm3)
Carbon X:5.696 + .005 .660 + .005  1.33+ .01  .112'+ 5001x10%*
¥:5.699 + .005
Beryllium X:5.090 + .005 .720 + .005  1.85 + .01  .226 + .001x10%*
y:5.115 + .005
.410 + .005 .128 + .001x10%*
Liquid Jge 2:375 + .005 2,575 + .009  .071 + .006 .929 + .008x1023
Mylar (Dbia.)
Window
Stainless 2.375 + .005  2.580 + .010  .070 + .006 .924 + .009x10%3

Window
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TABLE V.

Values for the Parameters a and Rs used in the Coulomb-nuclear inter-

ference correction.

I. Carbon-12

Energy (MeV) o Rb(fno Energy (MeV) o Rb(fm)
121 0.21 3.47 97 <37 3.65

147 0.05 3.34 134 .13 3.40

172 -0.08 3.21 142 .08 3.36

198 -0.18 3.09 146 .06 3.35

216 -0.23 3.00 171 -.07 3.23

240 -0,29 2,90 175 -.09 3.20

204 -.20 3.06

223 -.25 2.98

227 -.26 2,96

II. Beryllium-9

Energy (MeV) a Rs(fm) Energy (MeV) o Rs(fm)
120 25 3.15 96 40 3.30

146 .09 3.02 141 0.11 3.06

171 -.05 2,91 146 0.08 3.04

198 -,16 2.82 170 -0.05 2.93

215 -.22 2.73 203 -.18 2.78

240 -.28 2.63 223 -.24 2.71

227 -.25 2,70

III. Helium-3

Energy (MeV) a Rs(fm) Energy (MeV) o Rs(fm)
123 .27 2.19 141 0.15 2.12

151 .08 2.10 146 0.11 2.10

176 -.05 2.02 157 0.05 2.06

202 -.16 1.95 162 0.20 2.05

21% -.22 1.89 175 -0.45 2.00

243 -.28 1.83 179 -0,65 1.99

202 -0.16 1.93

209 -0.18 1.92

213 -0.20 1.90
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TABLE XII.
Measured T * Cross Section Values

I. Carbon-12

Energy (MeV) T + (mb) Energy (MeV) T~ (mb)
121 644 + 10 "97 642 + 14
147 682 + 10 134 692 + 12
172 678 ¥ 7 142 698 ¥ 12
198 633 + 7 146 : 696 + 12
216 598+ 8 171 686 * 9
241 554 + 8 175 676 + 9

204 631 F 0

223 599 ¥ 11

227 587 ¥ 11
II. Beryllium—9

Energy (MeV) m* (mb) ~ Energy (MeV) "~ (mb)
120 512 + 8 96 529 + 14
146 567 + 8 141 644 + 9
171 570 & 6 146 649 ¥ 9
198 531F 7 170 636 ¥ 7
215 500 + 8 203 577 + 8
240 460 ¥ 8 223 542 ¥ 10

227 . 523F 10
III. Helium-3

Energy (MeV) xt (mb) Energy (MeV) T~ (wb)
223 277 + 16 141 266 + 20
151 341 + 14 146 234 + 18
176 333 + 12 157 256 + 16
202 308 + 12 162 252 + 16
219 262 + 13 175 260 + 17
243 232 ¥ 15 179 263 ¥ 17

191 260 ¥ 19
194 257 ¥ 20
202 222 ¥ 22
209 229 + 22

213 222 + 22
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TABLE XIII.
Compilation of 7 b Carbon Total Cross Sections

Energy 7~ Cross Section Ref. Energy nt Cross Section  Ref.

MeV) (mb) (MeV) (mb)

