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ABSTRACT

qumga neutron-omiooion and noutma-mmupncity diotributione from
p ~-moson capture in Al, 81, Ca, Fe, Ag. I, Au, and P mre moasured, A.
high-efficiency (54.5% for ficsion ncutrone) cadmium-loaded uquid-ncmtilluor
» tank was used ao tho neistron detoctor, Siinpla nuclear models with Fermi gas
and Gauceian nucleo.namomantum distributions werc used to fit the experimental
results, A reduced nucleon eﬁecﬁvo maso waso empléyed to yield the observed
gh average neutron multiplicity, and values wero obtained as a function of the width
of the assumed nucleon-momentum diatrit;utions. Use of the Ga_msaian momentum
dietribution obtainad in cxporimonts on quasi-slastic acattering gives effective
masses ranging from = 0,7 M# in the lighter nuclqt to = 0,45 vMp in the heavier
nuclei, An excited Fermi gao dioctribution gives larger @flectlvo masasead for the
llghtei' nuclei and omaller effective macses for the heavier nuclel than doeo the
Gaussian model, Neither of theoe modelc gives good agreement with the neutrone.
i | multiplicity distributions, although calcula;low in which direct neutron emiseion
and nuéleon clustering on sha nuclear surface aroe sssumed improve the fit,”
| | ' '. For both the Fermi gao and Gauscian models, the average nucloar

excitation ocnergy variec Mnearly with average neutron muiltiplicity and is
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velativeoly monqlt;lya to tho modol paramotors, When the average nuclear

~' fam:ita'tﬁtm ie enﬁrawod in units of the muon ma roducod by its K-ohell binding

]
}
'

energy, the result (with thé oxcap'tion'of calcium) fo conbtw.' 0.1820.01, over
the wide range of atomic nnrébera covered in the experiment,

~ For Ca*% we also made a shell-model calculation using a simple
ha.rmo‘nlc-_ocluator potential. The aar;omont with the oboerved average nou-

tron multiplicity ie good although perhaps fortuitcus.

&
2N
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'ma oaporlmat contlnuee an lmnmtigatwn1 M nuclo&r-momentum ;

T diatﬂbutlom and nncloon effective massce by maaeuremnm of the number of

; neutrono emitted from a nucleus exctted by muon captura,

- tede -

A muon captured into an atomic K-shell spends part of ito time within

‘the nucleus, and there is a large probability, in not toonghs nuclel, of the muon

being capthred by a proton according to the weak-iintéractioa proceans

K tp-~ent v,

In compotitlon with this reaction is thc muon'@ decay, po- q +v+v, (Inthe

' clements voported on here, the fractions that decay ran lrom n 3% in lead to

" m40% in aluminum, )

In the capture process the neutring takes off most of the energy. If the
proton is at rest, the nentron recoile with about 5 MeV. Since the proton in the

nucleus typicauy io moving at the time of capture, the recoil energy of the neutron

" in the rest osystem of the nucloua is differant from 5 MeV. The neutron, and hence

the nucleus, will have a distribution of energies I{Q) that depends on the mo-
mentum distribution of the capturing proton, |

Measurements of the average number of neutrons emitted indicate

. average nuclear excitations oi»i'o,_té 20 MeV, Proton emission is small com-

pared to neutron emission because of the effect of the Coulomb barrier at theso

' mederate excitations, and photons are given off only when the excitation is below

the threshold for pardcle é’miaeion; Thus neutron emission strongly predominatee

and a knowledge oi the num’oers of necutrons given ouﬁ ionowing u-meuon capture

| yields {nformation a.bout the nuclear-excitation distributions and therefore about

- the proton-momientum dlstributioa. A more detailed review of the captura

process and associated nuclear excitation can be found in Ref, 1.
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PR 'rho ea:noat a!lort to doscriba the mlear excitation and attendant |

‘ '-Mnt?on amlnalon, by Tiomno and theler, 2 haa undergone various modificatione
1,3-6

in or_de_r-to improve quantitative agreement with experiment. Most of th,eae

.
i _' -modifications find better agreement is possible if nucleon masses in the nucleus ;
~are assumed smaller than unbo@d nucleon massea. This nﬁcleon characteristic ©
is a consequence of the velocity dependence of nuclear forces that can be approxi-
mated by changing the unbound nucleon mass M to a reduced "effective'' mass
M‘. A number of theofetical approaches to the deacription of nuclear matter
predict effective masses of about gns-half the unbound mass, 7-10

In analyzing an experiment that meascures the neut‘ron-multiplicity distri-
bution, we can adjust the effective mase to give agreemen;t between the meiaurad
~ values of average neutron emission and theoretical predictions for various choices
of the nucleon-momentum distributicns, However. it wae hoped that the resulting
distribution of neutron multiplicities, being generally different for thess various
models, would allo.\v a more definitive picture of the captt}ré process.

Some details of the nuclear excitations that can be inferred from neutron-
mhltiplicity measurements are alsc of interest in muon-capture-rate cnlculﬁtioﬁs.
the capture rate being a sensitive function of the excitation. A reduced mass
M'.I = M/2 has been used to impfove agrecment betwasen experimental ca;pture
rates in medium and heavy nuclei and calculations involvlng universal-Fermi-
interaction coupling constants, 14,12

The first high-efﬂcienéy measurement of the distribution of muitiplicities

-

was made for silver and lead, ! in which cosmic-ray muons were uosed and 4
. ) hY
large cadmium-loaded liquid-scintillator tank served as a high-efficiency reutron

 detector. There was considerable advantage to be gained, in terme of counting

G
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nte and pnrity o! bnm. by uaiug muona trom th.o QM-lnch cyclotron. thiu
: experiment vu carried out with the nmo nautron detector for elght targets

ranging from aluminum to laad

i

" A, Nuclear Excitation i

e . . . BN
-‘x‘.','.é R KR N P i, R } H . i_‘j .
i.uu'

. g ‘In calcuhtlng the nuclear—excitatlon diatrlb\mon we uaumo the | umo

i vt

T .
Y BT ,4."

fgxm tor the capture probability used in Ref, t.

