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' In this lecture I will briefly speak about some experimental prepara-
tions that are being made in order to improve our knowledge of the capture
process _

B +p>N+vV (1)

with the muon at rest.

At present the experimental situation is almost the same as it was in
1969; many of the things that I am going to say now, are in a series of

. . 1)
lectures that I gave in 1969 at the SIN summer school in Leysin °.

Let me summarize this situation.

The different experimental results obtained for process (1) are pre-

sented in Table 1 (taken from Ref. 2).

Before giving the conclusions drawn from the values of Table 1, it
should be remembered that, so far, process (1) has been observed either
with the muon bound to a proton in an atomic system Up (stopping negative
muon in pure hydrogen gas), or with the muon bound in a molecular ion pup*)
(stopping negative muons in a pure liquid-hydrogen target). There are two
possible independent values for the rate of process (l); the triplet cap-
ture rate At and fhe singlet capture rate AS obtained, respectively, when
the total spin of the up initial system in process (1) is 1 (triplet) or
0 (singlet). 1In Table 1 Aom is the capture rate measured with the muon

bound in an ortho-state molecule (pup)o; such a rate in terms of AS and

At is given by

Aom = Yd[%!\’s * _}:At:l ? (2)
where Yo is a parameter that is now well knownl). The results for Aom are
obtained by stopping negative muons in a pure liquid-hydrogen target and
observing the escaping neutron [see formula (1)] only after a fraction of
a microsecond: fhe capture rate Abc-is obtained by using a bubble chamber
technique, and in principle it differs from Aom because one has also to
take into account the fact that, before the muon is bound into a pup mole-
cule, it spends some time in a up atom (about 300 nsec). In interpreting
or analysing the databof Table 1, the following assumptions are generally

made: -

*) The pup molecule has only two orbital bound states: a para ground-state
with rotational angular momentum L =0, and an ortho state with L = 1;
the energy difference between the two states is 148 eV.
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i) the negative muons stopped in a hydrogen-gas target (say at 8 atm)
will very quickly form the stable up system (a few tens of nano-

seconds) in the singlet state;

ii) the negative muon stopped in a (pure) liquid-hydrogen target will,

after a certain time, form a pup molecule only in the ortho state

(pup) 3
iii) the lifetime for the ortho - para transition of the pup molecule
Top is much longer than the muon 1ifetime (2.2 usec).

Assumptions (ii) and (iii) are rather crucial since the capture rate

Apm from a molecule in the para state (pup)P is given by

-~ |3 1
Apm - Yp[4 At 3 As:l ’ (3

which can be quite different from Eq. (2).

Assumption (i) has been checked experimentally; we will come back

to this question later.

Assumption (ii), according to the experts, is a quite safe assumption;

however, it has not been experimentally verified.

Assumption (iii) has been partially checked experimentally; indeed,
from the experimental results, we know that TOP > 20 usec. Simple'calcula—

tions also set a similar limit.

Finally, it should be noted that so far all measurements have been
done by detecting the escaping neutron in process (1); therefore all ex-
perimental results rely on the possibility of being able to bredict cor-
rectly the efficiency of the neutron-detecting device. With all these
assumptions, it is now possible to condense the experimental results of
Table 1, as shown in Fig. 1, where a is the fraction of the triplet state

contained in the initial pp system for each experiment.

To continue, let us accept, as is currently done, that the interaction
Hamiltonian H describing process (1) is a pure (V, A) type, and that second-
class currents are absent; in this case, to write H we still need at least
four parameters: gg, gz, gg, gﬁ, called respectively the polar vector, the
axial vector, the induced pseudoscalar, and the weak magnetic coupling con-

stants.
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After having said this, let me now give you one way of proceeding
further with the data presented in Table 1.

a) Let us assume first for (gM/gV)u the value suggested from the CVC

hypothesis. 1In this case it can be shown that, writing

g o |
r=—; f=—, . (4)

H gU

8y A

the data of Fig. 1 necessarily imply, irrespective of gs and for any
choice of the parameters r and £, that the (V, A) interaction Zs of the
type (V - BA) with B positive and obeying the limitation O < B <2, It
is important to realize that this result has been obtained using only data
from hydrogen, and is therefore without complications arising from nuclear

physics,

b) Then let us assume that from the experimentally found branching ratio

BR, with
_ W > eV »
BR = ?Ft;fﬁg', (5)

we can deduce the equality between the absolute values

EXEREAE ©)