87 583.1 + 15.4 a 87 501.3 + 24.9 a
113 673.0 + 18.7 113 624.6 + 14.2

127 687.6 + 17.6 127 646.9 + 11.6

155 699.4 + 9.5 155 682.7 + 12,0

186 661.5 + 13.0 186 640.9 + 10.5

228 584,1-+ 8.5 228 569.4 + 13.5

258 534.9 + 8.0 258 522,7 + 8.0

287 492.2 + 6.5 287 473.7 + 8.0

335 421.3 + 4.5 335 408.4 + 4.5

480 314.3 + 2.5 480 304.4 + 3.0

565 301.2 + 2.0°7 565 291.9 + 4.5

694 304.5 + 4.0 694 297.7 + 4.0

854 326.2 + 6.0 854 322.2 + 6.0

78 508.0 + 6,0% b 78 438,0 + 6,0% b
106 661.1 + 4.0 106 593.0 + 4.0

141 707.5 + 4.0 141  678.5 + 4.0

185 664.0 + 4.0 185 658.0 + 4.0

221 600.5 + 3.0 221 591.5 + 3.0

258 532.5 + 3,0 258 523.5 + 3.0

151 716  + 19,0 c 115 620.0 + 18,0 c
90 590 + 12,0 d 132 680.0 + 17.0



TABLE XIII.

Compilation of wi Carbon Total Cross Sections (cont'd)

+ Cross Section

108

Energy ~ Cross Section Ref. Energy Ref.
MeV) (mb) (MeV) (mb)
108 666.0 + 10,0 155 682.0 + 16.0
120 681,0 + 7.0 177 634.0 + 17.0
150 696,0 + 7.0 210 601.0 + 17.0
180 670,0 + 7.0
230 584,0 + 6,0
260 536.0 + 6,0
280 510,0+ 6.0
69.5 537.0+ 20,0 e
87.5 571,0+ 20,0
a. B. W. Allardyce, et al. Ref. 51.
b. C. Wilkin, et al., Ref. 52.
c. N. D. Gabitzsch, et al., Ref. 53.
de F. Binon, et al., Ref. 40.
e. R. M. Edelstein, et al., Ref. 50.

Statistical error only



TABLE XIV.

Compilation of 7w * Beryllium Total Cross Section

1r+ Cross Section

109

Energy m Cross Section Ref. Energy Ref.
(MeV) (MeV)
89 466.5 + 11.1 a 89 421.5 + 11.3 a
115 567.1 + 30.2 115 491.7 + 14.9
128 620.6 + 9.8 128 516.6 + 8.0
156 645.2 + 9.8 156 561.9 + 12.3
187 610.8 + 8.8 187 540.5 + 8.8
229 526.4 + 7.2 229 469.1 + 11.9
259 469.5 + 6.8 259 418.1 + 7.3
289 415.5 + 6.1 289 383.4 + 6.3
337 343.8 + 4.9 337 312.3 + 5.1
409 282.,9 + 3.4 0 409 267.7 + 2.9
482 237.1 + 2.8 482 236.5 + 2.6
567 225.4 + 3.0 567 233.2 + 3.8
696 232.7 + 3.0 696 244.3 + 3.8
855 258.8 + 4.0 855 268.6 + 5.7
107 556.0 + 4,0% b 107 454.0 + 4,0% b
142 654.0 + 4.0 142 565.0 + 4.0
186 614.0 + 3.0 186 554.0 + 3.0
222 542.0 + 3.0 222 495.0 + 3.0
260 460.0 + 2.0 260 422.0 + 2.0
151 661.0 + 13.0 c 113 483.0 + 10.0 c
131 589.0 + 11.0
153 581.0 + 11.0
176 549.0 + 10.0
209 500.0 + 10.0

a. B. W. Allardyce, et al., Ref, 51.

b. C. Wilkin, et al., Ref. 52.

c. N. D. Gabitzsch, et al., Ref. 53.

% Statistical error only



TABLE XV.

Compilation of s * Lithium-7 Total Cross Sections

110

Energy m Cross Section Ref. Energy 1r+ Cross Section Ref,
(MeV) (mb) (MeV) (mb)
91 371.7 + 19.8 a 91 312.0 + 8.2 a
117 510.9 + 8.6 117 384.4 + 13.3
130 548.9 + 4.3 130 420.4 + 4.6
158 565.3 + 10.5 158 487.3 + 12.0
189 528.3 + 10.8 189 480.7 + 8.6
231 448.4 + 8.0 231 394.2 + 7.8
261 395.9 + 8.6 261 356.4 + 6.6
291 344.4 + 5.6 291 308.6 + 5.4
338 277.5 + 4.3 338 258.5 + 4.3
411 229.9 + 2.6 411 212.0 + 2.5
483 190.3 + 2.6 483 191.8 + 2.3
568 181.3 + 2.3 568 194.3 + 3.3
698 189.2 + 2.9 698 199.3 + 3.9
857 210.6 + 4.0 857 227.7 + 5.0
110 484.0 + 4,0% b 110 387.0 + 4.0% b
145 575.0 + 4.0 145 483.0 + 4.0
188 547.0 + 4.0 188 467.0 + 4.0
225 467.0 + 3.0 225 426.0 + 3.0
262 393.0 + 3,0 262 358.0 + 3.0

ae.