'-:-_Q-'t_ﬁ ws K fd R, a’p a’q 1(p)[ 1-5(0)] Blp, *3 P"‘E" " PByE e Q)‘ - () ‘

¢ m‘u

[ s 14','1

in which K' la a constant; £(g) a\nd g(g). obtained from the ground-atate nucleur
wave functlon. are the probabilities per unit volume of momentum space of fiuding
_: a proton of momentum p and a nsutron of momentum: g the factor | 1- g(q)] is

contribnted by the Paull exclueion prin iple; p is the neutrlno momentum; -

Q is the cxcitation of the product nucleus (Z 1,A); and E, is the total enei'gy

V-{ ‘available for excitation* the reat energy of the muon reduced by both ito

3,

: ii K-shell blnding energy, and the (Z-1, A), (Z A) maass difforanco. The transition

. probability can. be expressed in terms of the nuclear-exclta.tlon diatrﬂmtion HQ) au

| o e [1QMQ.
| We can thereforc derive I(Q) (except for a normlt:ation conltam glven by
| jl(Q)dQ = ) by parttal integration of (i) to obtain an expression involving only
- the variable Q.

| 4, Fermi Gas Model | o ; | . _ .
| The momentum-distribution functions for a degenorate Fermi gas are

" taken to be ; _' ‘ _ S .I :

=)
¢l
N
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e ';i' !(g) 6 i/ {1 + “P[(P -pa )/Z!MX%D
r 3(3) 5 1/{1 +exp[(q .go )/ZM 0{]}

AR
‘ "q v R

s @

o .whero 6‘ 1a tho Formi temperature in energy unitg (MeV). and po ‘and qo
. arve the proton and neutron Fe rmi momenta for the target and product nuclel

SRR reapectivcly.

Following Ref 1 we obtatn fox I(Q)

zafx(E..Q) | [uexp[(uo)/zal] ] i o

N9 = Tesprayey ' | Tresgm- I ) &

~ where SR | o

b

(@o2+pel)  p M*| Eo-p c- ta0?-pa®i/2m*)?

as= ——— W e—— = 12
ZM 4M ‘ pvz '

and the normalization constén,t K ias determined by j Q)dQ = 1. 'I_‘he effective

nuclean mass is M‘. whose value will be derived by optimizing the agreemeht

_ between this model and the observed average neutron emission,

» 2. Gauuiah Model

If a Gauseian momentum dlatx*il_mt!on of the nuclecns is assumed, -

‘then

f(p) = exp(-p>/a?)

' 2, 2 {4)
5 glq) = exp(-q°/a"} ,

where a gives the width of the momentum distribution and {8 detormined

experimentally from quasi-elastic ;;cattering. The nuclear-excitation distri-

bution derived from Eq. (1) then becomess

\ ' ,
Q) = K* (Eo-Q) {exp| -£,(Q)] -\1/2 exp [ -26,(] } . (5)

\

.
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where -t i SN s
T . 3" o (Eo-Q)
e ] f",";x . . . J“ L
' ’,’.:l ’ ‘ (E ..Q)z H Z 2
S {.‘z‘Q)f"‘z'{ T X Qz}‘
O A . : ‘E°°p) ‘

and K' {s a ngprmaglisation constant.

y o

3. Shell Model '

Nuclear.-éxcitatiou distributions can ales be calculated from & shell model

and 1(Q) then becomes a discrete spectrum of energics. Lauyten, Rood, and

‘Zt‘ollmak13 have c¢alculated I1(Q) for C&‘o for a simple harmonic-oscillator shell
' |

- model, - This simple model is however not suitable for evaluating neutron

emigaion since it predicts nuclear excitationa in multiples of twg (= 10 MeV)
only, We have extended thie calculation uélng their transition probability and
employing Nilsson's Hamiltonian, 14 yhich splits the simple harmonic-oscillator

energy levels with terms proportional to .{ - 8 and to lz.

JC ahw ~2hwy X £ 8 «hw xp.!z

B. Neutroix Emigsion

Nuclear de-excitation is assumed to occur by neutrom boil-off and is

treatod oxactly as in Ref, 1, which gives the probability of emission of at least
v ' ‘ '
v neutrons Nv as

T ) 2ve-3 Q-B n : . : ’
N, = 1 - oxpl-@-BI/@] ) [——g;—"-] L. )
. n=0 ,

where Bv is the binding energy of the firet v neutrons to be emitted, and

6, is the tembe{yatur(; of the compound nucleus and is aseumed to be a constant

in the derivation of N,. Variation of 6, over a reasonable range of values hao

only a small effect on the neutron multiplicities, |
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The probabmtfr tnr éiniaelon of ju@t v Mmrm by & nucleus wlth a

_dlatribution of excltations. I(Q), ia therefore oo .' - v ‘ ’
Eo S e

E _
v
P=[ Nuaua: [ “uo)m oom
B
The integrals were evaluated numerically for the va:ibun excitation
| distributions, Thg constants used are given in Tables 1 mid II. The valuee of .
Pv were then avoraged over the natural isotopic a.b\_mdancen of the targets
~ (Table I). The values obtained are those expected with a 100%-efficient detector,
To compare with experimental values of the neutron multiplicities, we converted

the P g to the distribution (F ) expected with a detector of efficiency
e (e = o 545),

Y
e

L Fe .“_thuu-e)“'“ n'W__YT':l-n _ | @

, Dh'ect neutron emieaion has been considered by sevaral anthorn and will be
I : .

: discusaed later. :
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- m. EXPERIMENTAL paocmnunr;
| A. Detsction Syatem' BRI .- R

b

A mg&tive beem ot' particlee was produced wlthin the Berkeley 184-in,

o cyclotron, Particles of 200-MeV/c momentum were aelected by a magnet
) ayeteni and detected by & scintillation-counter telescope. The counter televaco,p_e‘

| (Fig. 1) was made of 1/4-in, -thlc* plastic scintillators except for the 2-in. -thick

water Cerenkov counter C and the 1/2-in, -thick plaetic anticounter A, Becauee

of their smaller velocity, negative muons were stopped by an amount of CH,

absorber that allowed the muons te pa\‘a\a through and’etop in the targets. The

- effect of a small number of electrons ii\\ the beam was eliminated by a water

~ &erenkov counter in anticoincidence with the telescope.

