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MEASUREMENTS OF THE MUON-CAPTURE RATE IN He3 AND I—le4

Robert John Esterling
Lawrence Radiation Laboratory

University of California
Berkeley, California

April 9, 1964

ABSTRACT
A measurement was made of the total muon-capture rates in

He3 and He4 and the partial capture rate into the channel

W+ He> = H> 4y,

Negative muons were brought to rest in a high-pressure helium gas
target.  The capture processes all yield a charged particle whose
energy was measured by observation of scintillation in the helium gas.
Captures into the I—I3 channel were recognized by the unique energy

(1.9 MeV) of the triton recoil. The total capture rates obtained were:

.3 170 -1
A{He™) = 21470 :b430 sec

4 30 -1
A(He ) = 375:L-30O sec

The large lower limits are due to uncertainties from capture events in
the walls surrounding the gas. The partial capture rate to the triton

ground state was measured as
A(He3 —>H3) = 1505+ 46 sec ..

The results are in good agreement with theoretical predictions that

are based on the universal Fermi interaction.



I. INTRODUCTION

A. Universal Fermi Interaction

Although the muon was first observed about 1937, it was not
until about 1947 that it was recognized that the muon was not the
Yukawa particle responsible for nuclear forces. The classic experi-
ment of Conversi, Pancini, and .Piccioniiprovided the first evidence
of the competition between muon decay and muon capture and. showed
that the muon had characteristics that were inconsistent with those of
a strongly interacting particle. Soon afterwards, measurement of the
muon lifetime led several physicists to observe that beta decay, muon
. decay, and muon capture could all be characterized by a common

interaction with small and approximately equal coupling constants.

- They suggested that there is one ""universal Fermi interaction' (UFI)
that describes the coupling of all the weakly interacting particles.
Such an interaction can be summarized in the well-known Puppi tri-

angle.

Pn

Beta decay Muon capture

ey N
Muon decay

The concept of a UFI was placed on a quantitive foundation by
éomparison of the vector-coupling constant obtained from O'14 beta
decay with that obtained from the muon-decay rate. These two coupling
constants differ by 2+ 0.2%, 3 but electromagnetic corrections to the
beta-decay coupling constant are uncertain and could account for this
small difference. 4 Several excellent reviews summarize the present

knowledge of beta and muon decay. > These interactions seem to be

well understood at the present time.



The present experiment investigates the least understood of
the strangeness-conserving weak interactions: muon capture. In
particular, this experiment measures the muon-capture rates in He
and He4. Comparison with theoretical predictions then tests the

hypothesis of UFI in muon capture,

B. Muon Capture

When a positive muon is brought to rest in matter it decays
with the same mean life as in free space (7 = 2.200% 0.002 psec).
When a negative muon comes to rest in matter, it goes into Bohr
orbits with :.n,l ® 15, from which it cascades down by x-ray and

-10 -7
.8

Auger processes to the 1s atomic state in = 10 ec. When the

muon reaches the ground state it either decays according to
pome t v oty (1)
or it interacts with the nucleus, with the transformation of a proton

into a neutron and the emission of a neutrino, according to the basic
reaction,

# +p—>nt vhl‘. @)
We call this nuclear interaction '"muon capture,' The capture and
decay times are of the order of 1 gsec and thus are much longer than
the time required for the muon to slow down and to reach the 1s Bohr
orbit.

The atomic system consisting of the muon and the nucleus is
initially formed in a statistical mixture of I#% spin states, in which
I is the spin of the nucleus. These two angular-momentum states are
called hyperfine states, because they are analogous to hyperfine states
in a normal atom. Since the muon-capture rate is spin dependent, a
knowledge of the hyperfine state is vital to an interpretation of ex-
perimental results.

Muon capture is analogous to K-electron capture. However,
because the muon mass is = 200 times as large as the electron mass,
the muonic atom has smaller orbits than a normal atom and more

energy is available in muon capture. Thus it follows that there is a



greater overlap between the muon and the nuclear wave function and
a larger volume of phase space available in muon capture. This
makes muon-capture rates much faster than K-electron capture rates
so that muon capture competes with free-muon decay. Both the
negative-muon-decay rate and the capture rate depend on the atomic
number of the nucleus. The decay rate of a muon bound in a 1s Bohr
orbit depends on the atomic number (Z), approximately according to
—%- (Z/137)2, so that for very light elements the de- .
cay rate is the same as in free space, For elements with small Z,

the fun(:tion8 1 -

the capture rate increases like Z4; a factor Z3 is due to the increased

.muon-nuclear. wave function overlap (ao ~ 1/Z) whereas the other

factor of Z arises from the Z protons in each nucleus. In low-Z

materials decay predominates, whereas in high-Z materials the cap-

-ture process predominates. The capture rate is equal to the decay

" rate at Z = 12 (magnesium).

Denoting the muon-decay rate by AD and the capture rate by
AC, we have for the total rate of the muon's disappearance by either

process

AT :AD +AC,

so that the fraction of all stopped muons surviving to time t is
exp(—ATt). In the lighter elements, the total disappearance rate is
about equal to the decay rate, so that muon-capture events must be
identified by their reaction products. The usual procedure of deter-
mining capture rates in the heavier elements is by measuring the
total disappearance rate, AT.
When the muon is captured in heavy elements, the neutrino
takes away most of the muon's rest energy so that only about 20 MeV
remains in the resultant nucleus as excitation energy. Occasionally
the neutron produced in the capture interaction carries off most of
this excitation energy, but usually the nucleus de-excites by emission

of lower energy neutrons and y rays, and only infrequently by proton -

emission.



. Wol-fensteir__l? summarized much of the information available on
.muon capture up to 1960, and Sard and Crouch summarized some of
the earlier work. 10 Telegdi has recently given the experimental
evidence for a Fermi interaction in muon capture.

C. Advantages and Disadvantages of Muon Capture in Hydrogen

Much data are available on muon-capture rates in complex
nuclei, 12 but the data are difficult to interpret because of the complex
problem involving many strongly interacting nucleons and many final
states. Ideally, therefore, one would like to study the muon-capture
rate in hydrogen13 where there are no nuclear-structure effects.
There are, however, five main reasons why an experiment in He3,
the next simplest nucleus not an isotope of hydrogen, is easier to
perform and to interpret. These are:

1. The muon-capture rate in hydrogen is especially sensitive to
whether the p-p atom is in a triplet or a singlet hyperfine- state.

2. The p-p atom is neutral and rapidly diffuses through the
hydrogen undergoing collisions with other protons. . In.these collisions
the muon is often exchanged from proton to proton. These exchange
collisions rapidly change the original statistical population of 1/4
singlet and 3/4 triplet atoms to 100% singlet u-p atoms (the ground
state of the p-p system). Furthermore, in liquid hydrogen in about
0.5 psec the s'inglet p~-p atom becomes pa‘rt»;of a (p-==gg.a.-=p)Jr molecular
vion,' if the muon has not decayed first. In such an ion the muon
can be captured by either proton, and this again changes the
probability of capture from a relative singlet or triplet p-p state.
Thus the fraction of captured muons, with spin aligned with or opposite
to the capturing proton, varies depending upon whether the p-u-p ion
-is in a para or an ortho state. Although calculations show that the
molecular ion is almost invariably formed in the ortho state, 1 a
mixture of the para and ortho states could change the capture rate
considerably. All such variations in the relative-spin states affect
the capture rate. In addition, the uricertainty of the molecular wave

function in the p-p-p system causes additional theoretical difficulties



in hydrogen. In helium there are no exchange collisions and the
hyperfine states at capture have just their original statistical popua
lation.

. 3. The muon is more tightly bound to all other nuclei (including
the deuteron) than it is to hydrogen. Thus any collision with an im-
purity nucleus has a high probability of transferring the muon from
the proton to the impurity nucleus. This exchange is irreversible
and, since muon-capture rates are much larger in impurities than in
hydrogen, ultrapure hydrogen is required. Again this problem is not
present in helium because electrical repulsion keeps the p-He atom
away from other nuclei.

4. To detect muon capture in the lighter elements one must detect
the reaction product, which is a neutron in the case of hydrogen and
a charged triton in the case of helium. The charged particle can be
detected with virtually 100% efficiency whereas it is difficult to deter-
mine the neutron-detection efficiency.

5. Finally, the rate for observing the ;.L-He3 reaction is more than
100 times that of the p-p reaction if one includes neutron-detection
efficiencies.

The conclusion is that the muon-capture rate in helium can be
measured more accurately than the rate in hydrogen.' On the other
‘hand, for hydrogen there is no uncertainty in the nuclear structure.
This one big disadvantage with capture in helium almost outweighs
its favorable features. Nevertheless the hope is that the He3 nucleus
is sufficiently simple to permit an unambiguous theoretical prediction
of a capture rate on the basis of a UFI.

D. Muon Capture in He3 and He?
3

When a negative muon is captured by a He” nucleus, three

" principal reactions occur:
po o+ He® - HO + v (3)
bf'+He3—>H2+n+vF o (4)

p.-‘+He3—>H1+n+n+vp. (5)
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Since there are no known.excited states of the triton (H~3) nucleus,
‘Reaction (3) presumably goes directly to the ground state of the triton.
- This bears a close resemblance to the basic muon-capture Reaction
(2). The isodoublet (He3, 'H3) with spin .'1/2, called the "“trion,.'/is.
analogous to the proton-neutron doublet. Furthermore, the calculation
of the capture rate can be somewhat simplified by use of the ft-value

- for H3 to calculate the matrix element for the beta-decay process:

H> > Hel + e + Ge . (6)

This reaction is analogous to the inverse 6f Reaction (3), and by
formation of the ratio of the matrix elements fér {3) and (6), some
nuclear-structure effects can be approximately cancelled out. Meas-
'urerhent of the He3 - I—I3 capture rate, AC” therefore appears to be
a good way to verify the universélity of the Fermi interaction.

Since Reaction (3) has a two-body final state, energy and
momentum conservation show that the triton w.ill recoil with a unique
(1.90 MeV) energy (see Appendix A). The present ¢xperimept is de-
signed primarily to nﬁeé.sure the partial capture rate to the triton
ground state by observation of this rﬁonoenergetic recoil.

Reactions (4) and {5) represent muon captures that result in
an unbound triton and are referred to as the breakup reactions in this
paper. These breakup reactions involve three- and four—bbdy final
states, with the momentum of the charged particle ranging from 0 to

about 350 MeV/c. The breakup capture rate, A ., is also measured

in this experirhént, although with much less acc%.racy than is AC.

The theoretical analysis of the breakup reactions is not so clear-cut
as that of Reaction (3); however Yano has recently completed a de-
tailed theoretical analysis of Reaction (4). 15 It is interesting to com-
"pare the probability of capture from the same nucleus into various
channels. By comparing with experiment the calculations made with
a certain set of coupling coefficients, one can test the coefficients

and the nuclear wave function better when several channels are in-

volved than when there is only one final state.



To determine AC, we measured the ratio of stopped muons
giving a triton recoil (T) to the total number of stopped muons (Sp).
We have then

- T ,
AC— Sm AT’ (7)

where AT = AD + AC + AB is the total-muon-disappearance rate, and

AD = 4.545%10° sec~! is the muon-decay rate. 6 Similarly the break-

up capture rate is

)

Ag = -S% A (8)

where E is the number of observed breakup events. Only about 1
muon in 300 is captured to the triton ground state, and about 1 in 600
is captured to the breakup states. The remainder decay. One of the
experimental problems is to distinguish the decay electron from the
relatively rare capture events. '

Most of the experimental tests were performed with He4 before
He3 was put in the target. Consequently a measurement of the muon-

. 4 . s 3
capture rate in He was made concomitant:with the He measure-

ment. The principal reaction in I—Ie4,
p.-+He4—>H3+n+v, (9)

is very similar to the breakup Reaction (4), and the experimental
analysis is very similar to the analysis of the breakup reactions.

7 Two previous measurements of the capture rate in He3 and
two in He4 have been made. Using a He3-filled diffusion cloud

chamber, Falomkin et al. obtained AC = 14410+ 140 sec:1 and
AB = 730+ 180 secni. to Using a helium-plus-xenon scintillator,

Edelstein et al. first found AC = 1480+ 280 sec-’i; 17 later they repeated

the measurement with an improved apparatus and found

AC = 145075 sec_i. 18 Qur experiment is an attempt to make a

more precise measurement of A . by the use of helium scintillation.
o 3
A preliminary account of the He™ — H~ capture-rate measurement

was reported previously; 19 the experiment is described and analyzed

in greater detail in this article. The slight shift in the value of A'C



reflects a more careful analysis of the corrections.

Measurements with He4 performed in liquid helium bubble

chambers indicate a total capture rate close to 400 sec'—1. 20, 21



II. THEORETICAL BACKGROUND
Before going on to describe the details of the experiment it
seems appropriate to discuss some theoretical questions involved in
the prediction of the muon capture rates. The main emphasis'is on
the calculation of the He3—> H3 capture rate, since the main purpose

of the experiment described here is to measure that rate.

A. The Interaction Hamiltonian

In the framework of Fermi's theory of beta decay, the par-
ticular interaction responsible for muon decay is of the V-A form.
This V-A form is justified by experiment and by the theory of Feynman
and Gell-Mann. 22 The interaction Hamiltonian responsible for p

decay is then:

G - , - PR
5= = [dle) (4 -vg) vy wlv)][Ew:) (L vidy, ul)] +H.C. (10)
T [ ¥5) ¥y wlv )l luvi) (- vihy, ule)] |
Here H. C. means the Hermitian conjugate, G is the weak-interaction
coupling constant, the u's are Dirac spinors, and the y's are the

Dirac matrices. The coupling constant evaluated from decay rate

of the positive muon isz

2

G = 1.0263% o,ooo4><1o‘5/mp 49

~ 1.43%x10"° erg-cm3,

where mp is the proton mass.
The basic postulate of the UFI viewpoint is that the same
Hamiltonian and the same coupling constant G describe the weak

interaction between any four fermions. One has just to replace p,

sality dictates that the coupling constant is still G and that the inter-
action is still V-A. Unfortunately, except for muon decay, strong
interactions come into play in every weak interaction, and virtual
pion effects must be expected to alter the effective interaction. In
the.particular case of nuclear B decay, the interaction is known to be

modified to an effective Hamiltonian
. G - ' = .
¥ = el [ue) (1 -vg) v, u(vee?] [a(p) (Vg + A5 v5) vy g(n)] + H.C.,
(11)



-10-

where VB and A‘3 are the veqtor and axial-vector coupling coefficients
. that take.strong interactions into account. If one calculates G from
the muon-decay rate and tries to determine V, and AB, for instance
from O'14 and neutron-beta decay, one.finds Lév'ﬁ = 1 a.nd‘Aﬁ = -1,2.
The coupling coefficient V, is so near to 1.0 that Feynman and
Gell-Mann, 22 and indepengently Gershtein and Zel'dovich, _24 looked
for a theory in which VB should be exactly 1.0, even in the presence
of strong interactions. Thus they formulated a theory of conserved
vector currents in weak interactions that is closely Aana’logous“to the
co‘nservedv electromagnetic current. _

This B-decay int_eraétion [Eq. (11)] is sufficient to describe
the situation in the limit of zero-momentum transfer. In muon
capture, however, the momentum transfer is of the order of the muon
mass and this further modifies the Hamiltonian. The Hamiltonian
that is effective in muon capture was first presented by Goldberger

and Treirnan25 but later modified by Weinberg26 to the form:

G |- 4 ' qa qa
= = eV At MOy, o PTG Y5 &
N2 p p
9 4 ). - .
+ S = + P S E_p u{p) u (VH) (1- ys)y)\u(gm) H. C. (12)

This is the most general interaction Hamiltonian that (a) is Lorentz
invariant, (b) has no derivatives in the leptonic fields, (c) reduces to
Eq. (10) in the absence of strong interactions, and (d) reduces to
Eq. (11) in the presence of strong interactions at zero-momentum
transfer. In this Hamiltoniain, 9, = pg_na "~ vy TRy is 'che.four.==
momentum transfer, Ou,ﬁ == (ya_y‘3 - yﬁya), and V, A, ‘M, T, S, and
P are the coupling coefficients of the vector, the axial-vector, the
weak magnetism, the tensor, the induced scalar, and the induced
pseudoscalar terms, respectively. These coupling coefficients are
dimensionless functions of qz and can all be chosen real if the inter-
action is time-reversal-invariant.. Each coefficient is discussed in

Sec. II B.
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B.. Coupling Coefficients

In thié section, I evaluate the coupling coefficients of Eq. (12)
so far as is possible with present theories. The trion is treated as
a single Dirac particle as opposed to a composite of nucleons, and the
nucleon épinors of Eq. (12) are replaced by trion spinors. This
analysis is similar to that given in references 23 and 27, in which all
nuclear-structure effects are absorbed into the coupling coefficients.

1. Vector and '""Weak Magnetism'' Coefficients

The vector V and weak-magnetism M coefficients in the
Hamiltonian (12) are the only coefficients that can be determined with
some degree of confidence. This is because the conserved-vector-
current (CVC) theoryzz seems to be valid in nuclear and pion-beta
decay, 28 and thus should also apply in muon capture. The coefficients
V and M can then be related directly to the electric and magnetic-

isovector-form factors measured in electron scattering.

The electromagnetic current can be wri’ctenz9
e.m., _ 1 - S Vv S Vv
Jp. = = eLpN [(F1 +F, 73) Yp.+(F2+F2 73)0}qu} N
1 — S A% S A%
= +
> e He [(F1+F1)yp+(F2 FZ)O'quV} He (13)

1 - s v s Vv

He He = H H
+ . + +
(ZeF1 Yp. KHeH‘NFZ op,qu)He H(eF1 YlJ» KH*LNFZ GHVqV)H

where
_{ He - (1 0
b S\l ) T3 0 -1)"°

He and H refer to the I—Ie3 and H3 wavefunctions, K is the anomalous

i
4
o

magnetic moment measured in units of BNy the nuclear magneton,

and the F's are the electromagnetic form factors and are functions
2

of q 7, the four-momentum transfer. The subscripts 1 and 2 on the

F's refer to the Dirac and Pauli form factors and the superscripts
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S and V refer to the isoscalar and isovector components of F1 and
FZ' The factors F_Ii{e
ment and FY can be related to them by identifying terms in Eq. (13).

Thus

and Ffl are actually measured in an experi-

VvV _ He H

F1 —ZF1 «Fi

A ]N, ~ He H

F2 = o (KHe F‘2 =-KH FZ) (14)

where_FHe and FH are normalized to unity at zero-momentum

transfer.

Now according to CVC theory the weak vector current is just
related to j:’ ™+ by replacement of e by G/NZ and T, by T, in the
first part of Eq. (13) and by the circumstance that FS(weak) = Q,
Thus

e = -25:/—7 Ty LE] +FY r)y +(FS+ P70 a Ty

He. 15
Oy % ] He (15)

By comparing terms in this equation and in the Hamiltonian (12), one

obtains with the aid of Eq. {14)

Vig®) = FY (¥ =2 FFe(qz) - FiH(qZ)
. (16)
2 .

Mrﬁlp’ = a0 = Nk PO -k, P

Collard et al. 32 give the rms charge and magnetic-moment
radii for He3 and H3. These results are listed in Table I along with
other properties of the trions. All of the radii were obtained by
means of a Gaussian model, except that of the charge radius of He3
for which a hollow-exponential model was used. One can find the

form factor at a given momentum transfer q by using the formu1a3
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‘Table I. Some properties of I—Ie3 and H3.

He 3 -’
Mass® (MéeV) o 2808.23+£0.03  2808.7620.03
2. Magnetic momentb -2.1274 +2.9788
{(nuclear magnetons)
3. Anomalous magnetic moment
(nuclear magnetons) -2.7956 » +2.6448
(trion magnetons) -8.3676 - F7.9177
4. Charge radius® (fermis) 1.97+0.10 1.68+0.16
Magnetic moment radius (fermis) 1.69+0.10 1.63+0.16
5’, Fch = F,1 (q2 = 0.2735F—2) : 0.840+0,041 0.879%0.065
Fmag 0.878+0.041 0.886+0.065
FZ 0.869+0.041 0.887+0.065

a. See Ref. 30
b. See Ref. 31
c. See Ref, 32

F(qa) = exp(—(qa)_z/é) for the Gaussian model and ‘

F(qa) = [1-(qa)®/60]/[1+(qa)?/20]> for the hollow exponential model,

where a is the rms radius. Since q = 103.2 MeV/c = 0.5231 Fh1 is

the momentum transfer in (L;n.—He?’) capture, one can obtain the values

of Fch and Fmag given in Table I. These are related to F1 and F2

by the formulas’ 32
2
_p . 9K
Fen™ %1 2 %2
| t (17)

Fmag =(F, +K FZ)/(1 + K)
where m, is the trion mass and K is the anomalous magnetic moment.
Values of ]-.7‘1 and ]E"2 obtained from these formulas are also given in
Table I, Substitution of these values of F1 and F2 into Eq. (16) gives

V(qz = 0.2735 F"Z) = 0.80%0.10

{trion) (18)
M(q2 = 0,2735 F"Z) = -2.39x0.10,
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Note. that V(0) = V, = 1.0 and M(0} = %(K - K..) = =2.72 and that
S 2 B > He H
- V(q~)/V(0) = 0.80, M(q”)/M(0) = 0.88.

The above discussion also-applies to the coupling coefficients
for a single nucleon if one makes the replacements:

p <> He, and n <> H. F, and Fz then have the forrn34

1
Vi@ =F (@) =020+ 220 <097
1 1+ 0.10:¢ 2
' -1 (nucleon) (19)
: K - K
2 vV, 2 _ v, 2, _
M(q“)/m_=F, (¢9)= —B2—2 F "(q°) =1.797/m
p 2 P
m
P
where Kp = 1.793 and Kn = -1.913 are the anomalous magnetic moments

in units of the nuclear magneton.

Note that the sign of fM(qZ) for the nucleon is opposite that for
the trion. One way to understand this opposite sign is by considering
He3 and H3 as a closed-shell nucleus, He4, minus a neutron or a
proton. The missing particle (hole) gives H63 and H3 the properties
of an antineutron and antiproton respectively. Since the magnetic
moments of the antinucleons are opposite in sign from those of the

-nucleons, the weak magnetism coefficient must also have opposite
sign. |

2. Axial-Vector Coefficient

The axial-vector coefficient at zero-momentum transfer A(0)
can be found from the beta-decay rate of tritium. The ft value of

H3 was mea,sured35 to be 1132+ 40 sec and can be calculated from the

formula5
4
o 272 1n2 m, f
e (GmZ)2(vE(0) + 3 AZ(0 m s (20)
m2HA VO F 3500 \Te ) mle

where f is the usual dimensionless integral over the electron-energy
spectrum

Emax
2

HZ,E__ )= F(Z,E) (E__ - E)E JEZ - 1 4E, (21)

ax
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where F(Z,E) is the Fermi function that takes into account the
Coulomb repulsion of the electron from the nucleus, and E is meas-
ured in units of.the electron mass, m_. By the hypothesis of the

CVC theory, Vﬁ('Ov) = 1.0 and one may solve for }AB(O)I = 1,194+ 0.037.
By the principles of UFI, Aﬁ(O) in beta decay is the same coefficient

as that in muon capture and therefore for the trion, we have

JA(O0)] = 1.194+0.037. (trion) (22)
Similar analysis for the nucleon gives

A(0)] = 1.20+0.04 . (nucleon) (23)

The experiments on muon capture in hydrogen have established
that for the nucleon the sign of A is opposite to that of V, 13 that is
that we have a V-A theory. For the trion, A must have the sign
| opposite to that of the axial-vector coefficient of the nucleon, again

because of the correspondence He3 - He4v +n and I—I3 - He4 + p.
.This is most easily seen by manipulating the nuclear part of the axial-

vector matrix element as follows:

iBlvsvau@) = ui) cc v,y vl co™t o)

sk

=u (n)vzyiv5v4v2 u(p) = - ufn)ygy, ulp) (24)

where I have used the usual representation of the y matrices

0 +io +1 0 0o 1

\-10 0 4 0 -1 5 1 0

where 0 is the Pauli spin matrix and 1 is the 2 X2 unit matrix.
In th1s répresentation the charge conjugation operator C = C-1 = Yy
In Eq. (24) the He3/H3 states have been replaced by the n/p states
(the closed-shell He4 nucleus can be considered a spectator since it
appears on both sides of the reaction). Thus the axial-vector term

reverses sign on going from the reaction p,=He3 - H3v to the reaction
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p p = nv, Therefore since A(0) = -1.20 V(0) for the nucleon,
-A(0) = +1. '194 V(0) for the trion.-

There is no proven theory or experimental information for
_the dependence of A on_q2 in the case of-the trion. One can hypothesize
that, since the axial-vector term and-the weak-magnetism term in the
-Hamiltonian reduce to the same form in the nonrelativistic limit,
A (qz)/A(O) M(q )/M(O) An alternative choice is that this ratio is
equal to V (q )/V(O) Strictly speaking, however, nothing is known
of the momentum dependence of A, but A is expected to be within
= 10% of +1.0.