Ep

Then it is possible to analyse the data of Fig. 1 in terms of only the

two ratios: gz/gs, gg/g$; if we do this we find that the data of Table 1
define the dashed region of Fig. 2 which, to my mind, synthesizes with a

maximum of generality the consequences of the data of Table 1.
c) To continue, let us assume the equality
Hygh = o808 _ _
g, /8y 8,78y 1.23 £ 0.01 , (7)
the numerical value being taken from the results of the neutron-beta decay.
In this case, from the data of Fig., 1 we get
uu: +
gP/gV 12,2 + 2,0 . (8)

This value is in good agreement with that obtained by calculations

assuming the OPED or the PCAC scheme.

From the general amalysis presented, it appears that the data show
that AS is quite smaller than At; in particular, assuming (7), we get
(see Table 1):




F = ~ 2,3% . 9)

Z>|:>
rt

s
Figure 2 also shows how important it is to be able to measure in

process (1) the two independent quantities AS, A it would thus be pos-

t;
sible to obtain simultaneously information on gX/g$ and gE/gE without

making use of quantities inferred from beta-decay processes.

At this point we are in a position to discuss some experiments that
I knb& of‘thét_are being:planned or that are now going on, in different
laboratories,_in order to improve our knowledge of process (1). The planned
measurements can be divided into the following categories according to
' their aim: ' '
i) Eiberiments planned in order to check some of the assumptions usually

made for interpreting data similar to those of Table 1.

ii) Experiments planned in order to obtain a more precise value of AS
(directly or through Aom)’ improving both the statistical and the

systematic errors.

iii) Experiments planned in order to arrive, in the near future, at a

direct measurement of the capture rate At.

" Let us first consider the Saclay-CERN Collaboration experiment
(Duclos et al.) done at the Saclay electron linear accelerator (606 MeV).
The' aim ‘of this group is to measure the rate Aom (énd deduee‘Aé), étopping
negative muons in a pure liquid-hydrogen target (protonium). The novelty
here is to measure Aom by comparing, at a level of a few 10-5, the y  dis-

~appearance rate A_ with the u+,disappearance rate X+ detecting the muon-
“décaying electron; apart from small corrections due to the fact that the
" negative muon is in a bound state, assuming that the TPC theorem is vaiid,
the difference D = A_ - A+ gives directly'Aom. Obviously the difficulty

‘here is that D/A+ is of the order of 10_3.

The electron linear accelerator, which can supply muon bunches
2—3'hsec long, is partiéularly suitable for this type of measurement since
the electrons can be detected from the muon decay, after the muon bunch.
The liquid-hydrogen target set-up is similar to the one used in the first
measurement of Aom:" the aim is to obtain Aom with a precision 2-3 times

better than the one now available. Moreover, since with this method the
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capture rate is measured without the detection of the escaping neutron,
in process (1), this measurement offers a check on some types of systematic

errors that are always present in the case when the neutron is detected.

The second aim of this experiment is to check the assumption that Top
is much larger than the muon lifetime. This is done by detecting the
neutrons emitted in process (1) (the absolute efficiency for neutron de-
tection is not needed here) and measuring their time distribution. In
fact it is possible to show that if the pup ortho molecule decays into a
para pup molecule at a rate l/Top, the yield Yn(t) of neutrons emitted

because of the capture process (1) is no longer an exponential but is given
by
Y () = exp (hot) LA, - A ) exp e/t )+ A ], (10)

where Ao = 4.5 x 10° sec © in the decay rate of the free muon. With this

measurement it is hoped to prove that Top > 70 usec.

A second experiment to measure AS (stopping negative muons in a pure
hydrogen target) is planned at SIN by a Vienna-SIN Collaboration
(Breunlich et al.): actually, one of the main aims of this collaboration
is to measure the neutron-neutron S-wave scattering length an,n by looking
at the neutrons coming out when a negative muon is captured by a deuteron.
Experimentally they proceed in a more "classical” way in the seﬁse that
the identification of the capture process (1) is made by detecting the

escaping 5.2 MeV neutron.