The number diairlbution of neutrons emitted after pu° capture was
measured in a large (30-in. high, 30-in, diam, ) cadmium-loaded liquid scin-
15 The neutrons were thermalized and captured in the cadmivm
with a capture lifetime of 7,8-psec, and the resulting gamme-ray-acintulation

pulses were detected by an array of photomultipliers viewing the acintillation

" tank. The detection efficiency for a single neutron was about 55%.

A block diagram of the electronics is given in Fig. 2. The resolution

. times of the coincidence circuits were about 10 nangseconds, The beam was

g monltored with S 4 and S, in coincidence. A stopping particle (83.83. .and S‘l

in coincidence and the eum of C and A in anticoincidence) triggered'a 30-psec
gate whleh was delayed by 2 pusec to eliminate prompt pulses associated with
muon decay or capture in the target.

Neutron puluee occurring during the gate times were fed into a numlger-

to-height converter and stored in a 10-channel puleaoheight analyzer, This

2



The neutron-detactor puloes were displayed on a 38-usec exponantial eweep

' function of CH, absorber thickness (Fig. 4 ) The addition of 2.5 in. of CH

-8 . . © UCRL-14243 Rev,

| method gave immed!ate multipuclty lnformatim dusing tho run, but more

~ detailed information was obtained from the phetographe of oacilicscope traces.

x=xp[4 - exp(-t/7.8)] to glve an equal density of pulses along the trace.

' Another (linear) trace contained the delayed and added outputs from the six »

‘ telescope countero displayed in sequence (Fig. 3).

The tank background was continuously sampled by a scaler that was gated
on for 25 psec after a suitable delay following each telescope pulse, This
sampling technique was periodically compared with and cblibrated against

.background obtained on film, ,

B. Beam Quality

Since tha higher neutron multiplicities can ba strongly effected by pions,
considerable attention wan directed to reducing to 8 minimum and meaouring.the
pion contamination {n the muon beam atopping in the targete.

In order to estimate an upper limit to the pion contam;natidn. a pooitive
beam wao stopped in a scintillator target and the wta p*_ decayo were counted a5 &

2
reduced the w-decay rate to less than 16'3 of its peak value. For greatar' thick-

\

neesséc otatistically significant v decays were undetectable with our apparatus,

" but the number of T'o is presumed to continue decreasing with the further

addition of absorber. (The ¥ peak is 5 in. of CH, beyond the w pesak.)
The revernal of the ficld directigna of all magnets, including that of the
cyclotron. produced a negative beam with the came geometrical propertien, s

A negative beam of maximum intensity had a p/% ratic of about 1/7, Changes s
in the position of the cyclotron's internal target, however, ntfrongly influence the

; i . .
o
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K bem composmcn as well Aa the lntenﬂity, ‘thia la bocmwe piona are produced

N in the target whoz'au the tnuonn originate from w decay and have & much more

diffuse source, With some sacrifice in beam intensity it was possible to im-

o prove greatly the p/% ratio,

Figure 8, a differential range curve of the final meson beam, shows
the atoppings in & {-in, thlck carbon target inaido the neutron detector. A
comparison of this curve with the one of p -8~ decay ae a function of aboorbe,r
thickness (normalised to the same numberhboi stoppings at the p~ peak) shows
that w's comprise less than 20% of the total bean;.. (The p~ intensity was

reduced to one-seventh,) Combining this information with the wt result, we

estimate that the fraction of s etopping in the target is less than 0.0001 with

13 inches of CH‘z absorber. This fraction is small enough to preclude any signifi-
cant contribution to either the average neutron production 6r the neutron-multi-
plicity distributions.

C. Data-Collection Procedure

Eight targets were chosen 8o as to opan a wide range of atomic weights,

' be monoisotopic where possl‘bie. and permit comparisen with the reculte of the

previous cosmic-ray experiment. All targets were 7 inches in diameter (the

eize of the beam tube) and of thicknessces sufficient to stop all of the muons

- (about 10 g/ t:tnz CHZ equivalent).

The heam level was reduced to give an average of not more than 0.1
background "neutron' pulse per stopping muon. This background rate cor-
réaponded to a muon stopping rate of about twe per minute. |

For each element, six to twenty i-hour target runs, alternated with -

" background riﬁis, were made, In addition, several rune were made with no |

target in pla,cée to correct for muons stopping in the last counter (5,),
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i ' D, Calibrations -

The neutron-detaction efficiency was callbrated at frequent intsrvals

252

bj 'rcplaclhg the target agsembly with 2 fission chamber containing C£f - . Thio %

icotope yields an average of 3.8720.08 neutrons per spontaneouo fiesion. 16

We assume that boil-off neutrons from p~ capturs have roughly the same energ)rJl
spectrum as the iision_neutrona; For a somewhat different geometry,
-Monte Carlo calculations gave the following energy dependence for neutron
thermalization and capture efficiency of the tank: 99%, 95%,89%, and 84% for
i-, 3-, 5-, and 7-MeV neutrona, respectively. 15 '

The oséﬂloacope-oweep speeds were calibrated pe’xiodicany with a
crystal-controlled oscillator.

IV. DATA ANA.L?SIS
' The data on film were transferred to punched cards by moans of a

digfthzed scanning projector. With the data in thie 'fo:m it wao a aimple matter
with & computer for us to vary pulse height and timing criteria in drder to

normalise and optimlme' data relative to background. C !