b
*

B. W. Allardyce, et al., Ref. 51.

C. W. Wilkin, et al., Ref. 52,
Statistical error only



111

1°t 0°0T- (AN L°0T - 008
S°t L°6 - T L°TT - 00L
6°¢ ¢°T - L2 6°6 - 009
LY 6°0 T°¢ °0 - 00s
1°9 9°L1 % 8°¢T : 00y
0°6 6°0¢t ¢°9 6°6C 00t
¢ ST Y9 L°0T %°09 AN L°99 - 00¢
| VAN €°99 0°cT %°99 T°9 c°oL - 081
c°6t ¢LL AR L°28 L9 G°06 - 09T
y°1C S*6L Lyt 0°90T 0°L 8°60I- oYt
T1°¢¢ c°es 6°ST 0°LTT ¢°L €°9L - 0zt
6°se €°8L 6°91 c'18 9L L°ES - 00T
L°9¢ 8°LY L°LT GGy 8°L AR M 08

(ASR)
*Inoo- ( ._nollbv. =0V *Inop- ( ._..o....bv =0V *{nop- A+b||.© =0V £319sugy

omm Sn wmm

*SuxeqTITTH UL ©IF SUOT30eII0) IV °SUOTIOBII0) UOTIIOISTJ QqUOTNOD

*IAX TT4VIL



Figure

Figure

Figure
Figure
Figure
Figure
Figure

Figure

Figure
Figure
Figure

Figure

Figure

1.

2,

3-A.
3-B.
4,
5.
6.

7.

8.
9-A,
9_B’C|

lo-A, B .

11-A,B,C.

X. FIGURES

Experimental counter arrangement.

Block diagram of logic circuitry. The units labeled
D are standard discriminators and those labeled C are
coincidence units,

Schematic of time of flight system with logic circuitry.
Schematic of Cerenkov chamber with logic clrcuitry.
Plan view of meson area at SREL (Beam I).

Plan view of pion channel for the PTA (Beam II).
Cryogenic system for liquid 3He target.

Liquid Helium~3 target section and thermal radiation
shielding.

Gas handling system.

Range telescope.

Differential range curves for ﬂ'+ and 7 beams.
Time of flight spectra taken in Beam I. The first
Gaussian corresponds to a present in the incident
beam and the second Gaussian corresponds to the M -
present.

Cerenkov spectra taken in Beam II for incident 1r+
beam, Least square fit shows curves for interacting

pions in liquid radiator (FC75) and Gaussian peak for

112



Figure 12,

Figure 13-A,B,C.

Figure 14~A,B,

Figure 15-A,8,

Figure 16.

Figure 17.

. 113

plons not interacting in chamber. Second Gaussian
represents muons present in the incident beam.
Cerenkov spectrum taken in Beam II for incident =~
beam. Third Gaussian represents electron in incident
beam,

Measured differential cross section for Carbon,
Beryllium, and Helium-3 at one of the incident energ-
ies. The solid line represents the computer fit to
the differential cross section using an exponential
in It | , the momentum transfer. Vertical error bars
are statistical and horizontal error bars represent
angular acceptance of counter.

Plot of the 1r+ and 7 -Carbon cross sections.

The darker figures are the 1r+ measurements.

Plot of the 1r+ and 'n;- Beryllium cross sections.
The darker figures are the 1r+ measurements. The
smooth curves in 'Figure 15Rare the cross sectional
curves used in evaluating the sum rule.

Plot of the nt and 77~ Helium-3 cross sectionms.
The darker figures are the n+ measurements. The
smooth curves are the cross sectional curves used in
evaluating the sum rule and dispersion relation.
Plot of K(O; TPMm Y/K(0; ‘I’N.,N,.) verus ¢, the

mean correction factor.
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