In the case of the nucleon, a dispersion-theoretical argument

indicates that 3

2 2
TA(q ) ~1 . 4 - 0.999. (26)
A(0) v 4qr 1’n2 »

p

However, the momentum dependence of A for the trion is expected to
be much greater than this because of nuclear- structure effects

- 3. Induced- Pseudoscalar Coefficient

Even less is known about the value of the induced pseudoscalar
coefficient, P(qz), ‘than is known about A(qg), - Dispersion-theoretical

arguments, 25 which use the one-pion-exchange model, give for the

nucleon
m 2m m_A(0) : o
rF& P(qz) = —Z-E'-——ET— = 6.6 A(0) = -7.9, (nucleon) (27)
p q + m_

In the case of the trion, the proton mass must be replaced by the

trion mass and one obtains

m:P(qZ) Zm:.m_,’ :
—PF““ = b= A(0) = 19.7 A(0) = +23.5.  (trion) (28)
p ooq m_ '

v An add1t10na1 correctlon for many body effects is probably also nec-
essary for P(q ) of the trion, but since the dispersion argument is so

‘uncertain this additional factor of 0.8 to 0.9 -has been neglected.
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Measurements of the angular distribution of neutrons from muon

. .37 38 . 16
capture - in calcium”™ and measurements. of muon capture” . in O
populating discrete levels of Nié yield values-of P/A (nucleon) between
5 and 30, depending on the experiment and its interpretation. Most
measurements are consistent with a P/A ratio close to 10.

4. Induced Scalar and Tensor Coefficients

Absolutely nothing is known about the values or the signs of the
S and T coefficients. These are the ''second class'' terms which, as
. Weinberg pointed out, 26 could also be present in the Hamiltonian.
The symmetry of the S and T terms under G, defined as the product
of charge conjugation and a 180° rotation about the y axis in isotopic-
spin space, is opposite to that of the V and A terms. Most authors
assume that the weak currents have a definite G-conjugation parity
(that of the V and A terms) and that therefore S =T =0, IfSand T
are not zero, Weinberg guesses that they are of the same magnitude
as V. If this is the case, these second-class terms could radically

affect the capture rate in both hydrogen and helium.

C. Hyperfine Effect

A simple theory that has V = -A coupling and no other coupling
in Eq. (12) has the peculiar feature that no capture takes place in a
muonic atom in the hyperfine-triplet stafes. This is because in the
nonrelativistic limit the vector operator Yy reduces to unity, whereas

the axial-vector operator Y5y reduces to O, the spin matrix. Thus

the matrix element becomes proportionalto V + A 6”“- Op. The

term ‘a)p,“ a)p can be evaluated from the relation

. cp/z (29)

€ +8)2-s%+s*+28 .8 -
BooTp poPp mop

, —
+24 G

N
] W

where the spin S = 3/2 and SZ- = S{(S+1). The capture rate, which
is proportional to the square of the matrix element, becomes in the

singlet and triplet cases

~ |V + A% ‘ " (30)

Asz’lV—3AIZ' and A,
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Thus if the coefficient V = -A (as in muon capture in hydrogen), At = 0.
Inthe case of capture in H-e3, 'V = +A (see Sec. II. B), and in the
simple theory there is no dependence on the hyperfine state. :

In actual practice {V| is not exactly equal to JA| and there are
other terms in Hamiltonian [Eq. (12;)]. ‘These factors modify the
singlet and the triplet rate as given by the simple theory but the same
tendencies persist. For example, in hydrogen the singlet and triplet
rates are 713 svec-1 and 16.9 sec-i, respectively’,‘39 whereas in He
they are 1806 seo::_1 and 1312 sec_i, as calculated in Sec¢, II. D. Thus
it is important to know the relative fraction of singlet and triplet states
at time of capture.

- -The energy splitting of hyperfine states is given by the formu1a4

_ eff 2141
AE = 3z p M <ao > (——I——-> : (31)

where p.c-),is_the muonic Bohr magneton, M is the actual magnetic

moment of the nucléus, a, is the Bohr radius, I is the nuclear spin,
_and Zeffvis_the effective charge in muon capture (see Ref. 12a). For
positive M, the hyperfine level with F =1 - vi/Z.is lower in energy.
In He3, for which Zeff xZand M = -2,1274 ng,_the hyperfine splitting
.is = 1.4 eV and the triplet level has the lower energy. The question
‘that remains is whether transitions take place between hyperfine levels
during the lifetime of the muon.

- Winston and Telegdi have investigated hyperfine transitions in
muonic atoms both theoretically and experimentally. 41 They find
that transitions téke place by internal conversion (electron ejection)
at rates comparable to the muon's lifetime in the lighter elements.
In particular in’F19 the calculated tfansition rate of 5.8% 106 sec‘:-'1
is in excellent agreement with the observed rate close to 6.0><106 secqi.
However, in I—Ie3 there is not enough energy available in the hyperfine
transition to eject the single K electron that surrounds the p.-He3
atomic system.  Thus, if internal conversion is the major cause of
hyperfine transitions (as Winstbn' s work seems to show), there should

be no transitions between the hyperfine levels in He3 during the muon's
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lifetime and the hyperfine states should have just their original
statistical population.. It should be emph"a:'sized again that this is
not the case in hydrogen, for which exchange collisions provide the
mechanism for hyperfine transitions. ‘

It would be interesting to induce transitions between the hyper-
fine levels in He3, to obtain a nonstatistical distribution between the
singlet and triplet states. For, if m is the fraction of muonic atoms .

in the hyperfine singlet state, then the capture rate is given by

AC = nAS + ('1—11)At. (32)
The rates As and At are essentially independent and, in principle,
measurement of AC at two values of n allows a determination of both
AS and At' In practice, inducing hyperfine transitions is not easy

~ and the determination of 1 is difficult.

D. He3 - H3 Capture Rate - Method 1

This method of calculating AC’ the capture rate of Reaction

(3), was recently proposed by Fujii and Yau’naguchi23 and independent-
ly by Drechsler and Stech. 27 In this calculation the free trion is
assumed to satisfy the Dirac equation and the nucleon spinors of Eq.
12 are replaced by trion .spinors. All the nuclear-structure effects
are absorbed into the coupling coefficients analogously to the way
nuclear structure is absorbed into the electromagnetic -form facfors
in electron-nucleon scattering. Thus the calculation is completely
relativistic and is as accurate as the single-proton calculation. The
difficulties that remain are to fix the coupling coefficients for the
trion and to interpret the trion results in terms of single proton
capture.

The capture rate can be obtained directly from the calculation

39

of Adams for proton capture. One has merely to interpret his
results in terms of the trion. The results for the singlet and triplet

capture rates follow:
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(Gm;)z. Zam) 2 m (0.98) P
Ao = 2 \™m_ ) \EFk/) T * = 1154 sec = (33)

2 P

A=A |(5E + 3k - 4m) /2 v - (5E + 3k + 4m)1/ %A

' ' 1/2
[5 K’E +§-k2'm - 3kw (E-m) + -?-w (E-m) - 2k> + 6k2'w] M

' 1/2
+ 2 K’E - }-kzm - 3kw (E+m) + 2w (E+m) - 2k> + 6K°w| = T

+(w =-k) <E+m>1/2 - (w —k)(E m>1/2P|2. (34)

3

Ay L2 2. ,.2 | 2]
x = (E +k/3){V+A|® - 1/6 |4k"E + 6k"w + 4wWkE + 3k” -kw" | M T
o

3 L2

+ 4/6 [3WZ(E -m) + TKPE + K’m + 4wk’ + 4Kk° - 2kw (E —m)] M

3 2

4

1/6 [3w2 (E+m) + 7k°E » k°m + 4ivk> + 4k>, - 2kw (Efrrn)J‘T

e

1/2 (w-k)? [(E +m) % + (E -m) P° + (2/3)k S P]

+

1/3 [3E (w=k) - mk - 3mw + k (w«=k)J (V+A) M

o+

1/3 [313 (w-k) + mk + 3mw + k (w-k)].(V+A) T

+

1/3 (w-k) [3. (E+m) + k] (V+A)S

3

1/3 (w-k) {3 (E-m) + k] (V+A) P : (35)

+

L]

1/3 (w-k) [3k% + 2k (E +m) - kw]-M s

=

¥ 1/3 (w-k)|2k® + 3w(E+m) - k (E+rn)J TS

+1/3 (w-k) |2k® + 3w (E-m) - k (E-m)J M P

1

1/3 (w-k) l3k2+2k.\(E-=m) -=-kw]T P .
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Here k, E, and m are the triton's momentum, total energy, and
rest mass, and w = E - m(He3) is the fourth component of the.four-
momentum transfer. These variables are all in units of the proton
mass. - The 0.98 in Ao is the correction factor for the muon-wave
function due to the finite size of the trion, m;L is the reduced mass
of the muon, a is the fine-structure constant, and Z = 2 is the charge
of the He3 nucleus.
If the following coupling coefficients
V = 0.80 _ M= -2.39 S=0
A =1,00 P = 208.7 T=0 (36)

discussed Sec. II. B are used to calculate the capture rates, one ob-

i

tains A = 1806 sec”! ana Ay = 1312 sec” !, which combine to give

As = 1/4 At 3/4 A, = 1435 sec™ ! for a statistical population. If
each coupling coefficient is varied one at a time from the values given
in Eq. (36), the effect on the capture rate is shown in Fig. 1. Note
that AC

sensitive to A. Also note that As is especially sensitive to small

is not especially sensitive to V but is over three times more

changes in P. Thus if a measurement of the He3 - H3 capture rate
from the hyperfine singlet state were possible, P could be determined
rather accurately. |

The present uncertainties in A and P, as well as those in S
and T, make an accurate verification of the UFI hypothesis difficult.
These difficulties arise because of the presence of strongly interacting
nucleons and because of the large-momentum transfer involved in
muon capture. There are so many parameters that practically any
capture rate near 1500 sec_1 can be calculated with an appropriate
chbice of the coupling coefficients, .Only if both S and T are zero is
there hope of verifying UFI to any accuracy less than 10%. These

questions are discussed further in Section V.
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Fig. 1. Effect on the He3 - H3 capture rate as each coupling
coefficient is varied from the values given in Eq. (36). The
hyperfine-singlet capture rate, A (---) is given by Eq. (34);
the triplet rate, Ay (-—-) is given by Eq. (35); total rate
(——) A = 1/4 A _ + 3/4 A,. The dot in each graph represents
the interséction of the measured capture rate and the coupling
coefficients of Eq. (36) with uncertainty -indicated by the shaded
area.

t



223

E. He3 - H3 Capture Rate - Method II

- This section outlinés the method of calculating the I-Ie3 - H
capture rate that is given by Fujii and Primakoff. 36 The essential
feature of this method is that the ratio of the nuclear matrix element
for muon capture and for tritium-beta decay is used to eliminate some
of the uncertainty due to nuclear structure. The calculation is non-
relativistic, treats:the trion as an aggregate of three nucleons, and
does not include the S and T terms of the Hamiltonian [Eq. (12)].

The first step in this method is to calculate the capture rate,
AC'

the three nucleons in He3. By using a nonrelativistic expansion of the

in terms of the nuclear matrix element expressed as a sum over

Hamiltonian, expressing M in terms of V via Eq. (19), summing over
all spin orientations of the neutrino and the triton, integrating over
-all directions of emission of the neutrino, and averaging over the
muon-He3 hyperfine states, one can obtain the capture rate in the

following form:

2 113 B .3_> 3,12
N (2m) (4m)p,, L P, (Zam)) M (HeT=H)]
C - 3 " s
(2w) mp.+ my. 27 (2 IHe + .1)
(37)
where pv =103.2 MeV/c is neutrino' s momentum, h =c¢ = 1, and
IHe = 1/2 is the spin of the He3 nucleus. The nuclear-matrix element,

with several approximations (such as neglect of terms proportional

to pv/mp) becomes

ap | R |

3 3.2 2 3 -, > - 3 2

M o1 (e =) :f'r; § E}V [ ‘,21 j exp(-iE,s Fetrp[He”))
=1

spins of.
He3, H
3 ,
2 3 - > > 3vi2 |
+ T4 |<H | Z r] exp(-ip, * T )o(r)) oj|He >1 } (38)

j=1
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where G,,/G v‘=“V(~1,+ _pv/zmp),
-F.2'=G-2‘+1/3(G-“ 2G G

A)" .

G AV i (39)
GA/G__A V(H,Kp Kn)pv/Zmp,

m ‘ :
=B - A - : - '
Gp/G= <mp P f A-V(+ K, - Kn’) pv/Zmp,

¢(ri) is the muoh-spa-tial-wave function taken at the position of the ith
nucleon, T is the isotopic-spin operator that transforms-the ith
- .

proton state into the ith.neutron state, r, is the space cvoordinate of
the ith nucleon, and o, is the spin o?I:era,tor f30r the ith nucleon. Note
that in the matrix element (38) the H™ and He ™ nuclei are considered
not as a single Dirac particle, but as an aggregate of three nucleons.
Thus the coupling coefficients in Eq. (39) must be taken to be the _
same as an isolated nucleon, in contrast with the trion coefficients
discussed in Sec.-II.B. - - - - .o R St

The second s.tep in this calculation is finding the triton-beta-.
decay-transition rate, in whic'ﬁ- the roles of the He3 and I—I3. nuclei are
interchanged. This calculation yields the beta-decay rate

5
(417)2 ZTrfrne

|M 1(H3—>He3)|2 (40)

B (Zn)b ZIH + 1 nuc

with

Ib gucl(H —»He )|

(GVg) |<H |Z |H>| +(GA)|<He |§:70|H3>|z |
spins of
He3; H _---—

(41)
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where V_, and A, are the usual vector and axial-vector coupling
constants of beta decay . [see Eq. (11)] and f is given by Eq. (21).
The third step of the calculation is to form the ratio of the

transition rates in muon capture and beta decay. Since IHe = I, one

H
obtains
3 \ 3 .32
-AC > P, (Zam ) |M§uc1 (He™ - H )!
LD M R~ 5= B .3 32 0 (42)
B p He/ fm] M- (H” > He™)|
_ 6
= 3,05X10° XR,

where R is the ratio of the nuclear-matrix elements. The problem
now is to evaluate R. The ratio R is close to unity and relatively
independent of the nuclear model. Nonetheless, most of the uncer-
tainties in this calculation arise because of the uncertainty in R. Fujii

and Primakoff obtain the following formula

- 2 2

2aZm' [3,\1/2 1-5%x/18 G, + 30

R4+ 2) 21 —— B(7* x/ v Al (43
15 P, 4 1-x/6

" pﬁ <r2>’ (44)

<r2> = [rz p(r) d3Ar

is the mean-square radius, and p(r) is some density distribution of
protons in the He3 nucleus. The interpretation of <r2> (or alter-
natively of p) is ambiguous in this calculation, but on the basis of a
variational-trial-wave function, Fujii and Primakoff obtain

{ <r2> )1/2 = 1.,78F. In electron-scattering experiments, Collard et aL1.32
obtained 1.97F for the c‘harge radius of He3 and 1.69F for the magnetic-
moment radius. These radii are considerably different but they

average to 1.83F, so a value of the rms radius close to 1.83F might

be appropriate. This ambiguity in the nuclear radius 'is related to the

uncertainty of A(qz) for the trion that was discussed in Sec. II. D.
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. If one uses <r2>,= (1.83F)2'." the wvalues of”GV and I'y given
. by the coupling coefficients of the nucleon, :

m- P v
-V =0.97 B =_79 vV, = 1.0 _
A m B .
‘P (45)
A=-1.2 A, = -1,2
§

one obtains R % 0.808. This value, together with ft = 1132+ 40 sec
and by means of Eq. (42), yields

AC = 3.05 X 106 In(2)R/ft = 1518 sec-i, (46)
Several authors have calculated the I—Ie3 -~ H3 capture rate, but they

- differ in-the choice of a wave function used to evaluate R, in the choice

' ‘ ’ 36 -
of the coupling coefficients, or in the value of the nuclear radius. 6,42-46
- Figure 2 shows the dependence of.AC on the nuclear radius and on the

various coupling coefficients.
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III. DESCRIPTION OF THE EXPERIMENT
The main purpose of the experiment is.to measure
AC = AT T/SH' To show how this is done, I first outline the experi-
mental method used in determining the number of stopped muons,
Sps, and the number of triton recoils, T. .Then I present a more
detailed discussion of the beam, the target, the electronics, and the
. data.

1

A. General Technique

Figure 3.is a rough schematic diagram of the system. A
beam of negatively charged particles, extracted from the cyclotron,
were momentum analyzed and focused on the helium target. The
muon component of the beam was identified by a time-of-flight
coincidence (Bp) and by range. The helium gas served thrée purposes:
(a) as a target for the muon-capture process, (b) as a scintillation
detector for muons that came to rest in the gas, and (c) as an energy
. spectrometer for measuring the energy of delayed events. A cup-
shaped plastic scintillation counter (5) enclosed the gas, leaving only
. the beam-entrance direction free, and signaled muons that passed
through the gas without stopping. Thus a stopped muon (Sp) was
identified electronically by a prompt coincidence of Bu and the He
counter (4) with an anticoincidence signal (veto) from the cup counter
(5), i.e., Sp = Bu He 5.. Delayed pulses from the He counter, oc-
curring in the interval 0.2 to 6.4 psec after Sp, triggered the coinci-
dence circuit TR and were then sorted on the basis of pulse height
and timing. Counters 3 and 5, which surround the gas, were used to
detect p - e decays, and any TR event that was associated with a
-pulse in counters 3 or 5 was vetoed. True triton recoils have a range
of only 1.7 mm (at 28..9_atm)_in the gas and were not vetoed. Thus,
a TR event is of the type TR = Sp (delayed He 3 5). Such events
opened a gate and allowed the He pulse height to be measured on a
pulse-height analyzer (PHA). The resulting energy spectrum and

the number of counts Sp form the basic data.
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B. The Target

Figure 4 shows the apparatus.. Helium gas at liquid nitrogen
temperature (80°K) was held in a cylindrical stainless steel vessel
with Lucite end windows. - The maximum gas pressure was 28.9 . '
atmospheres, which gave a gas thickness of 240 rng/cm2 (carbon
equivalent) in the beam direction. (All pressures in this paper are
absolute.) Appendix B describes the procedure used in handiing the
gas. - The gas had to be pure for three reasons: (a) to improve
helium scintillation, (b) to keep the tritium B-decay background low,
and (c) to insure that muons were captured on helium and not on im-
purities. The suppliers specified that the He3 was pure to within
- 200 ppm (parts per million), with oxygen and nitrogen as the main
contaminants.. The tritium content was specified as 1 part in 1011.
With all the gas in the target, ‘thi.s amount of tritium results in
about 5><1O4 B decays per second. Luckily the § energy is only
18 keV .and the B's were not detected by our apparatus.
| After using the He3. in the experiment, we measured its
composition on a mass spectrometer. This measurement could not
distinguish-He3 and H3, but showed about 100 ppm of He4, with no
observable traces of any other contaminants. This He4 probably got
in the gas during the switchover from the He4 target to the He3,
Standard reactor-grade helium was used as the He4 target and no
tests were made of its composition. Both the He3 and the He4 were
passed through a powdered-carbon purifier maintained at liquid
. nitrogen temperature for additional purification before use. One can
conclude that the gas as a target was pure to 100 ppm.

Light from the gas scintillator was channeled out of the front
Lucite window through a holiow aluminized brass elbow into a photo-
multiplier (RCA 7046), The portion of the elbow in the muon beam
was cut away and replaced with a thin window of electroplated silver.
An attempt was made to take additional scintillation light out through
the edge of the Lucite window; however, tests showed that not enough

light came out this way to make the effort worthwhile.
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In order to check the uniformity of response inside the gas

. volume, an Am241‘ a source on the end of a curved steel wire was
inserted into the. hel‘iurn. gas through a gas-lock system. It was also
used for frequent energy calibrations of the gas scintillator.

The gas was surrounded by a cup-shaped plastic scintillation
counter (5) 1/2-inch thick. - This counter héd an inner diameter of
- 4 inches and an inner length of 5 inches; it vetoed muons that passed
through the gas without stopping and detected delayed events (mostly
muon-decay electrons) in which the charged particle had enough ener-
gy to be counted in 5. The inner wall of the cup was coated with an
opaque layer of aluminum (0.3 p thick'), which prevented the scin-
-tillation light from the gas and the scintillation light from the cup
from mixing. Light from the plastic scintillator passed through the
rear Lucite window and into a photomultiplier (RCA 7046).

The plastic scintillation counter 3 served to detect decay
electrons that missed counter 5 in coming out the front Lucite win-
dow. Counter 3 was 1/4-inch thick and covered as much of the front
hole in the cup counter as was possible. The entire apparatus was
enclosed in a large vacuum tank of soft iron. Additional target

details are given in Appendix B.

C. Helium Scintillation

Since a determination of the capture rate depends on how well
we can - distinguish the 1.9-MeV triton recoils from background events,
an important part of the experiment was to make the helium -scin-=
tillation process as efficient as possible. Because'the mechanism of
scintillation is complicated; most information about gas scintillation
is empirical. By coating the walls of the gas container with a '"wave
shifter' backed by a reflecting material, previous investigators
obtained the most light output for a given amount of deposited energy.
A waveshifter is a phosphor that absorbs the ultraviolet light of the
primary scintillation and radiates it in a spectral region more nearly
matching the spectral sensitivity of the photocathode. Using the
previous in'vestiigations. as a guide, we performed several tests in an

effort to increase the light collected by the phototube.