Tank-trace pulaes were accepted for 30 psec beginning either 1.5 or 2,8

-. pselc after the p‘tompt-pulu‘e time., The longer delays wore ﬁmd for the three
- lighteat-elementa,_ (Table III} in order to reduce the fraction of p-decay electrons
occurring within the neutron gate. The cholice of thé minimum acceptable pulse
‘ het.ght was determined by the sharp rise in backgreund for lower values and the

' gradual leseening of neutron-detection efficiency for higher values,
252

£y

The time distribution of neutrons froms the Cf fiasion-chamber-

calibration runs is given in Fig. 6. (The fall-off at the sarliest time i8 due ta *

-

the time také@%for the neutrons to thermalize.} Comparison of the fission-

jd

chamber data with the time distribution of tank pulses from p capture verifiee

that these pulses are due to neutrons,

rqﬁ)%
=174 4%
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: A bnekgrmm& corrcctlcn to tha mmund multipucity distribution was

i made for cvery targot run aud used the countes background data taken on each

| of the runs. These counto;- data were calibrated against trequent backgroand
meaaurements recorded on film, which ahowed that these background pulses
were randomly (Poisson) distributed in time. From the target-out measura-
ments we determined that the fraction of muons not stdpping in the target waa
0.07£0.04. A further correction was made for muon decay. The fraction that
| decays is Xd/). (Table I), where )‘d is the decay rate, and the total disappear-
ance rate A is the sum of )2 d .and the captﬁre rate )'c' In aluminum and silicon
it was alac‘nocensary to correct for decay electrons detected during the neutron »
gate time. This correction reduced the number of single-neutron observations
in Al and 8i by = 7%,

A detailed deacription of the orror analysis can be found in Ref. 17,
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L S A, . Experimental Results ﬂ o N .
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Uncorrocted valnen of the experimentally obpsxvod nsutron multipucitiea

au glvqn in Tablo IIL Values corrected for backgro\md targot-out, and decay

and reducod to a common detection efﬂciency (0.545) are given in Table IV, The *

neutron-multiplicity results of Ref. 1, which reported the same neutron detector

and fission-chamber-calibration method as used in the present experiment, are

. given at the bottom of this table. The agreement with this experiment is good,

both for average neutron emission ard for multiplicity distributions. A eummary
of previous experimental resulte for average mulupliciﬂa‘u for our targets ie
given in Table V,

B. Compariscn of Experiment with Theory

The following calculations of neutron emiseion are given without includlng

effects of direct cmiuion olncc it iz not clear what these correctiono should be.

{Calculations of direct emission for calcium range from 25%. by Dolinsky and
Blokhintsev, 18 to = 2%, inferred from Laubkin, ”) Resulte that include Singer's
direct-emisoion corrections for the heavy elements are given at the end of
Sec. V. | |

We have investigated two toima of the nuclecn-momentum distribution,
a Gaussian and a Fermi ga.a; in our calculation of neutron emission from pu-
capture, Values of average neutron emission and multiplicity distributions from
these models are functions ofx {a) the momentum-distribution width (uz/ 2M
for the Gaussian, or 01 for the Ferml gas), and (b) the nucleon effective maonse

%

)
M, As a firot step we made & wide range of cholces for the distribution width,

& .
and for each choice calculated the M that gave the measured average neutron

[Ee
s
t
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B -Mtiﬁllcity. v For th!,a M 8 compartson waa thcn ma.de of the pradicted _
\ multtpncity diotribution ( P‘. A wlth tho moasured values
(Fy & 6!‘0, F = 83‘1, soy ); and the standard goedness-of-fit parameter

xz- = Z [(P - F )/6 F ] _was determined. (The xz was generally associated

‘ " with threa to four degreee of freedom. For example, a value of X 2y 3.4 for

four degrees of freedom corresponda to a probability of 50% that chance givea

' no better fit.)

Figure 7 shows typical profiles of M® and xz plotted against the

" momentum-width parameter. Because xz ic not & ﬁenlitive function of the

width parameter, the model cannot determine both the effective mass and the
width of the momentum distribution. Therefore, in ascertaining an effective

nucleon mass we must rely on other sources for nucleon-momentum-distri-

“bution data. Such data come from a variety of measurements on interactions

of high-energy radiation with light nuclei, and for a simple Gaussian distribution

yleld a width parameter nz/ ZM that ranges from about i4 to 20 MeV, the pres .

20

ponderance of data being cloeer to the larger value, For all of our elements -

’ x_z is essentially constant in thic range whersas m* generally increases by

. = 159 (Fig. 7).

The momentum-distribution function for a 20-MeV 'Causgién is shown ~

in Fig. 8. Also plotted is a Fermi gas distribution (Gf, = 42 MeV) having the

. 8ame mean-square momentum as the 20-MeV Gaussian, and a completely

degenerate Fermi gas distribution,

Figure 9 gives the nuclear-excitation distributions I(Q) for the above

-momentum dietrlbutions. {Because MlﬁE in each cane was chooen to give the

experimental (n) all the average nuclear excitatiena for these curves have

substantially Qhe same value, )
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] &QV are given in Table Vill, The fits

are not good. except for silicon and calcium, which give good agreement foz_"

YT . ..U UCRL-11243 Rev.

\

Valnea of M / M. X7y 'aad the predﬁctea muittpllctty digtributions !or '

Fcrmi-gas-momentum dlstributiono With 6‘ = 0 and u MeV are given in : -

Tablee VI and VH. Gauaaian-momcntuiodiatribution renultm with a /ZM = 20 *
wi

\h the observed n'tiplicity distributions

- all 6.>7to 10 MeV., (Examples are ohown in Fig. 7.} This better agree-

£

h 'n'nent for silicon and calcium i{s probably due to their lower neutron yielda

which are attended by less stringent parameter-fitting requirements,
The harmonic-ogcillator shell-model calculation of the excitation of
0 (Fig. 10) gives a value for the average multiplicity, <n>= 0.744, which ie
in good'agrgement with the experimental resulits, <n> s 0,74620,032, The
calculated average excitation, <Q> = 41,415 MeV, ie clese to Q = i1.7 MeV,

~ derived from the Fermi gas and Gauossian models and the measured <n> . The

. calculated by Clementel and Villi from sxperimental values of nuclear-level

not in good ag{i'_egment with the experimental values, The calculations, for

agreement of this shell-model calculation is intervesting but {2 probably accidental,

since the threshold for amiosion of the firet neutron, Q + M(Zai.'A)cz

- M(Z, A)cz = 9.63 MeV, happens to fall in the narrow range defined by the two

- most-frequent transitions,

Effective masses of 0.540 and 0.389 for I and Au respsctively have been

spacings. 2 These values are similar to those {rom p-meson capture. A

theoretical calculation by Brueckner, Lockett, aad R,otepbergzz gives an

90

effective maoa in Zr " of 0.39, which also compares favorably with the values

0

we get for silver (which io our target closest in atomic weight to Zr

The neutron multiplicity distributions predicted from our models are .

P
Tt

example, uniformly predicg few)er ‘single-neutron emissions than observed

(Fig. 11).



direct omiu!on of noutroxm or of nuclear-mrface offecta. :
that thau affecto may be lmportant.

