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ABSTRACT. -

It is shown that previously obtained excitation energies account 
for the observed average number of ,neutrons emitted after muon cae. 
ture in heavy nuclei. 

xxxxxxxxxx 

In a previous work(1) it has been shown that the general trend 
of the total muon capture rates can be explained by a suitable vari~ 
tion along the nuclear table of the average momentum 11 of the emit
ted neutrino. In heavy nuclei the following phaenomenological law 
was obtained 

(1) v ~ 88 - 0.3 (Z -20) 

TI '" t'lth I t' (2,3,4,5) f . t 11S IS 111 contras Wlt 1 e usua assump lOn 0 a con"lan 
average neutrino momentum':::: v>::-' 85 Mel' made in the framework 
of Primakoff's formula for the total capture rate. 

The I value of v agrees with < v> in intermediate nuclei, but 
as Z increases v gradually decreases amI in Pb Eq. (1) gives 

-VC:::<'V>-15MeV. 

These two hypotheses If>ad to quite different avoerage e>.citation en('r 
gi es of daughter nuclei in heavy clements. A s a matter of fact the 
momentum of the neutrino is conllectcd to the excitation energy E of' 
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the daughter nucleus through the I'elation v = E -E, where E = 
In Tn 

= mfl- - c a - Ll M, mfl- is the mass of the muon, € u its binding energy 
in the Ie-orbit of the mesic atom and Ll M = ]\1(1'(+1, Z-l) - i\I(N, Z) is 
the difference between the masses of the daughter and capturing nu
cleus. 

It is possible to check these two assumptions by compal'ison 
with experimental data on the deexcitation of the daughter nuclei. 
This last process occurs maInly through the emission of neutrons(6) 
As a neutron to come off the nucleus needs to O\'ercome a threshold 
energy of the order of 5+ 10 MeV, the average number of the neutrons 
emitted gives a good description of the mean excitation energy of the 
nucleus after muon capture. 

Experimental data on the multiplicity of the neutro~s emitted 
are available for some nuclei in the range of our interest 7) and 
are shown in Fig. 1 and Table I. It con be seen that, notwithstanding 
wide deviations from a smooth line, there is a clear tendency to in
crease with the atomic number. 
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TABLE I 

-
Element Q E n(E) 
------

capturing daughter 
~,[evJ [MeV] nucleus nucleus 

---

F e Mn 8.7 15 1.03 
Ag Pd 7.6 20 1. 66 
I Te 7.8 2Ia 1.78 

I 
n(.(E» .(E> 

[Mevl 

- ~ 

14 0.97 
15 1. 25 
15 1.11 

3. 

n expo 

1.12+0 . 
1. 61+0. -
1. 4.4+0. -

04 
06 

06 i 

Au Pt 7 23 a 2.21 
Pb Tl 5. 7 19 1.88 

a) For these nuclei E has not been calculated 
here are obtained by extrapolation . 

11 0.97 1.66+ 0. 
5 «0.5 1. 72+0. 05 1 
i, R 'f. (11 ",' "lm_ ",0,: I 

Theoretical calculations based on the degenerat e Fermi gas 
model (8) and 0:1 the Brueckner pic ture(9) give multipliciti es lowe!' 
than the observed ones. 

We want to show here that the h igher excitation energy found 
in Her. (1) accounts for the observed values of the neutron multiplicity 
in heavy nuclei. 

In the high mass region it is found that about 80-;- 900/0 of the 
emitted neutrons follow an evaporation spectrum(7) so that statistical 
considerations can be applied to this problem. As a first approach we 
assume that states excited to an energy greater than the: threshold for 
neutron emission Q, can loose their energy only by evaporating neu
trons, and consequently )' rays are emitted only when the excitation 
energy is lower than Q. In this model the mean number of neutrons 
evaporated from a nucleus with excitation energy E > Q, has been cal 
culated by Le Couteur(lO) and is given by 

(2 ) 

where 1;" (E) is the nuclear temperatnre. Due to the fact that in this 
model r(E)= 0 for E c:. Q and r(E)= 1 for Q< E o( 2Q, the nor malization 
l' (Q) = 1/2 has been taken. 

Of course we expect that this model gives multiplicities higher 
than the observed ones. As a matter of fact we have neglected th e follo 



4. 

wing effects that all contribute to reduce r(E): 

a) about 15% of the emitted neutrons are "direct" ones(7), that is, 
they escape from the nucleus without sharing their energy with 
the other nucleons; of course in these processes the multiplicity 
is one; 

b) charged particles emission, even if inhibited by the Coulomb bar
riel', occurs and is indeed observed in the e·xtent of about 3%; 

c) deexcitation through y emission can take plac e even at energies 
.higher than Q. 

SO the results given by Eq. (2) should possibly be corrected 
in order to take into account these effects. 

In order to performe the integration in Eq. (2) we assume the 
following dependence of the nuclear temperature," on the excitation 
energy: 

'" (E \ = . I 

T = constant for 0" E<. Ex 

for E> E 
x 

Tl,is is suggested by a best fit of the data on neutron and proton 
resonances (see Appendix). The parameters T, a, U o ' Ex' can be found 
in the literature(ll) and are given in Table II for the nuclei we are 
int er ested in. 