-
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4. Wall-Coating Tests

Three different wall coatings were tried: (a) sodium salicylate on

aluminum, (b) p-p' diphenylstilbene(DPS) on aluminum, and (c) DPS
on MgObacked by aluminum. The third coating was finally adopted.
Besides requiring a high reflectivity for the wall coating, one must
have a very thin coating to reduce the number of muons stopping in
the wall material. Results of the coating tests are discussed below.
The sodium salicylate, dissolved in a methyl alcohol solution,
was sprayed onto the aluminum surface to an average thickness of
=1 rﬁg/cmz. Under optimum conditions this coating gave a resolution
(FWHM, full width, half maximum) of 27% of the pulse height for
the 5.4-MeV Arn241 alpha source. This variation in pulse height is
due to the random nature of photon collection and indicates that the
photomultiplier collected only a small number of photoelectrons for
each a-particle pulse. There was also a 30% variation in pulse height
as the a source moved over the volume of the helium gas. In the
actual experiment light comes from triton recoils all over the gas
volume, and therefore this variation adds to the resolution coming
from photoelectron statistics. In the test with about 100 5.|.g/c1'n2 of
DPS coated directly on the aluminum surface, the pulse-height varied
as the solid angle of the phototube, showing that only light heading
toward the phototube reached it. That is, there was very little re-

. flection of light from the DPS and aluminum surface. This agrees
with the view that a large fraction of the light generated in the DPS
undergoes total internal reflection. In an attempt to get the internally
reflected light out, several samples were made with the Al and DPS
coatings on a rough (séndblasted) surface. This increased the light
output substantially; however there was still much less light from
this combination than with the DPS deposited on a white surface, such
as paper.

_ The final configuration tested consisted of a layer of DPS
= 50 pg/crn2 thick backed by a layer of MgO = 1 mg/cmz thick

deposited over the aluminum coat covering the cup counter. The
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front Lucite window had a transparent coating of-about 30 p.g/cm'2 of
DPS in.all the tests as well as in the final experimental arrangement.
The DPS and aluminum coatings were in all cases obtained by vacuum
evaporation. The MgO was smoked onto the cup counter by burning .

. a magnesium ribbon in‘air, - This white, diffusely reflecting substance
~has a high reflectivity for both visible and ultraviolet light and, be-
cause of its granular surface, it did not allow much light to be in-

- ternally reflected in the DPS coating. With the MgO and DPS com-
bination, the a source had a 16% resolution under the best conditions,
and the pulse height varied only 5% over the volume of the gas. Since
it did not appear that we could do much better than this, the MgO and
DPS combination was chosen for the experiment.

- 2. Gas-Purity Effects

Many researchers have found that the purer the gas, the more

scintillation-light output. 48 Our results again confirm this fact. At
room temperature we found that the pulse height decreases to about

. half in 2 hours. This presumably is due to contamination of the gas

by the waveshifter coating. When the gas container was cooled to
dry-ice temperature (195 °K) this effect disappeared, the pulse height
remained stable in time, and in fact, a contaminated gas recovered

its original properties. Additional cooling {to liquid nitrogen tempera-
tures) did not further increase the pulse height.

By passing reactor-grade helium through powdered charcoal
maintained at liquid nitrogen temperature, we doubled the scintillation-
pulse height. Passing the helium through a liquid nitrogen trap im-
proved the light output only slightly, thus showing that the absorbing
properties of charcoal were essential in the purificvationa All in-
dications were that a further purification of the gas could lead to an
additional increase in the pulse height.

3. Pressure Effects

Early in the scintillation tests we noticed that the pulse height
increased with increasing pressure. This effect occurred with both

the DPS and sodium salicylate waveshifters and to our knowledge
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has not been previously reported. 49 Figure 5 shows the pulse-height
variation with pressure of the a source 5.4-MeV peak. The range of
the a was entirely within the gas for all points above 2 atm. Gas
impurities changed the shape of this curve by causing lower saturation
levels.. Rubbia and Toller report there is no variation in pulse height
for helium pressures between 20 and 100 atm. 50 Figure 5 seems té
confirm this. The small decrease in pulse height above 30 .atm is
probably due to absorption of the scintillation light by the source
holder, since at these pressures the range of the a particle is of the
same order of magnitude as the source dimensions.

The increase.in pulse height up to pressures of 20 atm is
probably associated with electron-ion-recombination times in helium.
If the helium-scintillation pulses are observed on an oscilloscope,
one notices a variation with pressure in the timing of the scintillation
light. At low pressures (1 to 2 atm), some pulses associated with
the a particle occur as much as 20 psec after the. initial pulse. As
one increases the gas pressure, these late pulses occur sooner, and
by the.time the pressure has reached 20 atm, one can no longer ob-
serve any slow component of the light. At all pressures it appears
that if one could integrate all the output light over time, there would
be no variation with pressure. In our electronics system the pulse-
height analyzer measures only helium scintillation light that occurs
in the first 100 nsec after the start of scintillation. .Thus the varia-
tion of the pulse height with pressure is due to a variation. in the
timing of the output light.

Qualitatively one would expect that, as the gas pressure in-
creases, the electron and ion densities associated with the ionization
of an a particle would also . increase proportionally to the pressure
(the a range is inversely proportional to the pressure). This would
make it easier at the higher pressures for the electrons and ions to
recombine and to produce the scintillation light. This suggestion
relating the timing of the helium scintillation to electron-ion re-

combination is supported by the following quantitative calculation.
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are the electron and ion densities, then the rate
51

If n_ and n,

of recombination 1is

3n+ on . ' '
—_— = T = 4

3t 5T emnL ( (47)
where [ is the recombination constant and equals 1.7 ><10-8 cc/ion-sec
in helium at = 1/30 atm. 52 The recombination constant should be in-
dependent of pressure but no measurements of { have been made in

our pressure range. The first differential equation gives

n=n =ns+c, (48)

+
where ¢ = 0 if the gas is electrically neutral. Substituting n in

Eq. (47) and solving the differential equation

on _ 2 ‘
in 2 ¢n (49)
for n, one obtains
1 _ 1 B :
s E th or atyyiopm (50)

where n is the initial-ion density. The density of recombinations
occurring between t = 0 and ty is just the difference between the
initial-ion density n, and the density at time ti’ i.e.,

%o nocti

-n = - - = , (51)
o S0 1+no§t1 1+no§1_:1

The light output is proportional to the number of recombinations N
occurring between t = 0 and ty ® 100 nsec, and one must multiply
Eq. (51) by the volume of the ionization V to get a number rather than

a density. Thus one can write
- KP
N = (V) (1_+'KP> | (52)

where K = nogt 1/P is approximately independent of the pressure P.
Since V is roughly inversely proportional to P and n is proportional
- o

to P, the product noV should be independent of the pressure. Thus
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the light output can be written

_ kP ~ |
L= 1vxp (33)

where k is a proportionality constant independent of the pressure.
The solid line in Fig. 5 is a curve of this shape with K = 0.17/atm

and it fits the data points below 20 atm reasonably well. Above 20 atm
the discrepancy between the data and Eq. (53) could be real but more
likely is due to a nonadiabatic change in the gas pressure near 20 atm,
Pumping the gas into the target (see Appendix B) required a rapid and
uncontrolled increase in the pressure from 20 atm to the maximum
pressure near 37 atm, All points in this region were obtained while

decreasing the gas pressure. The rapid increase in pressure during

. pumping could have caused a decrease in the pulse height and could

explain the deviation of the data points from the solid curve.

In any event, one can use the value of K to calculate n to see
if it checks with the expected alpha-ionization density. At a pressure
of 7 atm, the alpha range is 1 cm and

_ KP
o) C,ti

If one uses the ratio of 30eV per ion pair produced by the a, one ob-

n = 7%x10%% ions/cm?3. (54)

-tains for the expected a-ionization density

n =n = 1 5.4 MeV |
+ o \'2 30 eV '’

V will be a cylinder of length 1 cm and radius R. The value of R

(55)

is not easy to calculate but it is probably close to a mean-free path

in the gas, ‘which is 1000 A at 7-atm pressure. Usin'gvthis value for
R, one obtains n, = _1015 atoms/cm39 which checks well with Eq. (54).
Because the approximations are very rough and because the value of
£, the recombination coefficient, was extrapolated from 1/30 atm to

= 30 atm, one must consider the above calculation to be good only to

a factor of = 100, However, the excellent agreement between the two
values of the ion density ,suppbrts a recombination-time explanation

for the pulse-height variation of Fig. 5.
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4. Scintillator Performance

Figure 6 shows the performance of the helium-gas scintillator
in meaéuring three energies under experimental conditions. The
light output was found to be linear with energy loss (see Fig. 7) and
to vary only 5% over the volume of the counter. The final energy
resolution of 38% for the 1.9-MéeV triton recoil corresponds to an

average of 30 effective photoelectrons.

D. Muon Beam

A diagram of the beam configuration is shown in Fig. 8.
Mesons are produced by inserting a beryllium target 2-in. ‘thick into
the 720-Me€V internal proton beam of the Lawrence Radiation Laboratory's
184 -inch synchrocyclotron. Muons come mainly from pions that
decay close to the target. The particles are deflected out of the
cyclotron by its own magnetic field, and pass through a thin aluminum
window of the vacuum tank into the 8-in. aperture of a two-section
(doublet) quadrupole magnet (Q4). This quadrupole brings the beam
to a focus just outside an 8-foot long iron collimator known as the
meson wheel. A previous study showed that the highest intensity of
negative particles could be obtained at a meson-wheel angle of 18°
and a beam momentum of about 200 MeV/c. >3 Consequently these
parameters were chosen, and they in turn determine the approximate
radial and azimuthal position of the beryllium target.

The thickness of the material traversed just before entering
the helium target was about 9 gm/cmz, requiring a momentum incident
on the target of at least 100 MeV/c. Since the helium gas was at moét
240 mg/cmzvthick, one important beam requirement was a small-
incident-momentum spread. This requirement led to the large, 70° -
bending angle of the beam and to the placement of a degrader at the
first focus just after the meson wheel and before the bending magnet.
Polyethylene (CHZ) was chosen as the degrader in order to minimize
multiple scattering. Finally a second 12-in. aperture quadrupole
{Q2) brought the beam to a second focus at the target. Two time-of-

flight counters (B1 and B2) with their associated electronics analyzed
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triton peak is from the final data on muon capture in He
(i.e., 1.9-MeV triton recoils); and the alpha peak is from an

Am?2 241 alpha source (5.4 MeV).
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the beam into pions, muons, and electrons (see Sec. IIl. F. 2). Helium
bags were used in the beam channel wherever practical in order to
reduce multiple Coulomb scattering of the beam in air.

We experimentally optimized the muon beam by making a
series of variations in the magnet currents, the thickness of the
absorber at the first focus, and the radial and azimuthal position of
the Be target. The quadrupole currents initially selected in this
investigation were calculated with the computer program OPTIK, >4
which is a very general program that will trace beam rays through
various elements of the beam-transport system, including bending
magnets, quadrupoles, and collimators. The value of the bending-
magnet current for a given momentum was determined by means of
the wire-orbit technique55 with the magnet in place and with the
cyclotron field on. Wire orbiting was also used to check the calculated
quadrupole currents. Given an arbitrary magnetic-field pattern and
the initial position and momentum of a particle, the program
ORBITS will trace the orbit of the particle. It was useful in tracing
beam rays from the Be target through the magnetic field of the cyclo-
~tron to Q1, and determined that the effective object position of the Be
target in the horizontal plane was 123 inches from the center of Q1.
Knowing this and the desired position of the foci, OPTIK calculated
the quadrupole field gradients and demonstrated the effect of various
collimator sizes. The first element of Q2 focused the rays in the
horizontal plane and thus gave almost unit magnification in. the
horizontal plane while reducing the object to about one-half size in
the vertical plane. Consequently the collimator at the first focus
(the object of Q2) was made twice as high as it was wide. This
collimator was 6 inches long, made of copper, and had an aperture
4 inches high and 2 inches wide containing the CH‘2 degrader. The
second collimator, placed just before the helium target, consisted
of a brass plate 2-in. thick containing a hole 2.5 in. .in diameter.

Two criteria were used in experimentally optimizing the

beam: {(a) muon intensity, and (b) the ratio of pto w+e. Because the
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pion and electron sources are essentially the size of the target,

whereas the muon, being produced in pion decay, has. a more diffuse
source, a slight detuning of the beam optics greatly increases the
muon- ratio in the beam. From a ratio of 0.07 one can pass by de-
tuning to a ratio of 2. In addition, by replacing some of the CH2

degrader at the first focus by a quarter inch of lead (which causes

‘the electrons to lose additional energy by bremsstrahlung), one can

obtain over 90% muons in the beam. However, no lead radiator was
used in this experiment since it also reduced the muon intensity
somewhat; furthermore beam electrons did not appreciably hurt the
experiment since these electrons are all vetoed by counter 5.

The beam study showed that the best compromise between
muon intensity and p to w+e ratio is obtained with 9.6 inches of
polyethylene (plus the 1-inch-thick counter B1) at the first focus, a

target radius of 81 inches, and an azimuth of 252° from the north.

- This study was carried out at a fixed-bending-magnet current of

.175.5 A corresponding to central-ray momentum of 109 MeV/c..

The optimum currents for Q1 were determined to be 32.6 A in the
first (horizontally divergent) element and 38.1 A in the second (corre-
sponding to field gradients of 90 G/in. and 104 G/in. respectively).
Switching on Q1 increases the beam intensity by a factor of two.
About 110 A (corresponding to 250 G/in. ) in each element were the
optimum currents for Q2. Under these conditions we obtained in the
useful stretched part of the beam an average maximum of 650 muons
per sec (57% of the beam particles were muons).

- Figure 9 shows the momentum spread of the beam through
the second collimator to be 4.4%. The momentum spread of the
beam before the degrader at the first collimator was 6%, whereas
after the degrader Ap/p = 26%. A range curve determined that the
addition of half an inch of polyethylene just after counter B2 led to
the maximum number of muons stopping in the gas for a fixed in-
cident momentum of 109'MeV/c. Pions of this momentum stop just

before the front Lucite window of the target, whereas electrons have
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‘about five times the range of the muons. Thus in addition to the
time-of-flight requirement, muons are also selected from the beam
by the range requireme.nt.. An average of = 50 muons/sec stopped
in the helium gas (at 28.9 atm), which leads to an events rate of = 10
triton recoils per minute. Positive muons were obtained by the
reversal of all the magnetic fields and the use of the particles emitted
in a backward direction from the cyclotron target. Typical 'p.+ in-
tensities were = one-quarter of the negative-muon intensities.

At all times throughout the experiment, the auxiliary dee of
the cyclotron was used to improve the beam duty cycle. In this mode
almbst half of the beam intensity comes in a ''beam spike'' about
300 psec wide at the end of each accelerating cycle (64 cps), but the
remaining beam intensity is''stretched'' almost uniformly in time
over the next 10 msec. The spike in‘beam is not useful since the
extremely high counting rate at this time jams the counters; there-
.fore the scalers and pulse-height analyzers were electronicaily gated
off during this part of the beam cycle. Pulses from the dynode of
counter B1 were integrated and displayed.on an oscilloscope a‘s a
beam monitor. Figure 17(a) shows a typical beam display with the
gating signal superimposed. The duty factor is typically 55% of the
total time and; of course, excludes the time when the scalers are
gated off during the spike. The beam also has an rf structure (18 Mc)

that is ignored in measuring the duty factor.

E. Distribution of Stopping Muons

Knowledge of the spatial distribution of muons stopping in the

target is needed to properly calculate the following quantitieé:

a. The fraction of the muon beam stopped in the target,

b. The fraction of the mﬁon beam stopped in the dead layer of the
cup counter {see Sec. IV. A),

c.. The fraction of muons stopping in the gas but close enough to
the wall so that the triton recoil collides with the wall (see Sec. IV K),

d. The fraction of muon-decay electrons that escape counters 3 and

5 (see Sec. III. F. 6),
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-e. The energy distribution of the charged particle in the breakup
reactions, Egs. (4) and (5) (see Sec. IV.F).

The stopping-muon distribution is mainly determined by the

" size of the collimator just before the target and by the occurrence of
multiple scattering as the muon slows down in the material before the
gas. The stopping distribution was both calculated and experimentally
measured. The experimental verification of the multiple-scattering
calculation justified the use of the calculated distribution for the

above purposes.

1. Multiple-Scattering Calculation

Figure 4 shows the material that the muon passes through
before it is stopped in the gas. This material was split up into slices,
such that the product of the muon momentum and the velocity (pfc)
is fairly constant in any one slice. Next, the mean-square scattering

angle57 X
_ 21.2 MeV 1
0, = —5Fc— X (56)

was computed for each slice. (Xo is the radiation length of the ma-
terial and X, the thickness of the slice.) Assuming that each of these
angles is small, the net rms scattering angle is found by adding the

square of each partial Gi
2 _ 2
: :

If di is the distance of each slice from the point where the muon
stops, then the rms displacement from the mean position at the

stopping point is given by
2 _ 2
r - Z @ 0,)°. (58)
i

As a result of the multiple scattering,- the beam has a probability per

unit area

Ps,r)) = —5 exp(-57/r7) (59)

™r
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to be found at a distance s from its position without scattering
(point B in Fig. 10). This probability distribution is that of a two-

dimensional random-walk problem. Following an article by

.. Sternheimer, 58_ this probability must then be integrated over the

area of the beam. If we assume that the beam distribution is uniform
over the area of the collimator, and since we have cylindrical sym-
metry, the probability per unit arga per input beam particle of find-

ing a beam particle at a distance r from the axis of symmetry is

2wrR '
Qfr, ro) =J J P(s, ro)pdp de . (60)
0.0

See Fig. 40 for the notation used. Using the law of cosines and per-

forming the integration over 6, we have

R 2n 2 >
. /2, ) 4
Q(r, ro) = —%J J exp [_ <r _IP2 2rp cos@> ]pdpd@
’ Y r
_ oJ0_JO o

‘R

2
2 T
I (2rp/r.) exp f-(—%—*)pdp . (61)

\T
.0

H

2 2, 2
=z exp(-r7/r)
e 0

where Io is the Bessel function with imaginary arguments. The

computer program MUSCAT >9

was developed to integrate the above
formula numerically for different radial positions and different r,
(corresponding to the z coordinate),

The calculation outlined above gave a rms scattering angle
of enet =22° and a rms displacement varying-almost linearly from
ro = 1.2 inches at the front of the cup counter to 2.05 inches at the
back. The largest contribution to the multiple scattering (about
80%) comes from counters B2 and 3 and from the absorber just be-
hind B2. Reduction of the thickness of this material and its distance
from the target could almost halve the number of particles stopping

near the wall, The dotted lines of Fig. 11 show the variation of
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MU-34004

Fig. 10. Notation used in multiple-scattering calculation. A is
axis of symmetry of collimator of radius R, B is the place
where a beam particle would have hit if there were no multiple
scattering, and C is the place where a beam particle might
actually hit, :
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Fig. 11. The histograms show the radial variation of muons
stopping in a nuclear emulsion. Emulsion A was exposed
directly behind the front Lucite window in the target, emulsion
B 2-3/4 inches behind the front window, and emulsion C
5 inches behind the window. Each emulsion was exposed to
2X10° beam muons. The dashed lines are the muon-stopping
distributions, at the same three positions, obtained from the
multiple-scattering calculation and are normalized to the same
total area as the histograms. Note that fewer muons stop near
the rear of the cup counter than stop near the front.
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Qr, ro), the probability per unit area of muon stops, with radial
positions at three different places in the cup counter. Because of
the spreading of the beam, about 50% more muons stop in the front
of the gas than in the back.

2. Emulsion Exposure

The above calculation is approximate, for not only does. it
neglect plural and single scattering at large angles, but it also
neglects the angular divergence of the beam. These and other similar
effects should be small but they make the calculation uncertain. Thus,
in order to verify the multiple-scattering calculation, three K-5
nuclear emulsions were exposed inside the target after removal of the
rear Lucite window and the cup counter. Only a limited area of these
emulsions was scanned for stopping muons because of the time in-
volved. Within the limited scanning statistics, however, it appeared
that the beam was cylindrically symmetric and that the stopping dis-
tribution checked well with the multiple-scattering calculation (see
Fig. 11). As the scanning efficiency may have been as low as 70%,
no absolute computation was made of the expected muon stops in the
emiilsion. The computed curves in Fig. 11 were normalized to the
areas of the emulsion histograms in A, B, and C. That is, one
normalizing factor was used for all three curves; this allows a

comparison between A, B, and C.

F. Electronics
Figure 12 is a block diagram of the electronic circuit used in
the experiment. I first give some general details of the electronics
and then go on to describe each element of the figure.

1. General Details

All the circuits used in the experiment were transistorized
except those of Hewlett-Packard amplifiers, the high-voltage power
supplies, and the scaler-gating control. This led to a very reliable
system with no electronic failures due to fatigue during the experi-
ment. - The entire logic was built up from modules and was contained

in the double rack shown in Fig. 13. The voltage divider used. in the
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Fig. 12. Block diagram of the electronics circuitry.
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Fig. 13. Rack containing the electronic logic circuits.
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base of all the 7046 phototubes (counters 3, 4, and 5) is a standard

' X4 divider, as described, for instance, in the UCRL.Counting Hand-
book. 60 The high voltage for the phototﬁbe s was monitored with a
digital voltmeter (Hewlett-Packard model 521 DR) and was kept
constant to within 1 volt throughout the experiment. Most of the
cable was of the type RG-63/U with a 125-ohm impedance. Some of
the cable used in the logic was 125-ohm BNC type, but low-loss
50-ohm Stvyrofoam coaxial cable was used between counters B1 and
B2 and the circuit Bgp. Standard Lawrence Radiation Laboratory
pulse inverting and impedance—rﬁatching tr'a’.nsfox_'mers were used as
required throughout the circuit. A distributed amplifier (Hewlett-
Packard type 460A) was used as a general-purpose amplifier, and
the delay boxes consisted of RG-63/U cable with easily interchange-
able lengths. All scalers were Model V of Radiation Laboratory
desig'n60 and were gated by a master control. The pulse-height
analyzer was the Radiation Instrument Development Laboratory's
model 34-12 (RIDL), which has 400 channels,

- 2. Identification of the Muon Component of the Beam.

Counters B1 and B2 are plastic scintillators i-inch thick ob-
served via Lucite light pipes by 10—stage' photomultiplier tubes (RCA
6342A). Since B1 had an average of 106 particles/sec passing through
it (with instantaneous rates much higher), Zener diodes were used in
‘the base of the tube for stabilizing .t;he voltage supplied to the last few
dynodes. In addition it was necessary to incvrease_the current through
‘these diodes and to put Bi on its own power supply in order to keep
the high voltage constant at the high-beam rates. Both phototubes =
were surrounded by magnetic shielding to reduce effects of the cyclo-
tron-fringing field.

The bases of B1 and B2 contain special zero-crossing circuii:s61
that produce a pulse at a time independent of the original pulse height.
The very small (millivolts) signals from these bases are brought to
the coincidence circuit62 By in the counting area via low-loss 50-ohm

Styrofoam cable. The fine-adjustments in the timing between B1 and
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B2 pulses are made with a continuously adjustable 'trombone'' delay.
The input signals are monitored after the first stage of amplification
in the coincidence unit independent of whether or not a coincidence
is made. These monitor signals are used to start and stop a fast
transistorized time-to-pulse-height conver‘cer63 whose output goes
to an RIDL pulse-height analyzer. This time sorter allows us to
measure accurately the number of pions, muons, and electrons in the
beam and is extremely useful in optimizing the ratio of muons to
other particles in the beam. Figure 14(a) shows a typical beam
spectrum. Although the resolution (FWHM) of the coincidence can
be made better than 0.2 nsec, the peaks of Fig. 14(a) are 1.2 nsec
wide because of the different path lengths that a particle can have on
going from B1 to B2,

The dynode signals from B1 and B2 are amplified, delayed

. . .. . 64
relative to each other, and fed into the co1nc1dence_ unit, B,. In

this circuit any pulses coming within 20 nsec of each othertare ac-
cepted and thus all beam particles will produce a pulse. The output
of Bt is passed through a discriminator, which generates both a
scaling pulse and a pulse that primes the time converter. This
pi‘iming coincidence is necessary since otherwise the high counting
rate of B1 changes the bias levels in the time converter and causes
time jitter.