; gmittad nentrona for the four heaviest elements used here, and a nucleon-

[

S ..gs. e f*"; ucn:...,uus Rev.

[N v \lu’ T ,,‘

!n tho Abcwo dlscucslon wa have uaad n mdel tm taku no acconnt of

5.6 Singer hp.s shown

He hae estimated the fraction of directly

LI

clustering correction for silver, Direct emission increases the single-neutron

yield at the expense of higher multiplicities, Singer's clustering calculation,
which asseumes some capture by nuclear-surface quasi-deuterons, provides
a mechanism for enhancement of two-neutron emission, The above effects’

both tend to produce better agfcement between calculation and experiment,

' .. (These argumentn are of little con\peq\muce in the cases of 5{ and Ca because

of the htgh blnding energy of the second neutron and the resultant small likeuhood
of mnltiple—neutron emission. ) Correctlng for direct neutron emiuion {(Table IX)

decreases M by = 12% for zha degengrate Fermi-gas model, by ~ 25%

| _ Ior tho Fermi gan model with 9‘ = 42 b>lev. and by =13% for the Gaussian,

[ / ZM = 20 MeV, 'I‘hio correction generauy improves the fit with the multiplicity
distribution for the 12-MeV Fermi gas model and for the 20-MeV Gaussian model,
For the dega:;eiafé Fermi-gas model it gives a substantial improvement in

every caae;

For silver the clustering correction increases M‘ by 10% above the value
based on the diract-emiuion correction (Table IX), ‘ The inclugion of both cor- '
rections givea aigniﬁca.ntly bettor agreement between experimental and calculated
multipucity values, v

The nuclear radius (r'a roA”/ 3) comes inte our calculation through the

proton and neutron Fermi momenta, Our calculated valueo of effective masses

- are insensitive to changes in rg (= 5% change in M‘ for v¥o = 1.220.1 fermis).

In common witi\ Klein's calculation of | -capture rates in complex nuclei, 2
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" we find rather hrgei varlatlona in MQ/ M 1if the neutron and proton radii are

" an increase in ME/M of = 0.20),

‘bubble chamber and chown that Gn &1 MeV., From a comparison of the number

" acsumed to be different. (A 0.4-F tncrénaia in rgn when rophz 1.2 F gives o

Any error introduced into our calculated resulte by ignoring proton

- emiseion (or direct neutron emicsion) has the effect of over estimating rather e

than undereotimating effective mascen,

The average nuclear excitation (Q) produced .Aby muon capture appears

to be a relatively insensitive function of the detalls of the excitation distribution

and neutron-emission models, If we assume different values of <n> and
calculate <Q> we find there iz a linear relationship betw!een (n> and <Q>
very nearly independent of the model (Fermi gas or Gaussian) and the width of
the momentum distribution, A typical example is given in Fig. iZ. Only in the
case of Ca 1io it not posaible to fit all of the points to & single atraightv line,
For Ca the completely degenerate Fermi gae doen not fit the line well, but
neither does {t fit ti:e experimental multiplicity diatributiox'w' nearly as well as
either the Gaussian or the nondege;erata Fermi gas. -

The average kinetic energy of the emitted neutron {8 reflected in our
choice of nuclear témperature { (K_\E) & zan) aﬁd. a0 in Ref. 1, we have used
a value of 9 " 0.75 throughout, \ |

The value of 6 has not been dek*o\irmmed accurately for g~ capture but is
commonly deduced from lqw-energy fisaion and nuclear interactions, Turneru

has measured the i~ -capture neutron spectra for Ca and Pb in a hydrogen

of neutrons with E 23 MeV to the total neutron multiplicity for all of the tarjeto

used in this exﬁ%riment. Haggo et al. &5 deduced 8n = 0.5 to 0.7%5 MeV. Around

i}
#

o
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0.?5 mv the vnrlation AQ/AO !ﬂ approximtely -2 for the moat aenamva case,
: gold. so thmaoaumed value of 0.75 MeV proba.bly lntreducea an wertunty in

<Q> of no more than 0.8 MeV.
Valuos of <Q> dotormlnod from our experimental valnea of <n>are

Hir:
given in 'I‘able X. The statistical uncertainty in ( Q) is less than 1 MeV

(except for S, =2 MeV), The uncertainty due to the model is probably not more
than &1 MeV , . .

Aluo given in Table X are (p > and | (p ))"/ ‘ . The latter values
are more nearly thooe of interest in the calculation of muon-capture rates, but
§§ey are also more cenoith'r_o to tl;e details of the excitation ;listribution and
therefore not to be considered as experimentally detérmlxi;ed but only presented
ior illuatratlon.

If the average neutrino momentum {s expressed as a fraction of the
a&ailable energy, i.0., the p mass reduced by ita K-shell binding energy, we

obtain the values in the last caluum of Table X With Ca ‘as an exception this

average neutrino momentum is quite uniform over a wide range of 2.
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.. V1, CONCLUSIONS
T With the mo;lala wa Rmvc taken for muféon emicsion from p-meson
cdpt'nre.. reduced ‘eiféctlvo auclear masses must be ascumed in order to get
agreemeﬁt with :our measured averagc neutron multiplicities,

| The multllpucity distributions predicted by our model are not in quanti- | o
tative agreement with the experimental resulte (except those for oilicqn and_ |
c#lcium). Inclusion of Singer's direct-emission correction for the four heaviest |
elements uniformly improved this agreement. For allver; bhis additional cor-
rection for nucleon clustering further improvee the agreement except in the
case of ths degenerétc Fermi gas., Our calculationg for qﬁh?r elements, with
reasonable values of the clustering parameter, did not lead to significant ime-
provement. .