Element 

Mn 

• Pd 
Te 
Pt 
Tl 

TABLE II 

a 

Ewev- 1] 

7.3 
15.3 
16.2 
19.7 
7.5 

Ex 

[MeV] 

5. 3 
7.3 
6. 5 
5 
5.8 

<)"'" hltil. 

U T a 

~lev1 [Mev] 

2.8 1 . 
2. 6 0.66 
2. 2 0.63 
1.5 0.53 
1.2 

I 
1 
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Then, Eq. (2) gives 

o for E< Q 

where: 

U = E-Q-U 
0' U = E -U x x 0' 

15 
A ( (2+aQ ) 

=_1 l(~+aQ)+ 1 
B 4 ~ 2 - V1+10 / aQ ) 

Yl =aQ ~ 1+ Vl+lo/aQ} 
Y2 4 l -

A typical graph of r(E) is shown in Fig. 2. 
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The mean number oJ neutrons evaporated after muon capture 
is obtained by averaging r(E) over the excitation spectrum. If f(E) 
is the excitation strenght we have 

E E rm ··m 
n ~Jo r(E)f(E) dE/ ~ f(E)dE 

As we do not know f(E}, we shall take r(E) as the mean number of 
neutrons given by our model. This value can be correctet! for the 
observed 30/0 of charged particles emission and for the, let us say, 
150/0 of direct neutron emission, by assuming 

(4 ) n (E) ~ [r(E)x o. 97J x 0 . 85 -/- 0.15 

The results obtained are shown in Table I. In the first two 
c o l umns we give the average value~ assumed for the threshold energy 
Q and the mean excitation energy E calculated as in Ref. (l), in the 
third column the mee.n number of neutrons given by Eq. (4). In the 
fourth and fifth column the mean excitation energy (E) coming from 
the assumption < v> :::::85 MeV and the consequent mean number of neu 
trons n{.:. E » are given. 

We do not take into account quantitatively the effect of y emis 
sion so our average multiplicities could possibly be a liitle higher 
than the experimental ones . 

In order to evaluate the effect of the spread of the excitation 
strenght around the mean value E, we have calculated n assuming 
the following excitation spec trum: 

{ conostant 

f(E) ~ 1. 
for 

for 

where the energr C is determined by the condition that f(I<;) reproduces 
the mean v~lue E through the relation 

- - 2fEm I'm ? 
E ~ (E -E) E f(E) dE! (Em -E( f(E) dE 

m I 
o "'0 

used in Ref. (l). 
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In all the cases we have found a decrease of less than 2%. 

As it can ve seen in Table I and in Fig. 1, n( < E> ) is defini 
tely too low in all the heavy nuclei considered which leads to the 
conclusion that the assumption <: /J- > ~ 8 5 MeV is incompatible with the 
experirnental data. 

For what concerns n(E}, it reproduces :the comprehensive i~ 
crease of n with the atomic number, furtherm~re the agreement is quite 
good for Ag and Pb . The difference between n(E) and the observed multi 
plieity in I and Au is perhaps too large to be attributed to )' decay and 
can be probably due to nuclear structure effects. As a matter of fact, 
in these two cases E has not been ca]culaied in Ref. (1) and has been 
assumed here by extrapolation so it could be a little too high (a decre~ 
se of 1 MeV in E gives a decrease of 0 .10 -;- 0.15 in r(E)). The slightly 
too low result obtained in Fe indicates alternatively either that this 
nuclells is too light for a statistical model beeing applic aule here, or 
that E is a little higEer . As it has been shown in Ref. (1) exchange 
forces can increase E, their effect being more relevant in light nnclei. 

The conclusions are that the values of the mean excitation 
energy obtained in Ref. (1) for heavy nuclei are substantially confir
med by the experimental data on neutron emission, while the assump·· 
tion of a constant neutrino mO?:I1entuITI < 11 > = 85 Mel' leads te excitation 
energies defimtely too low in heavy nuclei. 
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APPENDIX. -

The nuclear temperature used here is slightly different than 
that determined in the study of neutron and proton resonances(11). 

If Q (E, J) is the density of nuclear levels of given energy E and 
total angular momentum J, we can have two different definitions: 

the "observai.Jle" level density Q (E) = ~ Q (E, J) 
J 

and the "total" level density W(E) = 1: (2J+1) Q (E, J) . 
. J 

and 

They give two corresponding. nuclear temperatures 

1 d 
= log Q (E) 

~r dE 

1 d 
- = -log W(E) 
~ . dE 

In Ref. (11) the first one is assumed to be the "nuclear temperature", 
while we are interested in the sec'ond one . 

In the Fermi gas model, assumed ·to be valid at high energies, 
one obtains 

and 

_1 __ I a 
~'-VE-U 

3 

o 

Ilere a is a parameter that can be determined from experimental data 
and Uo takes into account the effect of pairing forces and can be calcu 
lated. 

For energies lower than about 10 MeV it is found that assuming 
a constant temperature T fits the experimental data better than the 
Fermi gas ' model. If Ex is the tangency point between the two repre
sentations, the requirement that the temperature be a continuous func
tion of E gives 
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