By use of a signal from Bp to fire B, the time sorter can be
gated on only for muons that produce a B output. The resulting
spectrum allows a convenient way to set the delays of B4 and B2 into
Bp and reassures us that circuit By is working and triggering only
on muons. . Figure 14(b) shows the beam spectrum with the time
sorter gated in this manner. Comparison with Fig. 14(a) indicates
that Bp is accepting virtually all muons and very few pions or elec-
trons. Please note that in addition to the time-of-flight selection of
muons, range requirements allowed only muons to stop in the helium
gas. Thus there is double assurance that the stopping-beam particle

is a muon.,
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Fig. 14. (a). Composition of the beam, as measured by time-of-
flight analysis with counters over a flight path of 18.5 feet:
60% muons, 38% electrons, and 2% pions.
(b). Same spectrum when the time sorter is gated only
on the fast coincidence, Bp.
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3. Stopped-Muon Circuitry

_ The pulse from Bp is amplified, scaled, and fed into the
coincidence circuit Sp (Ref. 65, Fig. 15). The dynode pﬁlse from
the He counter (4) is split, amplified, delayed, and fed from a
tunnel-diode discriminator into Sg. Thus a He-Bp coincidence en-
sures that a muon reached the helium gas. To ensure that the muon . .
did not go beyond the helium gas, the cup counter's anode signal (5)
was used as a veto in Spm. Checks throughout the experiment ensured
that 5's vetoing efficiency remained the same. This was required in
order to keep constant the number of muons that just penetrate 5
without leaving enough light in the scintillator to veto themselves.
The basic scaler Sp counts need a correction for these muons and for
those stopping in the MgO and Al coating on the cup counter (see
Sec. IV.A).

There are two other anticoincidence requirements for the
circuit Sp. One "inhibit" circuit, triggered by B, turns the circuit
Sp off for 22 psec after every beam muon enters the system. This
keeps the rest of the electronics from being '"confused' when there is
a pileup of muons. This inhibit circuit vetoed about 2.5% of all the
Sp.

It takes the PHA an average of about 80 usec to analyze a
given pulse and during this time the PHA cannot accept a second pulse.
Therefore, to prevent the possibility that a good event might not be
analyzed because the analyzer is already busy, the PHA also inhibits
Sp during the time it is analyzing a pulse. To first order these two
inhibits do not affect the TR/Sp ratio since they inhibit equally muons
that are going to be captured or those that will decay. If a second
muon did come along and was captured by a He3 nucleus while the
first muon was still being analyze'd, it would appear as if the TR
event came from the first muon. This second-order effect changes
TR by less than 0.05% and hence we neglect it. |

Some good stopped muons will decay almost immediately.

Their decay electron then has a good chance of causing a pulse in 5
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Fig. 15. Three-fold coincidence circuit with output triggers, as
designed by G. Culligan and N. H. Llpman. Sp, TR, and p-e
coincidences use this circuit. -
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to veto the coincidence Sp. This would tend to increase the TR/Sp
ratio since this effect preferentially vetoes those muons that decay
into electrons. The number of electrons that veto their own muon
can be found from a measurement of the overlap of the anticoincidence
5 pulse with the coincidence He Bp that signals the arrival of a muon.
The overlap can be determined from the delay curve of 5 into Sp
[shown in Fig. 16(a)]. Pulses occurring in 5 later than 14+ 2 nsec
after timing for a normal prompt 5 pulse will not veto Sp. Thus,
knowing that the muon lifetime is 2.2 psec and that 5's electron ef-
ficiency is about 86%, one can easily calculatethat 0.55+0.11% of all
stopped muons are vetoed by their own decay electrons.

Early in the experiment it was discovered that, in addition to
the light coming from the helium gas, light was also coming from the
front Lucite window. This light could generate a false Sp signal since
a muon stopping in the front window would have all the electronic
appearances of a muon stopping in the gas. The amount of light from
the window was small compared to the helium scintillation light, and
we therefore used the tunnel-diode discriminator on the He-to-Sp
line to bias against this light output. Muons passing through the
window still gave out light but those stopping in the window did not
trigger a pulse big enough to fire the He-Su discriminator. By taking
all the gas out of the target, one could easily check that there were
no Sp counts from the window. Under our operating conditions, there
was still 1.1+ 0.1X% '10-4 Bp counting in Sp with the target under a
vacuum. This number is automatically subtracted from the scaler
Sp. when the dead-layer correction (Sec. IV. A) is made, since the
xenon analysis does not distinguish between muons stopping in the
front window and those stopping in the plastic scintillator dead layer.
At any rate, this window correction is very small and well Within the
uncertainty of the over-all dead-layer correction.

The output of the circuit Sp is scaled twice, once directly out
of Su and once after a discriminator set to fire on all Sp pulses.

Readings on the two Sy scalers agreed thfoughout__ the run to within
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Fig. 16, Impdrtant delay curves.

(a). Delay of the veto 5'into the coincidence Su was set at 0
during the run. Decay electrons coming between 0 and

14+2 nsec veto their own Spu. _

(b).. Relative delay of Sy and prompt (beam) He pulses into
the coincidence TR. An Sp delay of 200 nsec from the edge
of this curve was added under operating conditions so that

- only He pulses occurring 200 nsec after an Sy made a coinci-
dence in TR.

(c). Relative delay of 3 and Sy into p-e, and

(d). Relative delay of 5 and Sy into p-e. An Su delay of

30 nsec from the edge was added in each case so that only

3 or 5 pulses occurring 30 nsec after an Sy made a coincidence
in p-e.
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10 counts in a million. Another output of Sp starts a time-to-pulse-. .~
height converter that is stopped either by a decay electron or by a
TR event. In addition the circuit Sp. generates a pulse used.to gate
the coincidence circuit TR. This pulse was 6.2 psec long and is
shown in Fig. 17(b). The discriminator following Sp generates a
.10.6-psec pulse that gates the p-e circuit. This discriminator is
scaled and forms one input to the p-e logic system (see Sec. III F. 8).
It was noted during the experiment that in order to have a
constant 6.2-psec gate, it was necessary that the amplitudes of the
activating pulses be between =1 and 3 volts. Too large or too small
an input pulse shortened the gating pulse to about 0.1 psec. Since
constancy of the gate length is essential to the experiment, the pulses
going into Sp were made uniform by a tunnel-diode discriminator.

4., Triton-Recoil Circuit and Time Gate

The 6.2-psec pulse from Sp forms a delayed coincidence (see
below) in the circuit65 TR with pulses coming from the dynode of the
He counter. Pulses from the dynodes of counters 3 and 5 are amplified,
delayed with respect to one another, and mixed by means of a passive
network (a tee of 47-ohm resistors). The mixed output is amplified
and split again passively. One output of the tee goes to the p-é cir-
cuit and the other through a delay box to the TR veto. We set the
delay with Sp out of TR and with beam electrons which all pass through
5, 4, and 5. Thus any .:5 or 5 pulse occurring within about 20 nsec of
a He pulse will veto the TR event. This feature prevents many of
the decay electrons and all second-beam particles from registering
on the pulse-height analyzer (PHA). A negligible 0.025% of the true
TR events are vetoed by random 3 0r 5 pulses.

There are three outputs of the circuit TR. The first goes to
a scaler. The second stops a time sorter started By Sp; thus we can
measure the time distribution of TR events [see Fig. 20(b) and
Sec. IIL. F. 7] and verify that they indeed have the characteristic de-
cay spectrum. The third output is a 160-nsec pulse that gates the
belium pulse going to the PHA [see Fig. 17(c)].
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Fig. 17. Selected oscilloscope traces,

(2). : Integrated pulses of counter B1 showing the gross
structure.of the beam. The spike at the end of each accelerating
cycle, representing a high counting rate, causes the scalers to
miss counts; we therefore ele‘ctr'onicallym gate the scalers off during
this part of the beam spill. The top trace shows the scaler gating
pulse (= 2 msec/cm). o

(b). TR gating pulse from the circuit Sp (2 V/cm,

6 psec/cm).
(c). TR output gate to the linear gate (2 V/cm,; 0.1 p’.sec/cm).
. (d). Pulses from the helium scintillator after the linear
amplifier and before the linear gate (0.2 V/cm, 0.1 psec/cm).

(e). Output from the linear gate.- These pulses are then
integrated and analyzed according to pulse height. The small bumps
mark the beginning and the end of the gating pulse. These are
integrated out to zero by the integrating amplifier (0.2 V/cm,

0.1 psec/cm).
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The 6.2-psec pulse from Sp.'is delayed from a prompt coinci-
dence to prevent the stopped-muon pulse.in the helium counter from
registering in TR. ,vIt is important to know between what time, ty to
tss after a si;q.p_péd muon that a He pulse Wiﬁllregister in TR. Since
triton recoilsifollow an exponential law with'mean life T = 2.189 psec
(the inverse of the muon-disappearance rate in Hé3), one must correct
the observed evv.ents for those that éomevb'e"fore t, or after t,. The
fraction of muons disappearing between t,1 and t, is
: Ft = exp(-t-i/'l") - exp(-tz_/'r), and therefo_i'e,the total number of events
" occurring over all times is the observed events divided by this frac-
tion. v |

We measure the.time ty by ''doing'" a delay curve between
the prompt He: pulse and the Sp pulse. This delay curve is shown in
Fig. 16(b) and was obtained with 3 out of TR.,‘ Note that this delay
curve traces out the back edge of the He pulse; however, as indicated
by the relative timing »of»th‘e pulses in Fig. 35, the desired time ty is
the additional delay added from the point where TR counts at half
efficiency. A cable (RG 63/U) was used to delay Sp. By measuring
the frequency’);of standing waves in the shorted delay cable, we ob-
tained a delay"_"length 6f 202+ 3 nsec, in which the error is due to a
shift in the delay curvé from the beginning to the end of the run.

The time tz - ti’ obtained by measuring the Sp pulse length as
described in Appendix C, is equal to 6.2+0.1 wsec. Thus
ty = 202+3 nsec, t, =6.4%0.1 psec, and the time factor
F, = exp (-0.202/2.189) - exp(-6.4/2.189) = 0.858 % 0.003. (62)
5. Pulse-Height Analysis

Delayed pulses from the He counter's anode are sorted ac-
cording to energy (pulse height) in order to pick out pulses\arising
from the 1.9-MeV triton recoil. The pulse height from the He counter
was very sensitive to small shifts in the photomultiplier's high voltage;
hence this voltage was monitored carefully with a digital voltmeter so
as to keep gain shifts to less than a channel. In order to prevent

saturation of the pulses in the last stages of the photomultiplier tube,
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thé voltage of the He counter was kept relatively low. An amplifier
compensated for this low voltage in order to make the pulse through
the gating circuit an optimum volt or so [see Fig. 17(d)]. The He
.anode signal was delayed so that it fell within the gating pulse [Fig.
17(c)] provided by TR, which in turn was generated by He's dynode
signal. Figure 17(e) shows the He pulses as they appear after the
gating circuit. The integrating amplifier, following the gating cir-
cuit, was necessary to generate the relatively wide pulses required
by the PHA. It also integrated over the area of the pulses, thus
making the output-pulse height closely related to the total amount of
light generated in the helium gas. Finally the pulses were analyzed
-according to pulse height in the PHA. The resulting pulse-height
spectra, along with the Sp scaler counts, are the basic data of the
experiment.

If the p-e logic were used (see Sec. IIl. F. 8), a 14-psec delay
line (consisting of RG 176/U cable with a 2200-ohm impedance) was
inserted between the integrating amplifier and the PHA. This delay
line brought the pulse to be analyzed into coincidence with the pulse
from the p-e logic system.- Except for one run, the 14-psec line and
the prompt coincidence on the PHA were not used.

By adjustment of the gain on the amplifiers, the 1.9-MéeV
triton-recoil peak could be made to fall in any channel desired. During
any given run, however, the gain stayed the same. This was checked
by frequent calibrations with an a source. Periodically throughout
the experiment, the linearity of the pulse-height-analysis system was
checked by replacing the He counter with a pulse generator, A typical
plot of the variation of the helipot dial on this pulse generator (con-
trolling the pulse amplitude) with the channel number in the PHA is
shown in Fig. 18(a). This shows that the amplifier, linear gate,
integrating amplifier, and PHA form a linear system up to channel N
110, where the integrating amplifier saturates.. Figure 7 shows that
even with the addition of the He counter the system is still linear.

Several times dt.lring the experiment the PHA was checked to

be sure that it was storing all input pulses and that it did not lose
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Fig. 18. Typical pulse-height analyzer calibrations.
(a). Channel number vs pulse height of a standard generator
pulse showing the linearity of electronics from amplifier
to PHA. Note that some nonlinearity does occur at about
channel 110 and that above channel 120 the system saturates.
(b). Calibration of two ranges of the Wieber time sorter by
the method described in the.text.
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counts from its memory. All tests showed that the PHA was oper-
ating properly; however there was no continuous monitor throughout
the data-taking runs on the number of counts being stored.. The tests
with the pulse generator showed that large pulses, which normally
would be off-scale on the PHA, were instead stored.in the PHA be-
tween channels 120 and 134 because of electronic saturation. Thus
no matter how large the He pulse, it still registered on the PHA.
These saturated pulses can be used in obtaining the integrated number
of counts above a given energy and were used in obtaining the capture
rates for the breakup reactions.

. 6. The p-e Circuit

Most of the stopping rﬁuons decay into electrons. Some of
these electrons are detected by the p-e coincidence circuit as follows.
A pulse from Sp, signifying a stopped muon, fires a discriminator
- that generates a 10.6-psec pulse (see Appendix C). - This pulse makes
a coincidence in the p-e circuit > with a signal coming from either
counter 3 or counter 5. Since all beam particles trigger a pulse in
counter 3 as the muon stops, the 10.6-psec pulse from Sp .is delayed
35 nsec from a coincidence with such prompt pulses [see Fig. 16(c)
‘and (d)]. Thus p-e is sensitive from 35+7 nsec to 10.6 psec after a
muon stops, and therefore will detect only 97.6 £ 0.4% of the electrons
because of this time gate.

Like TR, the p-e circuit also has three outputs.. The first
goes to a scaler, which counts p-e events; the second goes to the
p-¢ logic system; and the third stops a time sorter. This time
sorter starts to time whenever an Sp coincidence occurs. Thus the
time sorter measures the time intervals between arrival and decay
of muons.

- Experimentally the number of p-e events obtained was 84.6%
of the Su events if counter 5 only were used as input to p-e. As ex-
plained in Sec. III. F. 8, 2.1% of these were determined to be random
events, leaving 82.5+0.3% for real observed decay electrons, This

number can also be calculated as a check on several aspects of the
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experiment. The probability .of registering an . incoming muon is the

product of the probability of decay-times the geometric efficiency.

: 'The geometric efficiency for detecting -a decay electron in counter 5,

as computed by the Monte Carlo program (see Appendix D), is

. 85.6+0.5% of the Sp. counts. - The probability of decay in the finite
time gate is 0.967. Taking into account that 0.8% of the Sp's are
_captured (mostly in the dead layer, as explained in Sec. IV.A), we

- finally get 82.8+0.6% of Sp. as observed decay electrons in counter 5.
This checks.well with the experimental number given above.

Because of its small solid angle and because many of the
decay electrons stop in the front Lucite window, the copper elbow, or
‘the pressure-vessel flange, counter:3 detects only 1.9+ 0.5% of the
decay electrons. Considering that counter 3 has a rate of randoms ,
as high as 301%vof Sp, it does not appear that counter 3 is very useful
as an electron detector, which was its original purpose. As it turned
out, the main reason for. using"counter 3 was as a veto in the circuit
TR.  Here it vetoed about 2% of the beam particles that otherwise
would appear as random-background on the TR pulse-height spectrum.

7. Time Analysis of Events

The time sorter()7 is a device that converts the time interval
between two pulses into a pulse height that is proportional to this time
interval. The resulting pulse height is measured on a PHA, The
. main purpose of doing the time analysis is to be sure that both p-e
and TR events showed an exponential decay with the 2.2 psec mean
life characteristic of muon decay. Other experimenters have meas-
ured the free-muon mean life using much more accurate methods and
have obtained 7 4 =7 _ = 2.200 psec. 6 ‘Taking the measured capture
rate into account, one then obtains 2.189 wsec for the muon mean life
~in He?.

The time sorter also plays an important role in the xenon
analysis (see Sec. IV.A.). . Zero time on the distribution, important
in the xenon analysis, is defined as the time at which a muon stops.

The channel in which zero time occurs on.the time distribution can
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be varied by changing the relative delay of the start and stop pulses
going to the time sorter. An extra 1.3 psec was added to the stop-
pulse delay to shift zero time from the start pulse. This is done to
avoid any distortion of the time distribution for early times due to
finite-rise-time effects in the PHA. The exact position of zero time
on the distribution is measured by varying the delay of the Su pulse
going to p-e so that prompt beam pulses stop the time sorter.
Calibration of the time sorter, by means of the circuit shown
in Fig. 19, proceeds as follows.  Pulses 1 psec and pulses 1 msec
apart are generated synchronously in the Tektronix Time Mark
Generator.- The pulses 1 msec apart trigger the circuit Sp, which
then starts the time sorter. Meanwhile these same pulses go through
a Del-A-Ga‘ce60 and form a coincidence with the pulses occurring
every 1 psec. The coincidence-circuit output stops the time sorter,
By changes in the Del-A-Gate delay, the time sorter is stopped at
1-psec intervals from the Sp starting pulse. The results are in the
form of spikes (in certain channels of the PHA), which therefore are
1 psec apart.- Figure 18(b) shows typical calibration plots for the
two ranges of the time sorter. Figure 20(a) and (b) shows typical
time distributions of p-e events and TR events, respectively. The
mean life of p-e events, obtained with a least-squares fit to the data
points, is 2.19%0.03 psec; the error is due mostly to uncertainty in
calibration of the time sorter. Of the normal TR events, almost 80%
were actually low-energy pulses due to decay electrons that missed
being vetoed. In order to measure the time distribution of TR pulses
due only to nuclear-capture events, we set the TR discriminator to
bias out events with energy below 1.2 MeV. The time distribution of
Fig. 20(b) is with this high bias on the TR discriminator. In this
case the lifetime is 2.23+0.08 psec; the error is due to statistical
uncertainties. Both of the measured lifetimes agree well with the
expected value and thus show that the effects we measured are related

to a muon stopping in helium.
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Fig. 19. Circuit used in calibrating the time sorter. The time-
mark generator generates a string of pulses 1 usec apart,
and at the same time, in synchronism, another string 1 msec
apart, With the Del-A-Gate, the delay of the 1 msec pulses
can be continuously varied. I
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MU.34010

Fig. 20. Time distributions. (a). p-e events; 7 = 2.19+0.03 psec.
(b). TR events; 7 = 2.23+0,08 psec.

In the measurement of

TR events, the low-energy decay electrons were biased out;
thus this time distribution mainly represents muon-capture
events of the type shown in Eqs. (3), (4), and (5).
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8. The p-e Logic System

A given muon can '"'die" only once. Therefore, if a muon
decayé into an electron there can be no capture event and one should
not look for such events on the pulse-height analyzer. Ideally one
. could not get a TR event and a p-e event for the same Sp.. However,

random events not connected with an Sp (such as cosmic rays and
.neutron or gamma-ray background from the cyclotron) do occur in

. both TR and p-e. The p-e logic system is designed to eliminate a

~ large fraction of the randoms occurring in the pulse-height spectrum
by requiring that no TR event can register on the PHA if a p-e event
occurs in the first 10.6 psec after a stopped muon. Since the p-e
coincidence ”sees“’ = 84% of the decay electrons, the p-e logic will
reduce the number of PHA randoms by this amount.

This logic system was used only on one short trial run for two
reasons: (a) the randoms in the pulse-height spectrum were smaller
than expected and could be measured in any event (see Sec. IV.D) and
(b) the random events in p-e itself .led to the cancellation of good
trifon-recoil events and thus introduced an additional correction and
therefore an additional error in the result. . However, for the sake of
the record, I describe how the p-e logic system works.,

Between stopped muons, a standard bistable multivibrator called
the Set-Reset (S/R) flipflop remains in the reset position. Any p-e
event, which of course requires an Sy, sets this flipflop. “The delayed
pulse from Su (occurring after the p-e time gate) resets the flipflop and

_causes it to trigger a scaler and a 11=g.isec pulse that feeds into a sim-
ple anticoincidence circuit as the veto. That is, if the S/R flipflop goes
from a set to a reset position, no pulse comes from the coincidence.

If however there was no p-e event, the flipflop does not get set in the
first place. In this case the delayed pulse from Sp is delayed another
1 psec (to ensure overlap with the 9-gsec veto pulse, if it is present)
and then generates an &-psec pulse, which feeds through the coincidence
to a scaler and the PHA. The 14-usec delay from the integrating am-

plifier to the PHA is chosen so that all possible events occurring in the
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6.2-psec TR time gate also fall in the 8-usec pulse from the p-e
logic. The 14-psec delay is necessary since one must wait for at
least the 11 psec of the p-e time gate to see whether or not a p-e
event occurs. ,

Thus the net effect of the p-e logic system is to allow pulse-
height analysis of only those delayed He events not accompanied by
any event in either 3 or 5. Note that the 3 or 5 veto in TR also pre-
vents events immediately associated with a pulse in 3 or 5, such as
decay electrons, from registering on the PHA, but that the p-e logic
in addition kills all TR events occurring before or after the p-e event.

The S/R scaler also allows an immediate computation of the
number of randoms occurring in p-e.. The scaler p-e can count twice
for a given Sp, for instance, once for a real decay electron and once
for a random;‘ however, the S/R scaler will count only once since the
S/R flipflop gets reset only once for a given Sp. Thus the number of
double counts in p-e is just (p-e) - S/R and the number of randoms
per Spin p-e is just [(w-e) - S/R]/(n-e). In this manner and by
calculating the number of expected second-beam particles in 10.6 psec
after the stopped muon, one can determine the various amounts that
each counter contributes to randoms in p-e. The following table shows

as percentages of Sp counts the number of randoms occurring in p-e.

Counter
i i 3+5
Beam randoms 2.1 1.5 2.1
Nonbeam randoms 1.0 0.6
Total randoms 3.1 2.1 3.7

Note that beam particles that hit counter 5 also hit counter 3 and
hence cause a random count only once. The nonbeam randoms are
caused mostly by a background of neutrons and gamma rays from the

cyclotron.
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Becausé of these randoms in p-e, some good TR events are
vetoed by the p-e logic criterion,  To calculate the number of vetoed
TR events, V, let T' be the observed TR events and T be the true
number of events so that T = T' + V.  Then it follows that

V= T X(probability per Sp of getting a random)
=(T' + V) X (g-e - S/R)/p-e". - (63)

 Solving this equation for V; one obtains

V=T % (F§7‘?R - 1) - ' (64)
and so -
T =T x‘(i‘si}%)‘. (65)
For the run during which the p-e logic was used, the scaler ratio
Boe - ’ ' o
S/R 1.040% 0.001 (66)

was. obtained where the quoted error is statistical only.. The actual
error is larger than this since fluctiations in the beam level will

- change the number of p-e randoms.. Estimating that the beam fluctu-
-ation could lead to 1% error, ‘we must then correct the observed

~number of TR events on the PHA by the factor 1.04+0.01. .-

G. Data Collection

The first 2 weeks of the cyclotron run were spent in a beam
study, in systematically delaying and plateauing the various counters,
and in checking the operation of the electronics with He4. in the target.
After this initial setup, about a month was spent (= half time on the
cyclotron) in collecting data. In this section I first describe the rou- -
‘tine followed in the data gathering and then present the data itself.