The average nuclear excitation <Q> inferrocd from the average neutron
multiplicity by means of evaéoratton thaory io insensitive to the momentum
distribution, effective masa, or other model parameters, the variation being
‘no more than # 1 MeV, When the average neutrino momentum, inferred from

<Q > o 10 eupron‘ﬂed in unite ;xf a reduced ‘y. ‘maso (the rest-mass energy
minus its K-shell binding energy), the reeult (with the oxception of calcium) is
cdnstant-- 0.8220,04 -~ over the wide range of atomic numbere covered. Of
course average values of hiéher momente of the neutrino momentum [such as
( <pv4> )i/ 4 ] become increasingly model seneitive and therefore less well

determined by our measurements,

5 , : % 1
[N 00
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Table 1. Isotopic abundances, nuclear mass differences, muon binding energies, ) .
total muon-disappearance rates, and decay rates, -

!
»
!
i
1
M
8
!
¢
i
H
$
%
4
L

Target  Atomic . Abundance®  Product  M(Z-1, A)-M(Z, A)® B ) X10™> g X077 A/
. ;nui::er g | nucleus ' (MeY) | (MeV) (sec") (aec")

g3A 21 - 1.000 - 2M8 3.429 0.463 14.32 454 0404
St 28 0.922 4Al 5.451 0.535  12.06 4.5¢ 0.376
20C2 40 0.970 19K 1,833 - 1,054 . -29.6 454 0.453
2Fe 56 0,917 | agMn 4,220 14,72 54.0 4.45 0.087
4728 107 0.544 P 0.546 ' ' j o L :
A8 109 0,486 Pt g 1620 . - } 476 1185 4.1.6‘ ‘ 0.0354
e O 127 1,000 52Te 4,200 5.80 . 1164 4,43 0.0356
79A8 197 1,000 wgPt oLz 10.10 145.8 - ‘ . 3.8  0.0263 :f
gzFP 206 0,236 8Tl 2,02 : L L .
g2Fb 207 0.226 g o 4,953 10.66 434.9 3.8 0.0282 g
g2FP 208 0.523 ah . 5.506 P

a. Gladys H, Fuller, Relative Isotopic Abundancesz, in 1959 Nuclear Data Tables, K. Way, Ed. (U.S. Government Printing
Office, Washington 25, D, C,, 41959)p. 66. Abundances not quoted in our table were neglected The sum of those quoted !er

an element were normalized to unity in our calculations,
b, L.A. Kénig, J. H. E, Mattauch, and A. H. Wapstra, Nucl. Phys. 31, 418 (1962)
¢. Kenneth W. Ford and John G. Wills, Calculated Properties of Mu-Mesonic Atoms, Loe Alamos Sczentxﬁc Laboratory

Report LAMS- 2387 1959 {unpublished). _ .
d. Al, S5i, Ca: J.C, Sens, Phys. Rev, 113, 679 (1959); Fe, Ag, Au, Pb: 'S.N. Kaplan, J.S. Ba.ual J. A. Diaz, G. Ko;oia.n.
and R.V. Pyle, Lifetimes in Medium and High- Z Elements, Lawrence Radiation Laboratory Report UCRL-10297, June 1962_,;
{unpublished); Iodine: T.A. Filipas, R. Palit, R.T. Siegel, and R. E. Welsk, Negative Muon Capture Rates in High-Z
Elements, Carnegie Institute of Technology Report NYO-40563, July 4963 (unpublmhed) '

e. R.W Huff, Aon. Phys. (N.Y.) 16, 288 (1961).
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A Table II. Neutron separation energies. : l
Target - -+ Product Atomic-mass number and neutron separation energies {MeV)® : . ; "3;
nucleus = - nucleus - o ' B
(Al -~ Mg A 27 26 25 2¢ 23 |

N 6.437 14.097 - 7.334 16,535 13,442 ¢ - oTF
S Al A 28 27 26 25 2

.- 1723 13.069 11,344 $7.090 - 12.9® o oso e
20C3 S Y 39 - 38 7. . 36 . 357 3¢ 33 o

7.798 13,079 12,030 15.45¢> 12,835  17.6® 15,8 l-.az o*‘
26Fe Mz A 56 55 54 83 52 517 5007

: 7,270 10,220 8.940 - 42,049  10.529  13.47 12.3‘1._,_,_; ST
4718 P4 A 109 108 107 106 108 104 103 102 404

" , 6.24¢ 9.08°  6.39¢ 9.44  7.409°  9.80° . 7.62° 10.26° 9.04%
53! s2Te A 427 126 . 125 126 123 122 121 120 ‘

. 6.353¢ 9,099  6.677¢ 9,417¢ 6,789 9.9 7.6® 10,2b
7ghn gt LA 197 496 195 194 493 192 491 - 190

o 5.86 792 .6.21. 8.55. 6.3 7.8%  6.4>  8.3b
g2PP = o Tl A 208 207 - 206 208~ - . - 204 203 .20z ° 204 e
S g y 3.83 6.80 656  7.5¢ .  6.62 7.88  6.79 8.2% 6.58¢
a. From L. A. Ké&nig, J.H. E, Matfaucf, ;nd AL H. Wapstra, Nuel. Phys. 31 18 (1962), except as aoted. ?»';33;
b. A.G.W. Cameron, A Revised Semi-Empirical Atomic Mass Formula, Chalk vaer Report CRP-690 1957 (unpubhshed)lé,
c. V. A. Kravtsov, Nucl. Phys. 41, 330 (4963). S xﬁ
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- Table IIIL. Experimentally observed neutron multiplicities {uncorrected data),

P —— L ]

T Average _ rves s .
Target Neutron gate Efficiency background Total Multiplicity distribution
times {pulses per 30- events £ ¢ ¢ £ £ g i
(usec) pusec sweep) 0 4 2 3 4 5 6
Al 2,5to 31.0  0.495%.014 0.402 1492 942 474 84 26" 1. 0. O
si® 2.5t0 29.5  0,553£,015  0.082 657 439 186 28 1 1 1 1
Ca® 2.5t0 29.5  0.553%,045 0.078 1846 4158  :605  <I3%. 40 4 o 0
Fe 1.5 $0.34.0..  0,545%,015 - 0.405 1426 708 559 132 26 2 2 -0
Ag 1.5 t6 31,0°  0.5452.045 0.429 897 347 384 146 - 38 9 2 4
I £.5to 34.0  0.545%.015 0.422 909 354 405 108 = 35" 9 i -0
Aun 1.5 to 31.0  0.545%,045 0.414 1492 408 540 198 52 19 & 4
Ayl 1.5 to 29.5 0.6084,047 0.097 535 204 199 404 22 9 3. 0
Pb 1.5 to 34.0  0.5452,045  0.447 720 235 325 143 37 100" 0 0
Target 1.5to 31.0  0.5454.015 0,093 30 48 2
out - S _ _ '
Target 1.5 to 29,5 0.599«.047 0.089 25 12 43
out? ,