1. Data-Collecting Procedure

. Each day before beginning a group of runs, the radius and

: azimufh of the Be cyclotron target and the quadrupole currents were
checked. Generally the bending-magnet current was varied to maxi-
mize the number of stopping muons. This was necessary since small
changes in the target position could change the beam's momentum.

- The composition of the beam, as determined by the time-of-flight
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analysis, was checked daily, as was the Bp coincidence. (See Fig. 14
and Sec. III. F. 2). Except for maintenance of the LN reservoir, the
helium target did not require: attention and the gas pressure re-
mained constant. “

Data were usually accumulated in blocks of 500 000 S, each
of which represents about 3 hours of running time at full beam. After
each block of data, the scaler counts were recorded and the PHA's
memory transcribed. These blocks of data were later totalled for
each type of run. Periodically, while accumulating data for each
block, we also checked counter high voltages, the bending-magnet
current, scaler gating, counting rates, and scaler ratios for con-
sistency.

After every million Sp's, a short run was made with the co-
incidence TR on singles He to measure the random background of the
pulse-height spectrum (see Sec. IV. D). At this time an alpha-source
calibration, and calibrations of the PHA and of the time sorter, were
usually made.

Once at the beginning and once at the end of all the data
gathering, all vital-delay curves and pulse lengths were checked.
During the data-gathering period many miscellaneous checks were
made and subsidiary data were accumulated.

2. Pulse-Height Spectra

Pulse-height spectra with-He3 in the target were taken in five
main runs, during which the experimental conditions were varied to
check for systematic errors. The runs are summarized in Table II.
Run A was made at the beginning of data gathering and Run B about
2 weeks later; otherwise these two runs were made under identical
conditions at 28.9 atm of heliurn. These runs are kept separate only
to show the consistency of the data. The only change made during
the LLP (low-pressure) run was the lower gas pressure at 15.4 atm.
During the logic run the p-e logic system (see Section IIL. F, 8) was
used. In addition, run B3 was made without g in the TR coincidence

and with a 2:1 attenuator before the linear amplifier. This made it



Table II. Summary of the data runs imade during_ the experiment.

- Pressure Number . Rﬁnning Data * x2per deg o
Run Type - Purpose {atm) of events time (hr) . blocks of freedom P(x )
A W He> | 28.9 12000 243 9 0.26 2%
B " pHe3 Muon capture  28.9 14 000 27.8 11 144 16%
LP w"He3 [ He’into H® 28,9 11000 474 14 064 229
Logic w-He3 ) ground state  15.4 6000  12.1 5 1.37 249,
B3 w He3 Muon capture  28.9 . 7000 10.4 5 0.98 40%
B4  p-Het V' fHe’\intoall  28.9 2000 10.8 4
| (He4) channéls |
c - pme? Study of 28.9 - 11.2 5
’ ptHe3 } backgrounds 28.9 S 17.5 L7 (';,
: 1

w Xe Study of ‘ 3.4-7.0 - 17.8 - 11
| "dead layer' '
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possible to see more of the breakup reactions [Eqs. (4) and (5)] since
the breakup proton and deuteron have relatively high energies and
many normally veto themselves in counter 5.

4 in the target. The first,

Two main runs were made with He
B4, was identical to B3 except for the gas used, and was an effort to
observe capture events in He4 [Eq. (9)]. Since the objective of the
second He4 run was to study the electron and breakup backgrounds,
it was made under conditions similar to Runs A and B. In addition,

a run with positive muons was made in order to check the shape of

the electron background. Several additional runs, made with xenon
in the target, allowed a measurement of the '"dead layer'! thickness
(see Sec. IV. A).

Figure 21(a) through (h) shows the raw pulse-height spectra
for each of the above sets of data. Also shown on these graphs are
the computed random spectra (see Sec. IV.D). Each spectrum is
the sum of a number of data blocks. For each block of data a rough
capture rate was computed and assigned a purely statistical error.
The goodness-of-fit parameter, XZ, for the sum of the-se data blocks
is also given in Table II. These ¥ 2 show that the data is consistent
with a purely statistical variation from one run to the next.

3. Other Data

In addition to the basic pulse-height spectra of delayed events
of muons stopping in helium, other information was collected to aid
in the interpretation of the data. Generally whenever a pulse-height
spectrum was being obtained, the time distributions of the TR events
were also recorded on another PHA to be sure that the TR events had
the correct lifetime. These spectra are similar to Fig. 20(b) but are
not shown here since no additional information is obtained from them.
A time distribution of p-e events is given in Fig. 20(a) and discussed
in Sec. III. F.7. The xenon time distributions are discussed in
Sec. IV. A.

By removal of the 200-nsec delay of the He pulse going into

TR, the coincidence circuit TR was allowed to fire on prompt He
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pulses and thus distribution of the energy lost by muons. stopping. in
the gas could be obtained. This energy spectrum is shown in Fig. 22
and served as a useful check of the Monte Carlo program (see
Appendix D).

A graph of the (Sp/Bp) versus gas pressure for both helium
and xenon is given in Fig. 23. The positive-pressure intercept is
related both to the ''dead layer' and to .the light given off by the

window, as is explained in Appendix D.
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22. Spectrum of the energy lost by muons stopping in helium.
, experimental points; @, points calculated by the Monte

Carlo program, normalized to the same number of stopped

muons. The dashed line represents the 0.85 MeV lost in the

Lucite window with the He counter's resolution folded in.

Notice that the small overlap between this Gaussian and the
energy spectrum indicates that the Sp discriminator was set

correctly to bias out muons stopping in the window.
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Fig. 23, Variation of Sp./Bp, with pressure for He3, He4, and Xe.
The low value at 200 psia is due to the pressure variation of
light output from the helium 'scintillator (see Fig. 5). The
positive-pressure intercept arises partly from the MgO
'""dead layer' and partly from a high energy cut to discriminate
against muons stopping in the Lucite window.
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IV.. DATA ANALYSIS

In this section I describe how the data were analyzed and
calculate the capture rates in He3 and He4. I first describe the xenon
analysis and then compute the number of muons stopping in the helium
gas for each run. Next I discuss the pulse-height spectra and the
backgrounds associated with those spectra. Then I give a short
description of the Monte Carlo program used in analyzing the breakup
events, followed by the calculation of the capture rate in He4 and the
breakup-capture rate in He3, Consideration of events arising from
muon capture in the walls show these to be a factor in the breakup
capture rates. Finally I arrive at the He3 - H3 capture rate by
combining previous results with a correction for triton recoils that

hit the wall of the gas container.

A. Xenon Analysis and the Dead-Layer Correction to Sp

Not all of the muons that register in the coincidence circuit Sp
actually stop in the helium gas. Some muons stop in the '"dead layer"
that surrounds the gas, that is, in the cup-coating materials or in the
cup counter itself. Most muons that stop in the cup counter veto them-
selves in Sy, however some do not penetrate deeply enough into the
cup counter to give sufficient light to be vetoed. These muons must
be subtracted from the Sp counts in order to get the true number of
muons stopping in the helium. This correction was determined ex-
perimentally by replacing the helium with xenon gas and performing
a time analysis of - e decays (see Sec. III. F. 7). Figure 24 shows

a typical time distribution of p-e events with xenon in the target.
12

Muons stopping in xenon have a very short mean life {90 hsec),®
whereas muons stopping in the low-Z materials of the dead layer have
mean lives of about 1 wsec. Determination of the number of muons
stopping in the dead layer from this spectrum is rather involved, but
the following describes how it was done.

The '"dead layer'' consists principally of four elements:
magnesium, oxygen, aluminum, and carbon. The MgO powder was

smoked onto the cup-counter walls over an opaque coat of Al.. Even
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. Fig, 24. Time distribution of y-e events for 6.,75)(106 B

with 6.1 atm of xenon in the target. The dashed lines show
the contributions of muons that stop in the various elements
of the dead layer. The Mg, O, and Al exponentials were
computed as described in the text, and the Xe, C, and
randoms were determined by a least-squares fit of the
spectrum. The solid line is the least-square fitted sum

of the exponentials. Its computed XZ per degree of
freedom is 1.02.



-85-

though the gas permeates the MgO powder, it was assumed that this
did not affect the number of muons stopping in the gas versus the
number stopping in the MgO. Since the hydrogen mesic atom is
neutral, any muons that stop in the hydrogen of the plastic scintillator
(CH) cup counter are very quickly transferred to carbon atoms through
collisions. Thus muons stopping in the cup counter will have the same
mean life as if they stopped in carbon. Line 3 of Table III gives the
mean life of the muon in the various elements and line 5 gives the
fraction of muons that stop in that element and that give a decay
electron. The rest of the muons, of course, are captured, and it is
assumed that these muons do not cause a signal in counter 5.

From the time distribution (Fig. 24) one can see that it would
be very difficult to extract the number of muon stops in all four ele-
ments. Furthermore, we can measure the amount of MgO and Al
present in the cup counter. Thus the procedure followed was to deter-
mine how many counts corresponding to stops in MgO and in Al one
would expect to see in the time distribution, subtract these; and use
. the remaining counts to determine the number of muon stops in carbon.

The total weight of the MgO {measured after the experiment)
was 0.45%£0.02 g; the area of the cup counter covered was 485 cmZ
(4 inches in diameter by 5 inches long); thus the average MgO thick-
ness was 0.93+0.04 mg/cmz. When one assumes that the Fermi-
Teller Z Law 8 (the atomic-capture rate in a compound is proportional
- to the Z of each element) holds true in MgO, then six-tenths of the
muons that stop in MgO are capturéd by magnesium and four-tenths by
oxygen. The aluminum coating was about 3000 A or 0.09%0.03 rng/crnZ
thick. Knowing the relative stopping powers of Mg, O, Al, and He,
one can obtain an equivalent—heiium—gas thickness of 0.51 mm at
28.9 atm pressure for all three elements. Then, knowing the distri-
bution of stopping muons (see Sec. III-E. ), one can find the percentage
of muons stopping near the side walls in this equivalent thickness of
gas. Since the beam spreadsv as it moves further from the collimator,

one must average over various distances from the front of the cup.



Table III. Calculation of the dead-layer correction to Sp.

1. Element : _ . Mg : O ' Al ‘ C -

2. Atomic_' number 12 o 8 13 6

3. Muon mean lifel? (usec) 1.04 1.81 0.88 | ' 2.025

4. Muon mean life (channels) 7.6£0.3  13.2£0.6  6.4%0.3 . 14.8:0.6

5. Fraction of muons giving off 0.47 0.82" 0.40 A 0.92
a decay electron \ '

6. Time-gate factor - 0.971 0.980 0.966 ' 0.980

7. Solid a‘ngle X tirﬁe gate X 0.434( B 0.763 0.367 0.856

fraction of decay electrons

_98.=

(= 1% error)

4 4

3.8+ 0.4x10"% 0.85+0.3 x10°% 12.5%2.5x10°
-4

8. Number of dead-layer stops/Bu  5.7+0.6X10"

9. Observed decay electrons/Bp 2¢,5:l:0.3><10='4 2.9:i:0.3><10=4 0.3 +£0.1 ><1O"4 10.7+2.4 %10

5 -5

10. N_/Bp - : 3.320,4%X107°  2.2£0.3%10°2 0.48+0.16%x10"°  7.25%1.4X10
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In this way 1.09% of the Sp (gas) is found to stop in the side walls
[Sp (gas) is the number of Sp counts from muons stopping only in the
gas, not in the dead layer]. To obtain the number stopping in the back
wall of the cup counter, one can form a ratio of wall thickness to gas
thickness (after correcting for the spreading of the beam) and thus
obtain 0.33% of Su (gas) stopping in the back wall. Thus a total of
1.42+0.15% of Sp (gas) counts are muons that stop in the MgO and
Al.

The number of muons stopping in the dead layer should be
independent of the gas pressure and directly proportional to the
number of incident-beam muons (Bp). Since Sp depends on the gas
pressure and since we used several gas pressures, it is convenient

to convert from dead-layer stops per Sp to dead-layer stops per Bp.
| Frdm the scaler Sp./Bg.r. ratio of 0.077 £0.002 (at the helium pressure
of 28.9 atm) and the ex post facto knowledge of the fraction of Sp

counts in the dead layer, one obtains Sp (gas)/Bp = 0.074. Thus one
obtains 1.05% O.1><10"3 dead-layer stop per Bup. Line 8 of Table III
shows how this is divided among the Mg, O, and Al, taking into ac-
kcount the Fermi-Teller Z law. Note that carbon numbers (lines 8,

9, 10) on this table are not calculated as the above but are determined
from the time spectrum, as described below.

Knowing the dead-layer stops per Bp, one must now: determine
how many decay electrons one will see on the time spectrum. Five
percent of the decay electrons miss counters 3 and 5 because of the
geometrical arrangement. The time gate on the p-e circuit (see
Sec. III. F. 6) is open only between 30 nsec and 10.6 psec after a
stopped muon, and hence the p-e circuit will count only
exp(-0.03/7) - exp(-10.6/7) of the electrons. This fraction is shown
on line 6 of Table III with the various muon lifetimes in each element
taken into account. Finally one must account for the captured muons
that do not give off a decay electron. Line 7 of Table III shows the
product of these three factors and is the fraction of stopped muons

that gives off an observable decay electron. Line 9 gives the number
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‘of observed decay electrons per Bp, and line 10 gives this number
divided by the muon mean life 7 {(in channels, with 137 nseé equal
- to ‘'one channel), where NO- is.the initial rate of muon decay. Multi-
plication by the Bg counts for each particular run gives Nb for the
time spectrum. Finally, having obtained both parameters, No and T,
" in the exponential decay law N = No' exp(-t/T), one can subtract the
- Mg, O, and Al contributions from the time distributions. These
contributions can be seen in Fig. 24, which is the time distribution
of p-e events for "’ 6.75)(106 By with 6.1 atm of xenon in the target.
In order to help detect systematic errors, runs were made at
xenon pressures of 3.4, 4.4, 5.6, 6.1, 6.5, and 7.0 atm.. From each
+.of the time distributions, the MgO and Al contributions were sub-
tracted and a least-squares fit made with the remaining spectrum; a
constant random background and two exponentials (one with the xenon
and the other with the carbon lifetime) were assumed. The three
parameters of the least-squares. fit were the randoms/channel and
N for xenon a;d carbon.  The average NO/BP‘ obtaingd. was
7.25+1.4%10 7 counts/channel. Multiplication of NO/BEE. by T gives
the observed decay electrons/By and division by 0.856 (see Table III,
" line 7) gives the carbon dead-layer stops/Bpu = 12.5+ 2.5 ><10'4. The
quoted error represents the maximum variation of the carbon counts
“at the various xenon pressures. There was a small tendency towards

‘more carbon counts at higher xenon pressures; however the variations

" from one pressure to the next showed a scattering that would be about

what one would expect from fitting the carbon exponential. Summing
the Mg, O, Al, and C contributions, one gets 2.3 O‘,3><'10-3 dead-
layer Sp/Bp,; the quotéd error is a bit conser\'rative. This is the
‘number used in correcting the scaler Sy counts and corresponds to a
dead-layer thickness of about 2.2 'rng/crn2 (equivalent of C) or about
1.1 mm of He3 gas at 28.9 atm.

Two other checks were made with the xenon spectrum. The
-amount of MgO and Al subtracted from the time spectrum was de-

¢reased by 10%, and the best least-squares fit then gave about 11%
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more carbon counts, which almost compensated for the smaller MgO
and Al used. In a second check, the high voltage on counter 5 was
decreased by 150 volts (out of 3100 volts) to see how much this would
change the dead layer. This represents about a 2:1 variation in the
pulse height of unsaturated pulses from counter 5. The analysis of a
xenon spectrum under this condition showed that the dead layer in-
creased 25%. These checks show first that the dead-layer correction
is relatively insensitive to the MgO and Al subtraction; and second
that the dead layer is insensitive to small changes in the high voltage

or amplifier gain.

B. ' Number of Stopping Muons

Table IV lists the pertinent numbers used in calculating the
number of muons stopping in the helium gas for each of the runs., The
discussion in Sec, IV. A demonstrated that .

[(2.3+0.3)%10™>
the dead layer surrounding the gas; these are subtracted from the Sp

scaler counts. To this is added that fraction (0.55% of Sg) of the

X (Bgp scaler counts)] muons are expected to stop in

muons that are vetoed by their own decay electrons (see Sec. III. F. 3).
Since other corrections are negligible, one thus obtains the final
corrected number of muons stopping in the helium. Note that the
error in Sg is = 0.5% at the high gas pressures and = 1% at the low
gas pressures. The ''dead-layer'" correction contributes the largest
part of this error.

- Other poésible corrections to the Sp rate include random Sp
events, short TR-gate pulses, two stopping muons within the same
TR gate, and Sg events for which the stopping particle is not a muon.
By delaying the B pulse one rf-pulse separation (an additional 54 nsec)
with respect to the Sp coincidence, we determined that there were no
random Sy events in 104 Byu. Occasionally if the input pulse were too
large, the Sp circuit generated a scaler pulse without generating a
6.2-psec TR-gating pulse. This was corrected by standardizing all
the pulses going into Sp, and to the best of our knowledge all TR gates

were uniformly 6.2 psec long. A second stopping muon occurring in
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Table IV. Corrected numb‘ers.'_of stopping muons (in thousands)..

. Bp o S -Dead layer Sgr +Decay electron vetos Corrected
Run’ scaler counts scaler counts (2.3£0.3x10-2 X Bu) (5.5+ 1.1x10‘3><Sp) number of

' stopped muons

A 56 073 . 42502 129+ 1.7 23+ 5 E 4144+ 18
B 65920 5‘109:1:2 152+ 20 1 28%6 4985+ 21
A+B 121993 9359+ 3 281+ 37 5110 9129+ 39
LP 116 585 40045 268+35 225 3758+ 36
Logic 28808 22502 _66:i:§ 12+ 3 - 2'i96:l:'10
B3 25455 20001 59:!:8' 112 ,1:95219'
B4 26 167 20001 60+8 iiiz 19549
c 26 463 2000+ 1 61+8 11%2 1950+ 9

_06_
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the 6.2-msec TR gate could give a good TR event and not be counted

in Sp because of the inhibit from Bp. Since the Sp rate was = 50/sec
with a duty factor of = 0.5, the probability of second muons occurring
in the same gate is = 0.06%, which is negligible compared to the error
in Sp.

Pions and electrons in:the beam should not stop in the helium
because of range considerations. As a test we set the B1-B2 delay
such that the coincidence circuit Bp triggered on electrons. One
electron' in 1600 triggered an S count; however, the (p-e)/Sp
ratio indicated that these ''electrons'' were mostly '"good" muons with
the wrong timing in Bu. This could happen because the high counting
rate in Bl causes random coincidences with good muons passing
‘through counter B2. Similarly, when the B coincidence was set to
. trigger on pions, there was one Sp count in 300 Bg counts; again the
(-e)/Sp ratio indicated that most of these were really muons. In
addition to random By events discussed above, these false-pion
triggers could be due to pions that decay in flight and to real muon
coincidences that overlap the pion peak. (Figure 14 shows that con-
siderable overlap occurs between the pion and muon peaks.) Thus,

there appear to be no additional corrections to the Su rate.

C. Pulse-Height-Spectra Shapes and Curve Fitting

- The energy spectra of Fig. 21(a) through (e) all show the
1.9-MeV triton-recoil peak. We want to know the number of counts
in this peak in order to calculate the He3 - H3 capture rate. In
addition to statistical variation of the number of recoil counts, there
are three major backgrounds that complicate the computation of the
capture rate. The sharply rising background at low energies is from
2 to e decays in which the electrons miss the veto counters. The
shape of this electron background was established from the runs on
p.+ + He> and T He?., Random background was measured to an
accuracy of = 15% and is discussed in Sec. IV.D. The remaining
background is due mainly to muon capture resulting in many-body

final states [Eqgs. (4) and (5)]. This breakup background contributes
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the largest uncertainty in the determination of the number of triton-
recoil counts; however, a measure of it determines the total-capture
rate in He3. The runs with g~ stopping in He4 [Fig. 21(f) and (g)] of
course do not show any recoil peak but have a spectrum similar to the
He3 case in other respects. The run with §1+ on He3 has only the
decay-electron backgrouﬁd as it should since positive muons are not
captured.

Initially an attempt was made to separate the triton peak from
the background by fitting the spectra to a shape consisting of two

Gaussians plus a linear background. The shape function used was

. 2 2
- C -{E-x) F -(H-x)
f(x) = A+ Bx+ ‘exp + - exp | —— |
N2m D 2D° N2w G 2G
(67)

where A through G are adjustable parameters and x is the PHA-
channel number. A least-squares-fitting program69 varied the

parameters of this function until the goodness-of-fit parameter

. 2 :
2 - f{x
L2 ty - £6) (68)
all channels (6y)
reached a minimum. In this expression y is the number of counts
in the channel x with error 6y and f(x) is the function defined

above for the same channel x. Once a minimum was reached, the

program also calculated the error matrix.

2 2 ‘
- 1 9" x
Gon = 2 53 92 (69)
m n

(where a  are each of the parameters), and finally gave the rms

_1)

error for each parameter according to the expression 6am = NA(G mm
where G™! is the inverse of the error matrix.

Table V summarizes the results of the curve fitting. The
coefficient C is the number of counts under the triton Gaussian and

is the main parameter of interest. Each value of C is the average
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Table V. Curve fitting results. >

1. Run designation A B LP Logic B3

2. Counts in triton-
recoil peak

(coefficient C) 114125 13200 10600 5855 5323
3. Coefficient C per '

million Sp' _ 2685 2648 2820 2666 2727
4. Errorin C +1.9% +2.1% +1.5% +2.2% + 1.9%

2
5. X~ per degree of ‘
freedom 2.20 1.98 1.03 1.33 1.74

a. Assumes a linear background subtraction extrapolated from above

the triton-recoil peak.

of several fits with different low-energy cutoff channels. Since there
are about 80 degrees of freedom in each case, any value of 'xz above
= 1.3 represents a poor fit to the data. The low-pressure data form
the only spectrum that fits f(x) very well. The logic data is on the
border line; but the XZ for runs A and B represent especially bad fits.
A close inspection of the spectra in Fig. 21 (a) and (b) reveals that
the triton peak is asymmetrical for A and B, and thus could not be
expected to fit a Gaussian shape very well. A Poisson shape fits

the triton peak even less well. Consequently, except for the LP data
and possibly the logic data, shape fitting does not lead to trustworthy
results and was not used in the final data analysis. It is comforting
to note, however, that the results of the LP and logic curve fitting
agreels exceedingly well withithe!final triton-count determination (see

line 2 of Table VIII).

D. Random Background

The random background of the pulse-height spectra of TR
events was measured by allowing the TR coincidence to fire on every
He pulse. Thus, we obtained the pulse-height spectrum of singles in
the He counter and were able to compute the random spectrum to be

subtracted from the raw data. During a given data run the circuit
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TR can respond to single ‘He events for (6.2 ><10-6>< Sp) second,.

since the Sp gate is 6.2 psec long. From the He-singles data one
obtains the rate of single events to be

(singles counts)/(running time X DF); DF is the duty factor of the
cyclotron and must be included because the clock keeps running even
when there is no beam. Duty factors typically ranged from 0.55 to
0.60 and were measured by observing the beam structure on an
oscilloscope [See Fig. 17(a) and Sec. III. D]. The circumstance that
| . the beam also has rf structure is unimportant since the Sy gate
length is large compared to the rf period of 54 nsec. The random

events to be subtracted from the data are thus given by
{singles rate) X (time TR is open) =

6.2 % 10—-6 X Sp. X (singles counts)

(singles running time in seconds) X DF

The random—backgroﬁnd pulse-height spectra are shown for
each set of data in Fig. 21.  All further data analysis was carried out
with these random shapes subtracted from the raw data (also shown
in Fig. 21). Most of the random events arise from thermal neutron

reactions in He3 according to
n+He3—>H3+p, o (70)

This reaction releases 0.77+0.02 MeV and accounts for the peak in
the random _spectrun; with He'3 gas in the target. The runs with Hefl
in the target 'show that the remaining random background is rather
flat, except for a low-energy tail that may be associated with tritium
decays but more likely is due to other neutron reactions. A small
peak in the random background near 5 MéeV occurs in runs B3 and B4.
This peak is probably from Am?A'1 that rubbed off the é.lpha source..
Note that random charged particles should no.t constitute a background

since-in general they are vetoed in counters 3 or 5.
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We estimate the uncertainty in the duty factor to be = 15% and
thus, since the other quantities have smaller errors, this is the error
in the randoms calculation. Fluctuations in the beam intensity between
the singles run and during the data run would also introduce an error
in the randoms calculations. This effect is uncertain but we feel that
the error is probably still included in the 15% uncertainty., The beam
intensity was kept relatively constant during the runs, and singles
runs were made fairly often between the main blocks of data to offset
long-term-intensity variations. The randoms calculation was checked
by delaying the Sp to TR gate an additional 30 psec after a prompt
stopped muon.  The long delay ensured that all activity associated
with the muon had died away and thus all the TR events should be
randoms. A run with 4X 105 stopping muons then yielded 524 random
events. The calculation involving the singles data gave 537 events
and thus verified that the singles calculation is not far off. Any future
and more accurate experiment should include a delayed gate that would
measure the randoms simultaneously with the data collection.

Random background accounts for an area of = 1.5% of the main
portion of the triton-recoil peak. However, the low-energy tail of
the peak extends into the region where the randoms become very large
due to the neutron-induced reaction'('?'O)ﬂ;. hernce; the:randoms contribute
to the confusion of measuring the counts in this region. Randoms
contribute in about the same ratio to the low-pressure data; however,
in the p-e logic data, randoms are reduced by = 85%, as discussed
in Sec. III. F. 8, About 10% of the counts above the triton peak in the
He3 data are due to randoms. Similarly, = 15% of the counts above the
electron tail. in the He4 data are randoms, and these contribute to
the uncertainty in the breakup reaction rate. The error introduced
by fandoms in the number of triton recoils is tabulated for each run
on line 3b of Table VIII. Much of this uncertainty arises because the
”large neutron peak centered at 0.8 MeV lies just on the edge of the
electron background and uncertainties in the randoms rate introduces

additional uncertainty in the electron-background subtraction.



-96-

E. Decay-Electron Background

Considerable uncertainty in determining counts on the low-
energy edge of the triton peak is introduced by the decay-electron
background, which rises sharply until it is artificially cut off at

"= 0.4 MeV by the He-TR discriminator. This background is due to
electrons (from muon decay) that miss being vetoed in counters 3 or
-5 and thus arises mostly from the 15% of the electrons that pass
through the front hole in the cup counter. Normally one would expect
a maximum of ® 0.5 MeV to be deposited by an electron in the gas;
~however, if the energy resolution of the He counter is taken into
~account, one can easily obtain the observed number of electron counts
above = 1 MeV. The decrease in electron background at low gas
pressures indicates that most of the electron's energy is deposited in
.the gas. :
The shape of the electron background that is to be subtracted
from the pulse-height spectra is established from the runs E;He3 and
pque‘l.» The pro‘cedure followed was to subtract the capture events
from the gz.-He4 data (run C) and normalize the resulting ""electron
tail"! to the same number of Su as each of the other appropriate runs.

- The resulting spectrum agrees reasonably well with the p.-I-He3 data
and with the gross shape of the electron background in runs A and B,
and thus it was subtracted from runs A and B; this left only the

triton peak and the breakup background. Similarly, run B4 was
subtracted from run B3. In the case of the low pressure and logic
runs there were no acompanying aneLL or gg+He3 data and the electron
background was obtained by curve fitting a Gaussian tail. Because

. the electrons lose less energy in the gas at low pressure, there was
good separation between the TR peak and the electrons in the LP run.
Thus, the error associated with uncertainties in the electroh back-
ground in the LP run is very small. In contrast, the error due to

the electron background in the logic run was rather large. An inter-
mediate situation exists for the runs in which the He4 data are used

/

to subtract the electron counts. In these runs the electron background
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shape is more certain than in the logic data; however, the overlap
with the triton-recoil peak is = 5 times greater than in the LP run.
- Furthermore, the He4 subtraction is not exact because one must
subtract two large numbers to get a small one, and thus statistical
fluctuations and gain shifts play a large role.. Estimates of the error
introduced in the triton counts by the electron background are tabulated
for each run on line 3c of Table VIII. Because the electron background
is so large, any determination of the number of breakup events below
= 1.5 MeV is impossible.

F. Monte Carlo Program

In order to properly calculate the breakup background and to
find the shape of the breakup-energy spectrum, it is necessary to
account for a number of factors. Among these are the distribution of
stopping muons, the energy resolution of the He counter, energy lost
by the charged particle in the helium gas, the energy distribution of
breakup events, and the probability that the charged breakup particle
vetoed itself in counter 5. The most practical method of combining
these factors to give a breakup shape is through a Monte Carlo pro-
gram that simulates events. The program follows a particular muon,
randomly choosing variable parameters according to specified dis-
tributions, and calculates quantities of interest. By summing over
many muons, the program_thén produces the desired breakup spectrum.
Simultaneously, the program calculates other quantities such as the
decay-electron vetoing efficiency for counter 5, the number of triton
recoils that lose part of their energy in the walls, the energy lost by
a muon stopping in the helium, and the energy left by decay electrons
in the gas. In Appendix D I discuss various aspects of the Monte
Carlo program in detail. _

Shown in Fig. 25 is a typical breakup-energy spectrum. The
theoretical input-energy spectrum was in this case taken to be given
by just the phase space dis’cribution71 of the deuteron in the reaction
gt He> »d +n+ v. One can see the effect of the finite size of the

gas scintillator, since in the output spectra there are no particles
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Fig. 25. Effects of the geometry of the gas scintillator on the
shape of the deuteron-energy spectrum in the reaction
Vil o He3>d+n+ v. A pure phase-space energy dis-
tribution was used as input to the Monte Carlo program.
The program returned energy distributions for the various
running conditions: veto on, veto off, high gas pressure,
low pressure. The top scale on the graph indicates the
range of the deuterons in the helium gas at high gas pressure
(28.9 atm). ——, phase space; - - - veto off, HP;
— -+, veto on, HP; — - -, veto on, LP.
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with range greater than 5 inches. The higher energy particles leave
only a part of their energy in the gas and then most pass into counter

5 with enough energy to veto themselves. During the runs (B3 and

B4) where counter 5 was not used as a veto in TR, these higher ener-
gy particles would still show up on the spectrum but shifted to a lower
energy. With counter 5 veto on, nohe of these particles will show up
on the observed energy spectrum. Similarly at the lower gas pressure,
the particles leave even less energy in the gas and more veto them-

selves.

G. Muon-Capture Events in the Wall

An estimate of the number of muons that stop in the wall and
yet givé a good TR event seems in order at this point. These wall
events must arise from the muons stopping in the dead layer sur-
rounding the helium gas, as discussed in Sec. IV. A. Table III lists
each element of the dead layer, the fraction of the muons not captured,
and the dead layer stops per Bj.  Combining these factors gives the

following number of capture events per B:

Fraction % TR time-gate Dead-layer _ Observable capture
Element captured factor stops/B;s event s/Bp
Mg 0.53  x  0.822 X 5.7.%x10-4 = 2.5x10-%
o) 0.18 X 0.867 % 3.8%x10"% = 0.6
Al 0.60 X 0.796 X 0.85%10°% = 0.4
C 0.08 X 0.863 x12.5%x10"% = 0.8
4

Adding the contribution from each element one obtains 4.3+ 1.3X 107
wall captures per Bg within the TR time gate. Table IV lists the
number of Bp for each run; thus the number of muons captured in the
wall can be calculated rather well. Note that the low pressure run
gives about twice the number of wall-capture events per S as does
the high-pressure data.

Not every muon that is captured in the dead layer gives a good
TR event. One of the capture products must leave energy in the

helium scintillator to be observed. The capture products consist
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mainly of neutrons and gamma rays in complex nuclei. - There may
~ be = 2% protons and alpha particles 2 but these are neglected in this
section and discussed further in Sec. IV.J. If protons do arise from
= 2% of the capture events, they may contribute about the same num-
ber of TR events as the neutrons, since any proton going more than
= 1 ¢m in the gas will be detected. The gamma rays will not, in
general, be detected, as their secondary electrons leave little energy
in the helium. At any rate these electrons would be masked by the
electron background. The major portion of TR events are expected
to come from neutrons that collide elastically in the gas. The recoil
helium could then be detected if it had sufficient energy.
More than one neutron may be emitted per muon capture.

Neutron multiplicities in thé light elements véry fforn 1.29 in Al to
0.76 in Ca. 3 Since, to my knowiedge, neutron multip].icities have
not bée_n measured accurately in Mg, O, or C, a value of 1,0£0.3
neutrons per muon capture is used in this calculatioh. The neutron-
eﬁergy spectrum is assumed to be similar to that calculated in Refs.
74 or 75. The neutron-energy spectrum ranges from 0 to 20 MeV, with
an a"vber:a'ge of % 8 MeV, and does not vary drasticbally from one element to
the next, so this approximation should be good to at least 50%.; Using
the total cross section vs neutron energy for neutron-»I—Ie3 and -He4
scattering as given in Ref. 76, and folding in the stopping-muon dis-
-tribution and the geometry (solid angle) of the helium scintillator, one
can calculate how many neutrons interact in the helium. The results
of such a calculation, which employs Monfe Carlo.m‘ethods_ similar to
that outlined in Appendix D, give = 1.3% of the cé.pture products inter-
acting in the hélium at high pfessure. and = 0.7% at low pressure.
" Note that the nufnber of wall events detected pér good Sp is almost
indeperidént of the gas pressure. This is because fewer neutrons are
detected at the lower gas pressure even though relatively more stop
‘in the wall. 7 | | .

| AltHough a neutron interacts in th\e gas, it does not lea:ve all

its energy in the gas. Assuming elastic collisions between the
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the neutrons and the helium nuclei, and using differential cross
sections given by Seagrave, L one can calculate how much energy is
left in the gas by a neutron with a given energy. Combining all of the
above factors, the neutron spectrum given by Bietti, for example, is
transformed into the shape shown in Fig. 26. Since events less than
1.5 MeV are masked by the electron background, this leaves only one-
fifth of the interacting neutrons in the observable-energy region.

- These could conceivably contribute to breakup events.

If the number of muons captured in the wall are multiplied by
that fraction that give an observable energy loss in the helium, one
obtains the numbers listed on line 3 of Table VI. Luckily these num-
bers are small compared to the observed events, but they are not
quite negligible, especially in the He4 case where they amount to
= 5% of total events. It should be stressed that the calculation outlined
above is accurate to only 50%. If the assumptions were not justified,
or if additional factors must be taken into account, then the wall
events may be more or less than the above calculation shows.: This

is discussed further in Sec. IV. J.

H. Calculation of the Muon-Capture Rate in He4

Figure 27(a) and (b) shows the data with randoms subtracted
for the runs with He4 in the target (runs B4 and C). Only the spectra
between 1.5 MeV, where the decay-electron background becomes
large, and channel 115, where the pulse-height analysis system begins
to saturate, was observed directly, and these points are shown on the
graph. In addition to these points, however, the total number of
events above channel 145 was measured (see Sec. III. F. 5). The
number of events observed in each energy region is tabulated in the
box on each graph, and the total observed events are listed on line 2
of Table VI. On line 3 is listed the number of wall events in the ob-
servable-energy region, as were calculated in the previous section. .
These are subtracted from line 2 to give the number of observed
events in the helium. The remaining question is how many events lie

in the region below = 1.5 MeV masked by the electron background.
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Fig. 26, Calculated distribution of helium-recoil energies from
the elastic scattering of neutrons originating from 41000 muon-

capture events in the '"dead layer'' surrounding the helium
gas.



Table VI. He4 and He3 breakup events.
1. Run designation B4 C B3 A+B LP Logic
2. Observed events - 1085+45 1080+45 144565 5490+130 2460475 445+25
3. Wall events in
observable region 55+40 55+40 30+20 140+100 7550 33+20
4. Unobserved events 360+90 275+75 1070+540 4200+2100 2280+£1200 1650+700
5. Fraction of events 1.0 0.95+0.03 1.0 0.824+0,061 0.726+0.085 0.824+0.061
.not vetoed
6. Corrected total number 1620+£130 1590120 2900+£630 13500+3500 7500+1900 3070+1000
of events
7. Corrected number of 1951+9 1950+9 195249 9129+39 3758+36 2196+10 IS
stopped muons(x10°3) W)
) 1
8. Breakup . events per 0.830+0,066 0.816+0.065 1,48+0.33 1,48+0.37 1.99+0.50 1.40+0.46
stopped muon(x10-3)
372+30 675+150 675170 910+230 635+210

Breakup capture rate 378+30
(sec™ 1) :

9.
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Fig. 27. Capture events in He4, (2) Run B4, (b) Run C. The
data points are with randoms subtracted and are summed
over every five channels. - - -, normalized spectrum derived
from a phase-space distribution; , spectrum derived from
Bietti' s distribution; ....., the rough effect of varying the
counts below = 1.5 MéeV by 25%.
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To determine these unobserved events, theoretical shapes
with the counter geometry folded in by the Monte Carlo program were
extrapolated to the region under the electron tail. Bietti and Di Porto75
give an energy.spectirum for the triton in the reaction (called Bietti' s
spectrum for convenience):. :
@ +He® =12 +n tyy (9)

this spectrum (their Fig. 2) is shown roughly in Fig. 28. In this case
most of the tritons leave all their energy in the helium and thus folding
in the counter geometry does not affect the spectra shape as much as
in Fig. 25, for example. .The observed spectrum thus almost follows
the actual theoretical shape. If the theoretical shape (slightly altered
by the counter geometry) is normalized to the observed number of
capture events above the electron.tail, one obtains the solid curves
in Fig. 27(a) and (b), with the counts distributed as shown in the box
on each graph. The agreement between the theoretical curve and the
experimental data is not bad and shows that Bietti' s theoretical spec-
trum is close to the actual spectrum. Because of poor statistics and
knowledge of the spectrum over only a limited-energy region, not
much more can be said about the actual spectrum shape. However,
theoretical shapes that differ greatly from Bietti' s spectrum can be
ruled out. . For example, if the phase-space distribution alone is used
to get an energy spectrum, one obtains the dashed curves in Fig.
27(a) and (b). These curves disagree with the e'xperimental spectra.
The number of "unobserved! counts under the electron back-
ground are listed on line 4 of Table VI, and are equal to the counts
expected from the normalized Bietti shape. It is difficult to assign an
error to these unobserved events; however, a +25% variation in this
number would seem to give reasonable error limits. A +25%
variation would have the effect on the theoretical-energy spectrum
that is shown by the dotted lines in Fig. 27(a) and (b). Since the
Bietti spectrum fits the data reasonably well, one would not expect

a drastic change below 1.5 MéeV, and thus the error is probably well
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Fig. 28. Theoretlcal triton-energy distribution for muon capture
in He4 (as given by Bietti and Di Porto) and containing 50 000
capture events. The top scale gives the range of a triton in
helium at 28.9 atm. The shaded areas indicate the unobserved
portions of the spectra and are different for runs C and B4.
The dotted lines indicate the effect of varying by 25% the un-
observed portion of the spectra below = 1.5 MeV,
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within this +25% variation. It must be emphasized, however, that we
really have no experimental information in this region of the spec-
trum. ,

Two additional factors complicate a determination of the cap-

.ture rate in He4.r Besides Reaction (9), possible reactions. include:

p._+He4 —>H3+n.+v+y
—>H2+Zn+v '

>ul +3n+y (71)

There are also other possibilities. In this experiment, we
can not distinguish tritons, deuterons, or protons, but can detect only
_ the energy of charged particles irrespective of their mass. - If any
of these other reactions (71) occur in substantial amounts, they will
modify the assumed theoretical spectrum, and thus the '"unobserved"
counts. For muon capture in He4, however, Reaction (9) is expected
to occur well ove'r 90% of the time;78 thus we neglect the other pos-
sible reactions. About all that can be said experimentally is that the
data are consistent with Bietti' s shape, which is for the triton re-
action only. The second factor that changes any straightforward
calculation of the capture rate is the presence of events in the pulse-
height spectrum that . are derived from muon-capture events in the
walls of the gas container. Muons stopping in the dead layer sur-
rounding the gas could furnish charged particles that would be detected
in the helium gas. Further discussion of this is given in Sec. 1V. J,
but for now it too will be neglected.

With the above reservations, the muon-capture rate in He
can now be calculated.. In run C the total number of events must be
corrected for the 5% that veto themselves in counter 5. This fraction
of events that is vetoed is determined by the Monte Carlo program
and depends on the assumed theoretical-energy distribution. In
addition to this factor, the total number of events is multiplied by
1.1655+0.004 to correct for the finite' TR time gate (see Sec. IIL F. 4).

The corrected total number of events is listed on line 6 of Table VI.
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Dividing by the number of stopped muons and multiplying by the free
muon decay rate then gives the muon-capture rate in H'e4. These
results are also listed in Table VI. The two runs are in excellent

agreement and average to give a capture rate of:

A (Het) = 375430 sec™ L. | (72)

It must be stressed that the error is almost entirely due to the un-
certainties in the "unobserved' events and thus is only an estimate.
- However, I do feel that it is a conservative estimate, if the wall
events have been computed correctly. '

I. Calculation of the Breakup Capture Rate in He3

The calculation of the capture rates for the breakup reaction
P."+He-3—>d+n+v (4)
p."+He3->p+zn+V (5)

proceeds similarly to the I—Ie4 calculation. However, there are two
additional complications with the He3 calculation: (a)} even a.b greater

4‘ porfion of the low energy spectrum is masked since the trit.on peak
covers the spectrum from = 1to 3 MeV, and (b) the branching ratio
between the proton and deuteron reactions above is unknéwn experi-
mentally. Yano has calculated the rates for each of the reactions and
obtained‘aAtheoretical branching ratio of = 3 deuterons to 41 proton. 15

Messiah79 has calculated rates for similar pion-capture reactions

n_+I—1e3—>d+n+y
-ptinty (73)

and obtains a branching ratio of ® 4 to 1. For the purpose of analysis
in thivs experiment, I used a branching ratio of 3.5 to 1. Since the
protons leave little energy in the gas, the energy region less than

=~ 1 MeV is most sensitive to them. Unfortunately, this is-just ‘the
energy region masked by the electron background. Thus the data

can not determine this branching ratio. An experiment without the
electronrbackground could conceivably give some information on the

branching ratio.
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Fig. 29. Theoretical deuteron-energy distributions for the reaction
oot He3 - d +n +v. The solid curve is derived from Yano's
spectrum and the dashed from Bietti' s. The top scale gives the
ranges of a deuteron in helium at 28.9 atm. The shaded area
indicates the region masked by the 1.9-MeV triton recoil peak,
and the cuts indicate the upper limit of the observed counts for
runs B3, A+B, and LP. The dashed lines indicate the estimated
upper and lower limits of the deuteron spectrum in the region
below = 3 MeV. '
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Fig. 30. Breakup capture events in He3. (2) B3, (b) L.P. The
data points are with randoms subtracted and are summed over
every five channels. The dashed lines are the normalized
spectrum derived from a phase-space distribution; the solid
line is the spectrum derived from an average of Yano's and
Bietti' s distribution; the dotted lines indicate roughly the
effect of varying the counts below = 3 MeV by 50%.
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Yano has also computed the energy distribution of the deuteron
in Reaction {4) in the c. m. system of the three nucleons. 80 Using his
numbers, I have calculated the deuteron spectrum expected in the
laboratory .,syste'm.' This is shown in Fig., 29 and for convenience:is
called the Yano spectrum. - The minimum in the spectrum at = 2 MeV
" arises from a fortuitous combination of factors in transforming from
the c. m. to the lab system and would be interesting to observe ex-
perimentally. Unfortunately neither statistics nor the energy resolu-
tion allows this in our case. If allowance.is made for the deuteron-
triton mass difference, Bietti's spectrum for muon capture in He

can be applied to the He3 case, This shape is also shown in Fig. 29.

Note that the shapes differ considerably below = 1 MeV, but are similar

in the observable region above the triton peak. As far as the experi-
mental data are concerned, one shape is as good as the other and an
average of the two was taken to compute the ''unobserved'" events
below = 3 MeV,

There are no theoretical calculations of the proton spectrum
in Reaction (5), but it is expected to be similar to the deuteron spec-
trum after the differing masses are taken into account. Thus each of
the above-mentioned spectra was fed into the Monte Carlo program
(with the 3.5 to 1 deuteron-to-proton branching ratio) and the various
veto on, veto off, HP, and LP spectfa obtained, with results similar
to Fig. 25. Each spectrum was then normalized to the observed num-
ber of counts above = 3 MeV for each appropriate run. In the logic
run alone, only the counts between channels 70 and 115 were used to
normalize the spectra, since the number of counts above channel 115
were not measured in this case; consequently the counts above channel
115 were determined from the theoretical shépes. The data with the
normalized average of Yano's and Bietti's spectra are shown in
Fig. 30 (a) through (d). As in the He4 graphs, the box encloses the
sum of the observed counts in each region of the spectrum, and the
dashed line shows a normalized spectrum, plotted with the assumption

that the proton and deuteron each follow a simple phase-space dis-

tribution. Because of poor statistics and the finite region of observation,

LN

]
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the data can not ascertain whether the Yano spectrum or the Bietti
spectrum is a better fit; however, the grossly different phase-space
distribution can again be ruled out. Neither the Bietti nor Yano
spectrum f{fits perfectly in all respects so that probably different
shapes are to be expected for the true spectrum. Other distributions
and other branching ratios were also considered without any theoreti-
cal basis, but the data is not sensitive to small changes in the spectra
shape. Thus a more precise determination of the spectra shape must
await a better experiment and one with better statistics.

As in the He4 case, the theoretical-spectra shapes were used
to determine the number of counts be‘.low ~ 3 MeV. However these
counts are even more uncertain than in the He4 case, since an even

larger energy region is masked by other events. These ''unobserved"

.counts, an average of Yano's and Bietti' s spectrum, are listed on

line 4 of Table VI. The dotted lines in Figs. 29 and 30 (a) through (d)
show the effect of varying the unobserved counts by 50%. The Yano
and Bietti spectra were used as guides in determining the upper (Yano)
and lower (Bietti) limits of the spectra, and it is believed that the
true spectrum lies somewhere between these limits, Again it is
emphasized that there are no experimental data for this part of the
spectra so that these error limits can only be considered as best
estimates. Considering, however, the shapes shown in Fig. 29 and
the reasonable fit above = 3 MeV, these error limits can be considered
conservative.