a., Data taken during a later cyclotren run,

A9 £¥Z1I-THON
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Table IV. Corrected experimental results adjusted to 0.545 efficiency. . |
Average : Multiplicity distribution
Target multiplicity, - :
n Fo F F, Fy F, Fg Fe F, )
All 1.262£,059  0,449£.027 0.4642.028 0.052+.043 0.036+.007 -0.0023+,004 -0.001£.004 0.003#,004 . 4
Si 0.864£,072 '0.6114.042 0,338,042 0.0454,048-0.002+.008 0.003%,005  0,002+,005 0.003£,006
Ca  0.746+.032 0.6334£021 0.335%.022 0.025%,009 0.004+006 :0;003x003. - . Ll aoE
Fe .4.425%£,044 0.495+.018 0.446+.019 0.074%.011 0.014+.005 -0.0001%003 +0.002%,003 L
Ag 16452060 0.3604021 0,4564.023 0,444#.047 0.034£.009 0.0072.005 0.002+,004 0.004%,003
I 4.436:,056 0.396%024 0.474%,023 0.0874,045 0.035%,009 0.007£005  0.0002+.004 ek
Au 1,6622,044 0,370,045 0,425%,046 0.456%.042 0.0324.006 0.014+.004 0.003£,003 ,o.ooou.'oohs"';_;'.__
Fb  1.709+,066 0.324%.022 0.483#,025 0.137%.018 0,0454,040 0.0414,006 . . EESR S 3
Ag®  1.60%.18 0.3894,400 0.455+.075 0.4204,035 0.030+.045 0,004£.003  0,009%,006 0.000£.007 = 0.040+007!
Pb2  4,6424.16 0.348%,100 0.018+.012 ’

0.479%.057

0.437%,027

0,040,005

0.005%,004 0.003£.002 . 0.0024.002 }

a. Results of Kaplan, Moyer, and Pyle (reference 1} adjusted to 0,545 efficiency.

ugZa
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Table V. Average nqutron multipucltteo from provioun exporlmontal renultl. -

8

. UCRL-11243 Rev,

' -y:'.,-‘v.‘Element[, -

Al

Ca-
Ag

Pb‘ o ‘.,

Pb

. Pb '.
Fb S
Pb K o K
Pb

Ave rage multipliclty

0,950,147
0.4040,4°
1.60+0.18
1.7 0.4
1,96%0, 72

!

L 2.4 #0,5
1,5 20,4
2,1420,143%
4.5 0.4
1,640,461

Source

Widgoff (1953)P

Conforto and Sard (1952)

Winsberg (1954) _
Groetzinger, Berger, and
" McClure (1951)8

. Crouch and Sard (1952)2+¢
. .. Conforto and Sard (1952)
. Widgoff (1953)

Jones (1957)

'Kaplan. Moyer, and Pyle (1958)°

' Kaplan, Moyer, and Pyle (4953)‘

s
' -' b.

. e

do

Statiatical errors only. o v
See M, Widgoff, Phys. Rev, 90. 891 (1953)

See A, M, Conforto and R. D, Sard Phys. Rev, 86, 465 (1952),

‘ These values and errors are as quoted by R. D, Sard and M, F. Crouch, Progress
. in Cosmic Ray Physics (North-Holland Publishing Co., Amaterdam. 1954) 11, 3

e,

£
. O
k.
‘.

See Ref, 1.

See L. Winsberg, Phys. Rev. 95, 205 (1954).

See G, Groetzinger, M,J. Berger, and G. W, McClure, Phys. Rev, 81, 969 (1951)

See M, F. Crouch and R, D. Sard, Phys. Rev, 85, 120 (1952).
See D, R, Jones, Phys. Rev. 405, 1594 (1957),

t
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Tablo'V;!. : Fem; gan dlstrlbution. fe= 0 mv. . The ef!ectin masg that gives
tho experimental avorage multiplicity, xz. andthe predicted multiplicity dlstribution. -

; Target Et‘fective : | AR Multiplicity distribution‘

- mass .
MM Py = P B

oo AL 0,74 0,483 . 0.402
st 0,95 0.464 . .0,00%
SR Can 39 0.407 - L
Dl Fell Y 0,76 0.467 0013 . . ... .0
o Agt 049 0.464 -1 0,480 | 0,049 .
o T 00 0.473 . 046, 0,005
B T L T 0.459 i‘-,.;-., © 0.490 . 10,023 . [

fno Pb o 0,36 | 0,464 .., .0,203 ' 0022
.' RS _ X h i .‘ k“ i



X Table VII. Fermi gn dintribution, 0 = 42 MeV,

bl_;zg.

UCRL-14243 Rev.

Tho’offoétivc mass that gives the

experimental average multiplicity. x e ami the pudictad maultiplicity diltributlon.

Multiplicity distribution

Target ‘Effective
MM x2 Po Py P Py Py
Al 0.60 40.0 0.465 0.399  0.119  0.047
si 0.8 2.6 0.573 0.383 0.043 |
Ca  1.03 5.0 0.643 0.367 0.020
Fe ‘' 0.60 10,9 0.505 0.385. 0,102  0.008
Ag 035 253 0.404 0.370 0.472  0.049 0,005 -
1 037 420 . 0.444 0373 0.149 0,035 0,002
"Au 0,25 . 43.8 .} 0,403 0.359 . , 0.475 = 0.055  0.007
3940 . 0,389 0,364 . 0.482 0,056

Pb . 0.24

0.008 -

B



Ll taage L UGRL-11243 Rey.

'rabu-vm.' Gaussian' distribution, cz/Zsz 20 MeV. The effoctive mass that gives
. the oxpattmental average multipucity. X%, and the pradlctod multipncity dilttibut{on.