By adding the observed and unobserved events for each run in
Table VI, correcting for the number of breakup events that veto them-
selves, correcting for the finite TR time gate, and dividing by the
number of stopped muons, one obtains the total number of events per

Sp. From the proportionality,

A
B _ events (74)

N S

I
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where A'T=AC + AB ‘T"A_D'ls the total-m:uon-dlsappea‘rance rate, AB

.is the breakup capture rate, -AC is the Hé3‘ - H3. capture rate
(= 1500 sec_i) and A, is free-muon-decay rate = 4,5454><105 sec_1,
one obtains AB = 4.56)(105(evénts/5p-=events). - The breakup capture
rates for each run are shown on line 9 of Table VI. The weighted

.average of the four runs is

AB = 700£180 sec"i, (75)

where again the error is mostly from the uncertainty in the ''un-
observed'' events. Note, however, that the low-pressure run gives
~a high AB well outside the statistical errors (but not outside the
error quoted, which is due to the systematic uncertainty of the un-
observed events). This discrepancy is disturbing, for it would in-
dicate a systematic error in all the breakup results. It is discussed

further in Sec. IV. J.

wl
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J. Low-Pressure Discrepancy

It can be argued that the serious discrepancy of the LP-break-
up-capture rate arises from wrong assumptions concerning the "un-

observed' events. To test this argument I'firist: show that the: observed

_events above 3 MeV also show this discrepancy. If I calculate the :

uncorrected observed breakup counts per stopped muon, I obtain..
5.97% 0.24)(10-4. for the LP data and 5.83%0.24% 10=4 for run A+ B
{the HP data). Although_the two ratios are within the possible error,
the LP is ‘nonetheléss: larger than the HP. It should be considerably
less than the HP counts, for not only should more counts be vetoed at
LP, but also any given breakup product will in general leave less en-
ergy in the gas at the lower pressure. Thus irrespective of the un-
observed events, the LP and the HP data do not agree.

- Since the dead layer effectively stops about twice as many
muons at LLP than at HP, one would naturally guess first that the extra
events in the LP data come from muon captures in the wall surround-
ing the helium gas. However, because the detection of neutral particles
also is proportional to the pressure, the number of wall events from
neutral particles is relatively independent of the pressure. Further-

more, as discussed in Sec. IV. G, the wall events from neutral par-

‘ticles are a relatively small fraction of the total observed counts and

.could not account for the LP discrepancy. On the. other hand, if

charged particles--protons and alphas--constitute. a large fraction
of the wall-capture products, the wall events are proportional to the
relative dead-layer thickness or inversely proportional to the pres-
sure. Assuming that the capture rates listed in Table VI can be

divided between the true helium breakup capture rate AB and a wall-

capture rate Ay, = k/P (P is the gas pressure), one can calculate A

w B’
IEA = 675 sec_1 is the observed capture rate at high pressure and
Ay =910 sec:-1 at low pressure, then one can write '
A=A, +Kk/P
H B H (76)

Ap=pH k/pL .
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So. that - v g
N -A ; _
K (HP) = X S H L o 275 sec"1 (77)
w Py p_ /P -1
and
,AB = A‘H - AW(HP) = 675 - 275 = 400 sec . ‘ (78)

Furthermore, 'tllle He4 runs (done at HP) must also be corrected for

. the iwa.ll'even,ts so that.
4 4 . _ 1
A(He ', corr.) = A(He", obs.) - AW(HP)- 100 sec . : (79)

If the z’a,boye_c‘alcrulationvisvto_be believed, this means that 40% of the
-HP He3 breakup events arise from muon-capture events.in the:walls.
This also im_plies that charged particles come from wall captures
19% of the timeé. To my knowledge the fraction of charged particles
cdming from muon capture in Mg, O, .C, and Al has not been.meas-
ured, but it is not inconceivable that = 19% of the products are
ché._rgevd. ~However, .in an emulsion study only 2.5% of the products
were gharged;72‘ thus offhand one would tend to disbelieve such a
large fraction. |
Another likely explanation for the discrepancy is that the
calculation of the unobserved events and fraction of vetoed breakup
event_s is grqssly incorrect. It is possible that some weird com-
bination of deuteron and proton spectra could bring the LP capture
rate in line with the HP capture rates. For example, if the phase-
space deuteron- and. proton-energy distributions are used, the.
fraction of vetoed events doubles and the HP-LP discrepancy in the
captufe rates becomes even greatef. Perhaps this explanation, in
éombina’tion_ with a‘ statistical ﬂuctuation, is the reason for the dis-
crepancy; o |
A third, exvplanation‘that Would. completely eliminate any dis-

crepancy would be if the 5 veto going to TR were really off during

the LP r{;n, There was every intention of having the veto on during
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the LP run, but through some blunder a cable could have been dis-
connected and the veto could have been off. This veto has little effect
other than the = 25% reduction of breakup events, so there is no

a posteriori way to determine if the veto were really on or off. If
the veto were off, however, then there is no correction for vetoed
events in the computation of Sec. IV.I, and the breakup capture rate
becomes 660 sec=1, which is in excellent agreement with other data
listed. in Table VI.

Neglecting blunders, one must conclude that the breakup
capture rates have not been measured with as great an accuracy as
given in Secs. IV.H and I. The LP discrepancy is probably due to
a combination of charged capture products and incorrectly assumed
energy distributions. With the present information it is not possible
to calculate further either of these factors. Thus one must conclude
that the capture rates given in Secs. IV.H and I are upper limits.
The lower limits are difficult to assign but are probably within the
rough calculation done above. Thus, if the LP breakup data is not
used, and the breakup capture rate is averaged over the remaining

three runs in Table VI, one obtains

+170 -1
AB = 665_430 sec (80)
For the He4 runs we have
4 +30 -1
A(He ) = 375“300 sec (81)

K. Triton-Recoil Edge Correction

Luckily the LP discrepancy does not appreciably affect the
He3 - H3 capture rate. However, one other correction--the triton
recoil-edge correction--must be discussed before the He3 - H3
capture rate can be calculated.

Some muons will stop near the edge of the helium gas near the
cui) counter; if they are captured, their triton recoil could lose most

of its energy in the wall materials and not give enough light in the
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helium.to be detected by pulse-height aﬁalysis. One must correct

the observed number of triton recoils for this effect. The correction
. depends on how. many muons stop close to the walls, i.e., the dis-
‘tribution of stopping muons, the range of tritons in the gas, and the
amount of energy left in the gas. If the triton recoil barely touches
the wall, it will still be detected since it will leave enough energy in

. .the helium to appear under the triton peak on the pulse-height spectra.
On the other hand, if the triton leaves only = 0.5 MéeV .in the gas, .it
certainly will not be counted in the pulse-height spectra. The energy
at which a triton has a 50% chance of being counted depends on the
energy resolution of the He counter. Table VII lists the energies at
which one would expect the triton to have a 10%, 50%, and a 90%
chance of being observed . in the pulse-height spectra. For each of
these triton energies, the distance the triton must travel in the helium
‘to deposit that energy is also given. These ranges are calculated by
integrating the stopping power of helium as a function of‘energys'1 over
the energy of interest. Integrating the stopping power from 0 to

1.9 MeV gives a triton range of 4.75% 0.1 mm in helium at 28.9 atm:

- This checks well with the triton ranges observed in a helium-diffusion

chamber *® of 2.3720.02 mg/cm® or 1.7840.02 mm at 28.9 atm.

Table VII. Triton-recoil-edge correction.
Energy left in gas (MeV) 0.77 1.19 1.65 .1.90
Probability of seeing triton recoil(’%) <10 =50 >90 100

Recoil range in helium at

28.9 atm (mm) 0.92 1.29 4.57 1.75%.10
4. Percentage of recoils lost o
" (28.9 atm) o 0.66 0.93 1.13

(15.4 atm) - | 422 1.73 0 2.07




-119-

Assuming an isotropic angular distribution, and taking the
distribution of stopping muons into account, the Monte Carlo program
(Appendix D) then calculated how many tritons would be lost -in the
wall. The results, given as a percentage of all triton recoils, are in
Table VII for both pressures at which data were taken. 'I_‘aking the
central values as the correction with errors given by the 10/90%
limit, the observed triton recoils must then be corrected by 0.9+0.3%
at the higher pressure and by 1.7+0.5% at the lower pressure.. The.
correction at the loWer pressure is larger since the tritons travel
further at the lower pressure and more have a chance of hitting the
wall. |

One complicating factor affects this correction. Some of the
helium gas permeates the MgO powder that coats the walls of the cup
counter, so that a muon capture occurring in this gas has an even
smaller chance of being detected. This effect was not taken into ac-
count in the abox}e_ corrections. How much helium permeates the MgO
is difficult to determine, but the rough calculation given below shows
that this effect is probably negligible. The thickness of the MgO
layer was = 0.1 mm. The number of rhuons stopping in a 0.41-mm
layer of helium at the edge of the gas can be calculated with the know-
ledge of the stopping-muon distribution; it is = 0.3% of all the stopped
muons. Thus, at most, 0.3% of the muons are affected, and some of
these could still give an observable-triton recoil. This fraction is
small and within the uncertainty of the over-all edgé correction and

therefore this effect is neglected.

L. Calculation of the He?’—>H3 Capture Rate:

The major goal of this experiment was the measurement of the

muon-capture rate, AC, in the reaction
@+ He  =H> +y. (3)

Its calculation is now discussed. First, all the backgrounds were
subtracted from the basic pulse-height spectra of Fig. 21(a) through

(e). The random and electron subtractions are discussed in
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Secs. IV.D.and E, respectively. The breakup background was sub-
tracted by use of the solid curves in Figs. 30(a) through (d), with
errors shown:by the dotted lines... This procedure was-discussed in
Section IV.1.. Finally the remaining counts were added:to give the
observed triton-recoil events shown on line 2 of Table VIII. The
errors contributed by each source are listed on line 3 of Table VIII.
Uncertainties in determining the outer wings of the triton peak are
included in these errors (mostly under electron background) or are
negligible.. .. .

These observed triton-recoil events must then be corrected
.for the number lost in the walls (discussed in Sec. IV.K) and for the
finite TR time gate (Sec. IIl. F. 4)., In addition, the logic-run data
must be corrected for good TR events that are vetoed by the p-e logic
system (see Sec. IIL F. 8).  The total correction factor applied in each
- case is listed on line 4 of Table VIII; the corrected number of triton
recoil counts is,shown in line 5. Again the capture rate is computed

- from the proportionality.

A e T
C
s = = (82)
'. A’.T | Sp
: - ~di i = + +
where_the total5mu0131d1sappearance rate is AT AB AC AD
AD = 4.545x 107 sec. " is the free-muon-disappearance rate, and the
breakup capture rate is AB &~ 700180 secni, Solving for AC’ one
obtains
_ T _ T 3 -1 :
AC— (AB.+AD) [m = [SH T] X (4553+4) x 10 . (83)

. The capture rates obta1ned for each run are listed on line 8 of Table VIIIL
. Errors from each source are treated 1ndependent1y for each run.
Weighting each result by the inverse square of its errors g1ves an

- average capture rate for the five runs of

A = 1505+ 46 sec™t ‘ ' (84)



Table VIII.

Triton-recoil events.

Run designation
Counts in triton-recoil peak

Uncertainties contributing to
error

a. Statistical

b. Random background

c. Electron background

d. Breakup background
Correction factor
Corrected triton-recoil counts

Corrected number of stopped
muons (in thousands)

Triton recoils per stopped
muon (in thousandths)

Capture rate (sec=1)

A

11760+400

+110
+125
+200
+300

1.1760%£,.0054 .

13830+470

414418

3.338

1525+53

B

14030+480

P

+120
+180
+260
+340

- 4.1760+.0054

165004570

4985+21

3.310

1512+53

LP

10600+310

+100
+100
+ 60
+270

-1.,1853+,0071

12570+£380

3758+36

3.345

152849

Logic

5860+270

+77
x5
+200
+170

1.223+.013

7160+340

219610

3.262

1490+72

B3

5290+200

S 73
+50
+100
+150

1,1760+,0054

6220+£240
195249

3.187 )

1456+56

=121~
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The error in this averaged result arises mostly from the uncertainty

. in-the breakup backgrounds and. :is: obtained by dividing the error for
each run into a systematic ahd a random part. The random part,
consisting of lines 3a, b, and ¢ in Table VIII, is then treated independ-
ently for each run. There is excellent statistical agreement among
_the.five runs, because the XZ (with only the random part of the error

used) is 3.33. This XZ has a 50% chance of occurrence.

@l
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V.. RESULTS AND CONCLUSIONS
This muon-capture éxperiment yields the capture rates in He3
and He4. The final results are listed in Table IX. The breakup cap-

ture rate in He3 ,
+170 -1

3, 2
AB(He ) = 665_430 sec (80)
is combined with the He> —H3 partial rate
3 3y _ -1
AC(He —H”) = 1505+ 46 sec (84)
to give a total-muon-capture rate in He3 of
A(He3, total) = 21707170 gec™t (85)
-430
The total-capture rate in He4 is measured to be
4 +30 -1
AHe") = 375_300 sec (81)

Note the large isotope effect. The large lower limits for the He3
breakup rate and the I—Ie4 total rate signify the possibility that some

of the events may have been from muon captures in the wall surround-
ing the gas. The error in the He3 - H3 rate is almost entirely due

to the uncertainties in the breakup capture events. All of the errors
could be reduced in a new experiment that used the same methods as
this experiment. Several suggested improvements are listed in
Appendix E. In principle, this type of experiment is an excellent
measure of muon capture rates in helium and is capable of giving very
accurate results.

Also shown in Table IX are all other known experimental meas-
urements and theoretical predictions for the muon-capture rates in
He3 and He4° The He4 capture rate agrees with the two recent meas-
urements of Block21 and Bizza.:n:'ri20 if the wall events are small.
Theoretical predictions of the He4 capture rate range within our ex-
perimental limits, with recent predictions tending toward a lower rate.
Similarly the total He3 capture rate is in excellent agreement with a
previous measurement by Falomkin et al., 16 who used a helium-dif-

fusion chamber. The old theoretical prediction by Pr’imakoff42



Table IX.

Summary of muon-capture rates (in sec

Authors

Experimental

This experiment
Falomkin et al, 16
Edelstein et al, 18
Bizzarri et al, 20
Block et al. 21
Anderson et al. 82
Theoretical
) Pri’rr_1akoff42
Fujii, Yamaguchi23
Yanol®
Goulard, Prirnakoffs4
Fujii, Primakoff3®

. We rntz‘43

Wolfenstein44‘
Fujii4®

: Duck46
Caine, C.fones"?8
Bietti83

Bietti, DiPorto’>

He 3# H3 Total He3
1505246 21707170
1410+£140 2140+180
1450+75
2500250
1540£80
1460 670+£30%
- 2360+240
1460£150
1560+80
14001500
1660
1250

=1) in He3. and H'e4.
Total I—Ie4 Comments
375439, He scintillation
He diffusion chamber
He + Xe scintillation
450+90 Liquid He bubble chamber
368+47 Liquid He bubble chamber
1300 ??
470+£70 Closure approx
' "Trion'" wave function
gp=7¢8 A
324+60 Closure and relativity g, = 8 8a
Hard-core wave function
Shell-model wave function
345+110 Explicit sum over states
310
120220

a. Breakup - rate only.

“per-
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agrees reasonably well with the measured total capture rate; Yano's
recent and more detailed calculation of the breakup capture rates

is in excellent agreement with the observed value. In the future, the
detailed shape of the breakup energy spectra may be of considerable

interest, much as the f-energy spectra were important in § decay.

Although our measurement of the He?’»H3 capture rate is the
highest of the three experiments performed so far, it does not dis-
agree with the other results. Except for the calculations of Duck and
Fujii45’ 46 (see also Ref. 15) the theoretical predictions are in agree-
ment with our result. Because of ambiguities in the He3 rms radius,
obtained from electron-scattering experiments, the theoretical pre-
dictions of the He3 - H3 capture rate are uncertain to within 10%
and this accounts for most of the scattering in the results of the
theoretical calculations.

If the experimental value of the He?’—>H3 capture rate is
substituted into 'AC = 1/4-AS + 3/4At (A  and A are given by Egs. 34
and 35, with S=T=0), one obtains a relation between the two most un-
certain parameters in muon capture--P and A. Figure 31 is a plot
showing this relation. Any values of P and A within the shaded area
would be consistent with this experiment. The vertical lines indicate
possible choices of A(qz). Since the axial-vector and the weak-
magnetism terms in the Hamiltonian reduce to the same form in the
nonrelativistic 1limit, band I with A(qz)/A(O) = M(qz)/M(O) is to be
preferred over band II. Actually the value of A('qZ) is very uncertain
and could range from +0.9 to +1.15. This uncertainty in A reflects the
uncertain state of the nuclear physics of the trion. The preferred

theoretical value of gp * P(qz)m“/r%) for the nucleon is presently

_the 6.6 Aﬁ obtained originally by Goldberger and Treiman. 25 This is

the horizontal line in Fig. 31. Note that gp {trion) = -3 gp(nucleon).

B

the experimental capture rate. However, Eq. 35 is quadratic in P

The intersection of gp ~ 6.6A with band I is in good agreement with

and has a minimum in the region of interest. Thus, with the inclusion

of the uncertainties in A(qz) any value of gp between 0 and +25 AB
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Fig. 31. The He3 - H3 capture rate with the axial-vector coupling
T constant and the induced pseudoscalar coupling constant as
independent variables. . The shaded area indicates the region
consistent with the present experiment. The theoretical
' preferences are indicated by the vertical and horizontal lines.
Band I is with A(q2)/A(0) = M(q%)/M(0) and band II with - -
A(q2)/A(0) = V(q¢)/V(0). The width of each vertical band reflects
the uncertainty in A(0). The dashed lines are for a V+A weak-~
interaction theory and for a theory with the weak-magnetism
term equal to zero.
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is allowed. Several recent experiments have indicated a value of
gp closer to 15 Aﬁ' 37, 38
A graph similar to Fig. 31 is given by Rothberg et al. for muon cap-

This would indicate that band I is correct.

ture in hydrogen. 13 A value of gp = 15 AB would bring their result
in good agreement with theory.

This experiment does not rule out the possibility of a (V + A)
interaction in muon capture. If A is a negative quantity in Eqs. 34
and 35, then for a capture rate of 1505 secm1 one obtains the dashed

p

and band 1. vThis must be a chance combination of numbers. Muon

curve in Fig. 31. Note that it too is consistent with g, = +6.6 A

capture in hydrogen has established a V-A theory. 1

One must conclude that at the present time, because of the
uncertainties in P and A, the quantitative predictions of the UFI in
muon capture have only about 10% accuracy. However, the excellent
agreement between the theoretical and experimental values of the
capture rates in helium lends considerable support to the hypotheses

of a- universal Fermi interaction and a conserved vector current.
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APPENDICES

A. Mass of the Muon Neutrino

In principle this experiment allows a mass determination of the
neutrino in the reaction
o+ Heo » 1O + v . (3)
In practice, because of the large energy that the neutrino carries
away (103.2 MeV), the accuracy of such a mass determination is quite

limited. However, the mass of the muon neutrino now has an experi-

85

mental upper limit as large as 3.5 MeV ~ and it seems worthwhile to

examine the question to see what limits this experiment puts on the
neutrino's mass.

I first derive an expression for the neutrino's mass in terms
of the observed triton-recoil energy. IT the initial energy in Eq. (3)

is Ei =m + mHe - B , then the final energy is

Ef = Ev + Et = Ev + mt + T and Ev = Q-T ; in these equations B 1is

the atomic binding energy of the muon in its  s-state orbit, T 1is

the kinetic energy of the triton, and Q is mH + My ~ m, - B .

Since the momentum of neutrino is equal to that of the triton

. 2 2 2 2 2 .
recoil, we have Pv = Pt‘ = Et -m = T + 2mtT . TFinally, the

mass Of the neutrino is given by

2 2 2 2 2 .2
m"=E" -P° = (Q - T -7 - om, T = Q° - 27(Q + mt) . (86)
The mass difference between the He5 nucleus and the triton is
known very accurately and is My, = M = 529.1%0.4 keV ;50 the triton

mass is 2808.76 * 0.03 MeV. From the g-2 experiment,86 the muon's

mass was determined to be 105 65%.5%2,0 keV. Since B is easily
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calculated to be 11.252 keV, Q = 105 113 * 2 keV ; The measured value
of the triten-recoil's energy contributes the largest uncertainty in
this calculation and this is mainly because of the uncertainty of the
energy.calibration (see Sec. III.C.4). The 5.45-MeV alpha calibration
is most suspect since the alpha 1s doubly charged and comes from a
finite (and light-absorbing) source. Using the low-pressure data, the
neutron absorption and the alpha source for energy califrations, we
obtain T = 1.85 * 0.08 MeV where the error is conservative and
arises from the uncertainty in the alpha calibration. (If the alpha
calibration were not suspect, the error would reduée to *0.03 MeV).
The neutrino's mass is theh less than 25 MeV with 90% confidence.
Even if one were to assume that T could be measured with no error,
the mass errors would allow only a determination that mv < 0.7 MeV
Essentially these high upper limits arise because one must subtract
two large numbers in Bq. (86) to get zero. Thus it does not appear
that this experiment would ever be useful in a neutrino-mass deter-
mination.

By setting m =0 in Hd. (86) one can solve for the expected

triton-recolil energy:

2
_ .9 -
T = 2—(Q+—mt-) = 1.8959 * 0.0001 MeV (87)
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B. Target Detalls and Procedures

Since we used about $20 000.00 worth (145 liters at STP) of He~ s

and since the supply of He5

was limited, an elaborate system was
developed to ensure that the gas was not lost or contaminated. The
plumbing system is shown schematically in Fig. 32 and a photograph of
the plumbing control panel is shown in Fig. 3%. The main vacuum tank
(MVT) surrounded the target and contained three phototubes and their
bases., Consequently, the MVT pressure had to be kept low to prevent
discharge from the phototube bases. With 3000 volts on a phototube,
sparking occurred at pressures above about 35 p . During the experi-
ment the MVT pressure was kept below 1 u . . This low pressure was also
necessary to keep any water vapor from condensing on the light guides
and thus spoiling their optical-reflection properties. After the
experiment the target pressure gauge was calibrated against a standard
gauvge and found to be about 30 psi in error. All pressures in this
report have been corrected for this; however, the gauge is still only
accurate to about * 5 psi.

The problem of making a leaktight seal between Lucite and stainless
steel at liquid nitrogen temperatures and pressures up to 600 psi had
not been solved to our knowledge. After many tests, the design that
worked is shown roughly in Fig. 4587 The seal 1s basically a shaped
Kel-F O-ring bearing against specially shaped surfaces. All the
contacting surfaces were painstakingly polished as the most minute
scratch made possible a large leak. Unfortunately, the windows

ruptured easily under the strains of temperature and pressure, so that
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Fig. 33. Side view of target showing the plumbing-control panel
and MVT. The pumping sphere, emergency storage tank,
and panel diffusion pump can also be seen.
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precautions had to be taken to recover the gas if a window broke. This
was. done by attaching a helium leak detector to the MVT surrounding
the tafget; If any helium were detected, a solenoid valve léading to
the vacﬁum pumps rapidly closed, thus trapping most of the gas in the
MVT for later return to the supply bottle. Luckily neither window

>

broke during the experiment and more than 95% of the He was recovered
in the original supply bottle; about half of the rest was récovered in
the emergency storage tank. Most of the remaining gas was lost because
the last bit of gas could not be pumped from the pumping sphere itself.
The final leak rate through the window seal was aboutv2 cc/month at

450 psi and the loss through plumbing joints was perhapé a hundred
times this. Thus, the amount of gas lost through leaks ﬁés negligible.

| The procedure used in preparing‘the target and transferring the

He”

from the supply bottle is as follows:
1. The system was evacuated and tested for leaks by meahs of a
helium-leak detector and an ion gauge that could be attached temporarily
at the emergency pumping line. This ion gauge was useful in measuring
low pressures and small pressure differences, provided that it was well
dutgassedo

2, About 2 atmosphereslof He4 was then put in the target and
cooling of the target begun. To avoild straining and fracturing the
thick Lucite windows, the cooling took place slowly over a 10-hour
period. Thermocouples located at seven spots on the target monitored

the rate of cooling so that large temperature differentials could be

avoided. Once the target was cold, an automatic-fill system kept the
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liquid nitrogen reservoir full. Final temperatures on the outside
surfaces of the target ranged from -120°¢  to -l9OOC, depending on how
far the thermocouple was from the liquid nitrogen reservoir. The
phototubes, cooled by conduction, operated at about OOC .

3. With purified HeLL , the target was then tested at pressures
up to 600 psi.

L, With a heating tape and a Variac to control the current, the
activated charcoal purifier was baked at a temperature of YOOOF
(measured by a thermocouple). Exceeding this temperature had disastrous
consequences as the hard solder that holds:the purifier togéether melts
at about 1200°F.

5. The entire plumbing system was evacuated to a pressure of
about 1 p, after an additional check for leaks.

6. The vacuum pumps were then isolated from the system and the
He3 allowed to pass slowly and adiabatically through the liquid-nitrogen-
cooled purifier into the pumping sphere and target.

7. When equilibrium was reached, valve 2 (see Fig. 32) was closed,
and'the pumping sphere cooled, first with liquid nitrogen, and then
with 1liquid helium contained in an open dewar surrounding the sphere.
This brought most of the gas remaining in the supply bottle into the

3

pumping sphere, because the He liquified in the pumping sphere due
to the higher pressure inside.
8. Valve 1 was then closed, valve 2 opened, and the sphere allowed

to warm to room temperature, thus transferring most of the gas to the

target.
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9. To empty the target, the gas was pumped in the other direction
in a similar manner.

10. The target was warmed by blowing first hot dry nitrogen and
then hot dry alr through the liquid nitrogen reservolr. Durihg the
runs’ with xenon in the target, the warmup was halted and a steady
temperature of about -7OOC was maintained. Care had to be taken not to
g0 below this since xenon gas condenses at -lO7OC at atmospheric

pressure.,
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C. The TR Time-Gate Measurement

In this experiment it was necessary to know the lengths of several
pulses with some degree of accuracy. In particular, the circuit S
generated a pulse that determined the time during which the coincidence
TR could register a triton-recoil. A schematic of the circuit developed
to measure the length of a time gate is shown in Fig. 34. The discrim-
inators, amplifiers, Sy , and TR are the same circults used in the
experiment so that the pulse shapes to be measured are the same as
those generated during data-collection. A variable-frequency nanosecond
pulse generator69'“ supplied a train of He-simulating pulses going into
TR ; every tenth pulse triggered Su . The time gate to be measured’
was then generated by Su and fed into TR in coincidence with the
simulated He pulses. As seen in Fig. 34, pulse (1) represents a He
pulse coming at the beginning of the Su gate and (2) represents a
He ©pulse coming at the end of the Sp gate. By measuring the
frequency of:the He pulses with a frequency meter (Hewlett Packard 5244,
accurate to 1 ppm), the period between (1) and (2), and hence the Su
gate length, can be found.

The method of making this measurement follows. The He-Sp
relative delay is adjusted so that pulse (1) counts with half efficiency
in TR . Since (1) is also the trigger for Su , this delay will be
kept constant, independent of the frequency of the pulse generator.

Next the frequency is varied so that pulse (2) also counts in TR with
half efficiency. The period of the He pulses is then equal to the

time during which He pulses can count in TR . DNote that this method
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Fig. 34. Schematic diagram of the circuit used in measuring the

TR time gate. The oscilloscope face shows the relative timing
between the He pulses (1) and (2) and the Su pulse.
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Fig. 35. Sketch of the relative timing of the He and Su pulses

going into the coincidence TR. Note that this is not to scale;

e. g. the He pulse is really only 20 nsec wide whereas the Su
pulse is 6.2 usec long. The He pulse occurring att represents
the prompt pulse that occurs for every stopping muon. The

He pulse at t represents the earhest/latest possible time

at which a deia.yed pulse could occur in He and still give an
output from TR. The dotted Su line shows the relative timing
when the delay curve shown in Fig. 16(b) was taken. The solid
Su pulse was delayed 200 nsec from the back edge of the prompt
He pulse and since all He pulses had the same shape, ti—t also
equals 200 nsec. Note that the TR output pulse usually takes its
timing from the He pulse, but for those He pulses that occur
before the start of Sp, the TR output timing occurs at the start
of Su. This would lead to an excessive number of pulses occurring
in the first channel of the time sorter.
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automatically compensates for the finite width of the He pulses and
thus the period is the "true" gate length. According to this measure-
ment the Sp gate length was 6.27 £ 0.03 usec; the upper/lower limit
of error is taken to be the point where (1) and (2) count with 10%/90%
efficiency in TR .

Unfortunately this measurement was not made until a month after
the experiment and hence because of voltage changes it may also have
a systematic error. During the course of the experiment itself, this
S pulse length was measured on an oscilloscope that was célibrated
with a time-mark generator accurate to 10 ppm. The averaged . result.of
these measurements indicates an Sy pulse length of 6.1% £ 0.15 usec
in which the error is mostly from oscilloscope readings. .
This, however, is not the true gate length since even a small overlap
of He-Sp pulses causes TR to fire. To this must be added the He
pulsewidth of 20 % 10 nsec to account for those He pulses that come
at the very beginning and the very end of the Su gate (see Fig. 35).
The final number that was used as the TR gate length is 6.2 * 0.1
usec, which represents a compromise between the two methods. In a
similar manner the Sy gate to the p-e circuit was measured to be

10.6 * 0.2 psec long.
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D. Details of the Monte Carlo Program

A Monte Carlo program was developed to simulate the various decay
modes of a stopping muon. This appendix describes some of the details
of this pfogram. Figure 36 is a flow diagram outlining the program,
and should be used as a reference in thé followihg discussion of the
program's operation.

L. Input

The initial random numbers and two tables are read into the computer.
The first table is the muon-stopping distribution, Q(r, ro) , deter-
mined by the multiple-scattering calculation and 'discussed in Lo
Sec, ITI.E.1. The second is the assumed momenta spectra of the charged
particle in the breakup reactions (4), (5), and (9) (see Sec. IV.F).
All other information is written into the program itself; this includes
the target parameters and two subroutines that contain a muon and a
proton range-energy table.88

The heart of any Monte Carlo calculation is the random-number
generator. In this calculation the subroutinevGA889 generated the
"random" numbers by means of a recursion relation of the power-residue

type.go

L . 35
R, =CR; (module 2°7)
where R is the (nth) random number generated and C is an appro-
priately chosen constant. Of course such a formula cannot give true
random numbers - that is, successive values of Rn that are uncorrelated.

However, by Jjudicious choice of the constant C , these correlations

may be reduced to the point where the numbers produced closely approximate



-142-

Input
1, Target parameters

2. Stepping p distribution
3. Breakup distribution

Start

>

Galeulate distance
travelled by
‘ particle in gas

Calculate energy
Lot by stopping
muon in helium

Calculate
encrgy lost by
decay electron

Calculate energy
Tost in helium
using range table

MU.34023

Fig. 36. Rough schematic of the computer-program logic.
The heavy diamonds represent an independent random
choice of the variable noted inside, and the light diamonds
represent a logical choice that the computer makes. The
circles represent the output distribution or numbers that
are formed -- the light circles output that is used to check
the computation, and the dark circles the desired results.
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Fig. 37. A test for correlations of successive pairs of '"random"
numbers generated by the subroutine GAS. The coordinates of
each point are determined by successive random numbers
generated on the interval between zero and one.
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a random distribution.

Figure 37 displays the coordinates of 2500 successive pairs of
random numbers- chosen on the interval between O and .l and demonstrates
‘no apparent correlations or departures from random distribution.

| The entire calculation was done simultaneougly for the two He5
pressures at which data was taken, 28.9 and 15.6 atm. The calculations
differed only in that at the lower pressure, the charged particles
travelled through less gas and therefore left less energy to be seen
by counter 4. Likewise the calculation of the breakup spectrum for
muons stopping in He4 proceeded simultaneously with the Hé5
calculation. - In the following subsection, however, I limit myself fo
a discussion of the high pressure He5 case, since the other

calculations are done similarly.

2. Choice of the Coordinates of the Stopping Muon.

The iterative process begins with the choice of the position of
the stopping muon. Concomitant with this, the energy lost by the muon
by stopping in the gas is calculated. First an ineident angle fof the
stopping muon is randemly chesen according to a Gaussian distribution
with 6 = 22°  (see Sec.ITII.E.1). This is necessary since variation
in the incident angle will affect the energy loss in the gas. Next the
coordinate of the stopped muon is chosen randomly, with each plane being
‘weighted equally, as the momentum spread of the beam was much greater
than the target width (see Fig. 9). However, two requirements are

imposed before this =z position is determined as final: (a) +the muon

must penetrate deeply enough . into the helium gas to fire the Sp
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discriminator, and (b) after the radial position is determined, T

must be < 2 inches (so that the muon stops inside the gas). Consequently,
at this point, with knowledge of the incident angle and the 2z position
of the stopped muon, the energy lost by the muon in the helium is
determined by means of the range-energy table. To this energy is added
0.87 MeV for the effective energy lost in the Lucite window (see = - 77
Sec. ITI.D). This 0.87 MeV is determined empirically, as explained
below. Next the possible small variation of energy due to range
straggling is folded into the Sp energy followed by the energy-
resolution function of the He counter. Both of these random choices
follow a Gaussian distribution whose width depends on the energy of the
particle. If the resulting energy is greater than 1.5 MeV, then the
particle is said to fire the Sy discriminator, and its radial position
is randomly determined according to the probability table Q(r, ro) B
previously read into the computer (ro is a linear function of z).
Interpolations between entries of the table are made for both r and
Ty If r is greater than 2 inches (the radius of the gas target),
that stopping position is rejected and a new 2z and r chosen until
the particle does’ fall insiderthe gas.

At this point in the calculation the computer has the r and =z
position of the stopped muon, the energy lost by the muon stopping in
the gas, and the incident angle of the stopping muon. Tables of each
of these quantities display the sum of all these parameters at the end

of the calculation. The 2z and the energy loss tables are derived

distributions, but the r and the angle distributions are predetermined.
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The formation of these predetermined .distributions are-a useful check
that verifies that the program actually does choose the random numbers
according to the desired distribution. This kind of check is made in
many places throughout the program. In this instance (as in all checks),
the predetermined distributions, formed randomly by the computer, did
indeed have the desired shapes.

3. Firing the Sp Discriminator

The depth to which a muon must penetrate the gas before it
.generates enough light to fire the Sy discriminator is difficult to
determine, but it is important since this depth affects the distribution
of stopping muons and therefore the entire Monte Carlo calculation.
This séction describes how it was determined and checked, and discusses
Figs. 22 and 23. Related to the energy required to fire the 8u
discriminator is the light generated by the muon as it passes through
the front Lucite window, for this light is added to that generated in
the gas itself. When the Lucite window is discussed it is considered
in terms of equivalent gas thickness or eguivalent-gas-scintillation
light.

Both the Sp firing energy and the gas equivalent energy
deposited in the Lucite window are determihed from the experimental
curve of energy lost in the helium by a stopping muon (Fig. 22). 1In
order to fit the calculated distribution to the upper édge of this
curve gnear 6 MeV), 0.87 MeV must be added to the calculated energy
lost in the helium. Presumably then this 0.87 MeV represents the

light coming from the window. A first check is provided by the dotted
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curve in Fig. 20, which is the energy variation expected of a 0.87-MeV
energy loss because of the resolution of the He counter. Since we
set the 8p discriminator Just above the point where there were no
window counts, the small overlap between the Gaussian resolution shape
and the energy spectrum indicates that 0.87-MeV for the window energy
is about correct. That is to say, an energy less than 0.2 MeV or
greater than 1.4 MeV would be completely unacceptable. The 1.5-MeV
Spu-discriminator firing energy was determined by fitting the lower edge
of the experimental spectrum to the Monte Carlo calculated spectrum.
The over-all fit to the remaining curve is not bad and is an additional
check of the stopping-muon distribution and of the Monte Carlo program
itself.

The positive-pressure intercept of the Su/Bp curves of Fig. 23(a)
lends support to the énergies given above and is interesting to calcu-
late in itself; however its interpretation is a bit tricky. The Mg0
dead layer (See Sec. IV.A), the gas inert region (where muons don't
stop because they don't have enough energy to fire the Sy discrimin-
ator), and the Lucite window all contribute.to this pressure intercept
as can best be seen by reference to Fig. 38. 1In this diagram all the
material that the stopping muon passés through is represented in terms
of equivalent range of gas (which can be converted to gas pressures).
By considering the point where Su/Bu = O(60‘psia in Fig. 23), one can
determine what materials contributed to the pressure intercept. Normal-
ly one would expect that the MgO dead layer would subtract from this

intercept but because the MgO dead layer does not contribute any
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Fig. 38. Schematic representation of the effective range of
material that a stopping muon passes through vs the gas
pressure. At 60 psithe ratio Su/Bp = 0 and thus the re-
maining range represents the pressure intercept of Fig. 23.
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separates the inert gas from the effective gas.
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light to counter 4, the dead layer adds to the intercept as can be seen
in Fig. 38. The analysis of Sec. IV.A shows 2.5)(10'5 Su/Ep stopping
in the MgO dead layer. From the slope of Fig. 23, one obtains an
equivalent helium thickness of 11 psi. The range of a muon losing
1.5 MeV in the window and gas inert region is 25.5 mg/cmg, or effective-
1y 45 psi worth of gas. Addition of these contributions shows a pre-
dicted pressure intercept of 56 psia, which compares well with the
experimental intercept of 60 psia in Fig. 23.

Knowing that the range of an 0.87-MeV muon in the helium is
0.2 inch (at 28.9 atm), one obtains an inert gas thickness of 0.3 inch.
This checks well with the cutoff in the 2z distribution generated by
the Monte Carlo program. The meshing of these various experimental and
computed values lends weight to the validity of Monte Carlo calculation.

4, The Decay Angle

Having obtained the position of the stopped muon, the computer
-then randomly chooses the direction of the decay particle. This
direction was assumed to be completely isotropic, corresponding to
depolarized mucns. Although this may not be true, a better guess would
be difficult to make. The ¢ coordinate was chosen randomly with a
flat distribution on the interval from O to 2x ; cos .@ was chosen
according to a flat distribution on the interval from -1 to 1. The
net effect is an isotropic angular distribution. In order to increase
the statistics of the computation, the same stopped muon was assumed to
do everything possible; the same randomly chosen direction was used for
the decay electron, the triton recoil, and charged breakup particle

directions.
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5. Distance Travelled in the Cas

Knowing the'position of the stopped muon and the direction of the
decaying particle, one can now compute the coordinates of the point
where the decay particle leaves the gas, and the distance travelled iIn
the gas. This is a straightforward analytic calculation and was checked
by calculating several random cases by hand. Knowing the distance
travelled in the gas, we calculated the energy lost by decay electrons
in the gas according to Feather's Rule. The resulting energy spectrum
did'not match the experimental electron background, and predicted a
considerably lower energy electron shape. Presumably the higher energy
electrons observed experimentally come from a relatively few electrons,
which cause delta rays in the helium. Alternatively they may result
from light generated in the front Lucite window as the electrons pass
through. It did not seem worthwhile to calculate this electron back-
ground exactly.

Knowing the coordinates of the point where the electron left the
gas, one can calculate the geometric electron-detection efficiency by
noting whether the electron would pass through counter 5. Nearly 100%
of the electrons in the Michel spectrum have enough energy to veto
themselves if they hit counter 5. Thus the éeometric efficilency should
be the experimental efficiency. With the assumption of an isotropic-
decay distribution, the calculations showed that 85.6 .+ 0.5% Sy
hit counter 5. This checks well with the observed efficiency, if the
various corrections are made as discussed in Sec. III.F.6.

Knowing the range of the triton recoil, one can calculate if the
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triton left enough energy in the gas to be detected in the 1.9-MeV peak.
Since the range of the triton recoil is only 1.7 mm at 28.9-atm helium
pressure, only -those muons are gaffected. that s5top . near the wall and
decay so that the triton hits the wall. Thus given the distribution of
stopping muons, this is a purely geometric calculation. At high pres-
sure 0.9%% and at low pressure 1.73% of the triton recoils lose enough
energy in the wall so that they have only a 50% chance of being counted
in the pulse-height spectrum. These results are discussed further in
Sec. IV.K.

6. Breakup Background Spectrum

Finally the breakup background-energy-spectrum shape, the major
result of the Monte Carlo program, can be calculated. First, with an
assumed branching ratio between Reactions (4) and (5),

> d+n+v (%)

u- + He
noo+ He5 >p+n+n+v (5)
the computér randomly chooses whether the particular muon undergoing
calculation is captured into the deuteron or the proton channel. Sec-
ond; using an assumed "theoretical" energy distribution for the aeuteron
or proton, the computer randomly chooses an energy at which either the
deuteron or proton emerges from the reaction. The assumptions made in
choosing these two parameters, the particle's type and its energy, are
discussed further in Sec. IV.I.
The remaining computation is geometrical. By use of range-energy

relation for either the deuteron or proton in the helium, and the

distance that a particle travels in the gas, one calculates the energy
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lost in the gas. After folding in the energy resolution of the He
counter, one has the energy observed by the PHA. After adding the
energies of many stopped muons, one then has the spectrum of the break-
up particles. Since data were taken with 5 both in and out of TR ,
the computer program actually formed two spectra, one with 5 on and one
with 5 off. If the breakup particle had enough energy to veto itself
in 5, then its energy was not added to the 5-0n spectra. Thus the
higher energy breakup particles did not contribute to the 5-on spectra.
7. Output

After the calculation of the various energies and distributions
for 50 000 stopped muons, representing 20 minutes of IEM TO94 computer
time, all the information collected was printed out in tabular form.
This included the actuél distribution of stopping muons used by the
computer, the angular distributions, the energy spectru& of stopping
muons, a spectrum of distances travelled in the gas, a spectrum of
- energy lost in the gas by decay electrons, the various spectra of
energy lost in the gas by the breakup processes, the number of electrons
and breakup particles detected by counter 5, and the number of triton

recoils leaving more than 1 MeV in the wall of the cup counter.
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E. Future Improvements to the Experiment

As it does not appear that the theory of muon capture will predict
capture rates in helium with an accuracy < 10%, it does not seem worth-
while now to improve the accuracy of this experiment. However, if an
improvement is desired in the future, a partiai—capture rate accurate
to 1/2% could probably be achieved with the present apparatus. Conse-
quently it seems worthwhile tolsuggest improvements that would be re-
quired for a l/é% experiment. Most of the improvements are easlily
accomplished; howe&er, the most important, the ilmproved energy resolution
of the helium scintillation, is also the most difficult to accomplish.
A 1ist follows:

1. Improved energy resolution of the helium scintillation would

reduce all errors associated with the backgrounds under the
triton peak; these errors limit the present experiment.. A
factor of 2 improvement in the resolution is vital to a 1/2%
experiment. A phototube with higher quantum efficiency would
help. Increasing the gas purity is the only certain technique
that would increase the scintillation-light output. Probably
extensive tests would have to be performed to diagnose Just
what impurity quenches the light output. Segre and Wiegand
report increased light output if an electric field is applied

to the gas.gl

This is probably due to avalanching of the
electrons as in a proportional counter, and operation of the

scintillator in this mode may be the answer. Adding xenon to

the helium, as the Carnegie group did,l8 improves the light
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output by about a factor 3; however, most of the muons will
then be captured by the xenon and this complicates a -deter-
mination of the number of muons that are captured by helium
atoms. Pure helium gas is probably the best solution to this
problem.

Reduction of the dead-layer thickness is essential to a better
experiment. The xenon experiment described in Sec. IV.A 1is

a good method of determining the dead layer; however, its
accuracy is limited. The dead-layer correction introduces

the second largest error in this experiment and reducing the
thickness of the dead layer would reduce this correction.
TImproving the -muon-beam intensity would allow use of a smaller
collimator just‘before the target. Thié would cause fewer
muons to.stop near the walls and therefore reduce the dead:
layer, edge corrections, and possible wall events.

Reducing multiple scattering would also decrease the number
of muons stopping near the walls. Half as much multiple
scattering can be obtained by eliminating the absorber Jjust
before the target, by halving the thickness of counter B2 ,
and by removing counter 3. Counter 3 does not significantly
increase the decay-election detection 'and its use as a veto

in TR can be replaced by counter B2 . Moving the gas
target closer-to the collimator and counter B2 would further
reduce the multiple scattering.

Complete Um decay-electron vetoing would eliminate the
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electron-background problem and allow a determination of the
breakup  spectrum shape at the lower energies. A possible
method of achieving the Lx electron-detection would be to
put some scintillator such as Nal (which gives out wide
pulses), between the Lucite window and the gas. A pulse shape
discriminator could then determine whether a given pulse seen
in the He counter arose from the gas or from the NaTl . A
stopping muon would still require a signal from the gas and a
decay electron signal would be a delayed Nal pulse.

A strictly zero Sp coincidence rate with vacuum in the
target would completely eliminate any ambiguities associated
with a few muons stopping in the front window or in a  Nal
scintillator if it were emplpyed. One can afford a thicker
gas inert region than that used in this experiment.

Evidence from a later experiment showed that borated paraffin
shielding considerably reduced the neutron background around
the target. Thus, the addition of paraffin ; and other shield-
ing would reduce the random background.

A special time bin located long after a stopped muon is needed
to measure the random rate accurately. The Del-A-Gate unit
can be used to generate this gate perhaps 30 to 36 useconds
after an Sp and any pulses occuring in this time bin can be
routed to the second 200 channels of the PHA: This would
eliminate the present 20% uncertainty in the random background

and would especially improve the accuracy of the breakup
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reaction rates.

A measurement of the wall events is needed or.they must be
shown to be neglible.

By the use of a more accurate time-to-pulse-height conversion
system, such as a digitron,92 more accurate time spectra could
be obtained. .Especially if used in combination with k4x
decay-electron detection, an accurate digitron would permit
another determination of both the u* and the p~ lifetimes.

93

Comparison between the u+ and p~ lifetimes”” .is a valuable
check of the TCP theorem and must be done in the light elements.
Periodic measuremenB during the course of the experiment; of
the length of the Sp-to-TR gating pulse by the method des-
cribed in Appendix C would improve the error associated with
the time factor. .Lengthenihg the Sp  pulse would reduce the
time-factor correction without increasing the randoms rate
beyond a tolerablé level.

Two moniters should be added to the electronics. The first

is another coincidence circuit that would ensure that all of
the Su-to-TR gating pulses are at least 6 usec long and that
none are anomalously short. The second is a scaler that

would count all the pulses to be analyzed by the PHA. This
would provide a means of ensuring that the PHA does not lose
memory and that it stores all the pulses that go into it. )

Making any second-beam particle veto the whole Su event

would protect the system from TR events in which a second
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muon gives a true triton-recoil.
Since opening the vacuum box is a lengthy process, the bases
of the phototubes should be located outside the MVT, if poss-
ible. During the initial part of the experiment, several
phototube bases failed:and it was difficult to repair them
while inside the MVT. Alternatively more reliable bases are
required.

Alfhough I suggest many improvements, the experiment as
it was run did work well and provided a some%hat better result

than we origihally hoped for.
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