. Effective . . Multlplicity clutribution

Target ‘mass _
M*/M x> Py Py P2 P3 Py Py
Al L 0.59 380 0.469 0393 0,118  0.020
St 0,73 1.9 0.579. 0,372 0.048 0,004
Ca’:'' 092 ° 2.5 0621 0352 0.027
" Fe ' 0,63 10.6 0.510  0)379 0,400 0,014

. Ag ' 0.45 23,6 0404 0373 0,169 0,048 o f
L1 . 054 383 0440 0,377 - 0.446 0,034 0,003
‘ "’f Au f,'; -" 0046 . : 3604 00399 . 0036 ™ 09175 ’ 0.053 0.007 ' 0.001 '; '

"Pb* 048 345 0383 0372 0,483 ' 0,053 0,008
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Table IX Effectxve mass, xz. and predxcted multxplicxty diatnbunons corrected for Smger' s dxrect

emission and clustering,
"Target Direct- Effective ) Multiplicity distribution
.emission Clustering mass -
parameter parameter M /M xz Po Pi ‘ PZ ‘.P3 P4 'Ps 5o
Férmg__;g_as.. '8‘= 0 MeY R ; , e ' L "
Ag  0.216 0 043 © 47 0343 0.463 0166 0029 .. . K
10,499 ° 0.45 20,2 0.378 0.474 0.1436 0.042 ..\ %
.. Au 0,157 0 0,34 27,9 0.333  0.458 0.479 - 0.030 . =
Pb . 0.158 0 S0.32 152 0.320 0,459 0.190 0,030 =
Ag O, 216 0.144 0.45 9.5 0.333  0.472 0.475 .. 0,049 . . .1 ¥ B
Fermi gas, 0, = 12 MoV s Tt
Ag 0216 . 0 - 0.26° 24,4 0.409 0.377  0.45¢ 0.054 0.009  0.001
1. "0.499 0 % 0.30 32,2 0.442 0.380 0.135 0,039  0.004 :
Au 0,457 0 049 415 0.407 ~ 0.364 0.158 - 0.058 0.044 - 0,008 - -
~ Pb . 0.153. o . 0,48 35,7 - 0.394 0,368 0.465 0.060 0,042 - 0.004 N
T Ag 0,216 0.444  0.29 11,8 0.388  0.397 0.467  0.041  0.006 - .
Gaussi;n. nz/ZMe 20 MeV. - e ' S A T ,,
~Ag - 0,246 0 0,36 22,3 0.407. 0.380 0.449 0.053  0.009 - 0.004: -
I 0.499 0 0.46 29.6- 0.4414  0.384 0.4133  0.038  0.004 ' 5
~ Au  0.457 0 0.40 32,7 0.40¢ 0.373 0.466 0,056 0.040 0,004 .
Pb  0.453 0 0.41 30.4 0.387 0.377 0.467 0.057  0.044  0.004
T Ag  0.216 0.144 0.39 10.5 0.387 0.400 0.166 0.044  0.006

a
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“Table 5(.

.31.

UCRL-UZ43 Rev,

Maximum axcltation. uvonge nuclear oxctmlon. and avorage neutrlno

momentum,

Target " ‘Maximum

Y '_:xl"““- O

75.8 s

clom: Aveiratg‘e | Aver?ge
‘excitation,  excitation, neutrino a
(MeV) Sievy | K, ) WE oy ) fute
v (MeV) .
(MeV)
Al 102.1 15.5 86.6 83.5 0.82
st 100,0 13.3 86.7 84.5 0.82
ca’ - 102.8 AT BN T 89.5 0.87
. Fe = 99.7 145 0 882 82.5 0.82
Ag 99.8 17 | 823 . 784 0.82
1 98.7 15.6 - 830 .- 19.8 ' 0.83
An 94.3 163 . 78.0 ' 4.2 0.82
Pb 94,2 . 154 . . 723 0.80

5.‘_ The values given here are fér the 20- MeV ‘Gaussian. They are quite close to
' those for the 12-MeV Fermi gas and about 2 to 3 MeV less than the O-MeV Fermi

gas,
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' FIGURE LEGENDS - - |

'!;x;lierlmox,\tn.i agi-angement of the ;:ountor toluéopo and cadmium-loaded
iquid-scintillator tank. | |

'Block diagram of electro‘ni.cl.

Typical osclll@oc(;pe traces, For the tank trace, the dotted line represents
the minlmgm height accepted and the time during which .thoi'ncntr\on pulses
were counted, On the telucoée trace a muon stopping is signaled by the
presence ofvpulsel from counters 82.83. and S,, and the absence of
Cerenkov and anticounter pulses (C andvA).

Positive-meson stoppings'inthe acintillator target,

Negative-muon stoppings in a carbon target, __

Time distribution of d&layed puls.es from (a) CIZ 2 ﬁnion-cha.mbefg_ .
calibration runs, and (b) p~ stoppings in silicon. Back_ground has been

subtracted,

7. The effective mass M'.l rei]uired to give the experimental <n> » and the cor-

9.

responding fit (x 2) with the experimental multiplicity distribution, ae

functions of the momentum-width parameter (6, for Fermi gas, or nz/ 2M for

the Gaussian). For calcium and gold..

Nucleon-monientum distributions. (a) Fermi gas (gold), Of = 0 MeV;
(b) Fermi gas (gold), Gf‘z 12 MeV; (c) Gaussian, az/ZM = 20 MeV.

Nuclear excitation distribution from p~ capture in gold. The effective masas
in each case has been chosen 80 as to give the experimental average
multiplicity. (a) Fermi gas (gold), Ot = 0 MeV; (b) Fermi gas (gold),

Gf = 12 MeV; (c) Gaussian, az/ZM = 20 MeV,
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o 40

Flg. 0.0.' Muon oxcitation o! Ca e thll modol etlcnhtion, lurmonic-o-cmator
potential. @ é;xg )= 0.744; (n n, )- 0.74620.032; 2 = 23,

Flg. 11, Comparlaon of the oburved neutron multlpllcitiu with hhtogramn
cﬁlculatod by using the Gaussian momentum distribution, z/ 2M = 20 MeV,

: Fig. 12, Average neutron mnltipllclty < n> vs the average nuclear excitation ( Q>

(in gold) for both Gau“ian and Fermi gas momentum dlotrlbutlono at various

temperaturelv and with various effectivo masses. The pointl can all be fitted

with a single straight line,
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A.

Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the

Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee

of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.