It should be added that the group is extremely qualified in neutron
detection techniques as they have worked with neutrons for a long time,
and having confidence in their superior "expertise" with neutron detectors
and the high muon fluxes available at SIN, they hope to improve the knowl-

edge of AS.

I now wish to speak about an interesting experiment being carried out

at CERN by a Bologna University Group (Bertin et al.).

It has already been said that by stopping negative muons in hydrogen
at low density (e.g. 8 atm, 300 K) one gets only muonic atoms up (the
molecular formation pup being too slow). Now it happens that the upis
initially formed in a statistical mixture of triplet and singlet (3/4
triplet and 1/4 singlet) will, because of the collisions with the neigh-

bouring hydrogen molecules, in a time t (hopefully. short) become all
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singlet. The length of t will depend on the cross—section for the process
(UP)F1 + Hp ~» (UP)F2 + Hp , (11)

where F; and F, are the two poséible spin states 1, 0 of the 1S state atom
Up *); moreover, it will also depend on the hydrogen pressure and on the

energy Ei with which the yp is initially formed.

In order to measure the cross-section for process (l1), muons are
stopped in a hydrogen-gas target in which many layers of thin aluminium
foils are placed; the up atom, diffusing throughout the hydrogen, may
eventually reach the surface of one 6f the aluminium foils, where the

following transfer process will then occur:
U p + Al > (pAD)* + (pAl) + X (= 300 keV) . (12)

The detection of the hard, typical X-ray emitted in process (12) will
give the time of arrival of the muon at the aluminium surface. The dis-
tribution time of these X-rays will depend (apart from the muon lifetime)
on OFI,FZ and on Ei; therefore the experiment can give information about
these quantities.

From the theory we know that Op,0 is much smaller than O1,0 (by about
60 times); therefore the distribution time of the X-rays from process (12)
could tell us how long it takes, in the hydrogen-gas target, for' the
Up system to become a singlet state. In a previous experiment, a CERN-
Bologna Collaboration found that the experimental cross-section was com-
patible with the theoretical value do,o, showing that in a very short
time (less than 100 nsec) the atomic system up formed in a 20 atm hydrogen
gas target was all transformed into a singlet system. However, in an
earlier experiment a group from Dubna, using a diffusion chamber technique,
found the cross-section to be compatible with the theoretical value of
O1,0. This new measurement will clarify the situation on this point and,
moreover, should be able to give better information regarding Ei' The
measurements will be performed down to a very low value of the hydrogen
pressure (it is hoped to reach 1 atm). It has to be remarked that a
knowledge of these parameters (00,0, 01,0 and Ei) is not only necessary
in order to clarify the situation for AS, but also to prepare the ground

for the measurement of At in the near future.

*) The difference between the hyperfine states is 0.18 eV, i.e. much bigger
than the average thermal energy at room temperature.
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And now we come to the last part of this lecture, which is to present
to you some planned attempt to measure At' The method used so far is the

1)

one described in the lecture given at Leysin in 1969 /.

It can safely be shown that at a sufficiently low pressure Py, the
Hp atoms will be in a statistical mixture of their hyperfine states of

singlet and triplet. In this condition the capture rate Ast will be

=3 1
Ast - 4At+ 4As ’ (13)

whereas, as we have seen, at a few atm we measure essentially AS. There—
fore comparing the experimental capture rate obtained at different pressures
(starting from Py up to a few atm), it is possible to infer the ratio (9)

from the ratio

=

Ase
A

S

t

1
-A—+Z'. (14)
S

)

It is clear, however; that to guess the pressure Py correctly, we
have to have some information on OFlst and Ei; which is why, as empha-
sized by Bertin et al., the results that will be obtained by the Bologna
Group will be very important for the planning and interpretation of some

of these experiments.

A Columbia University group at Nevis, led by Prof. S.C. Wu, is planning
an experiment to measure the capture rate (1) stopping negative muons in
a hydrogen-gas target in which the pressure can be varied over a very wide
range. The capture process will be identified by the detection of the
outgoing 5{2 MeV neutron: at present, I think, they are waiting for the

cyclotron to deliver stronger muon beams.

Another group, at SIN (Hofer et al.), is seriously considering the
measurement of the ratio (14): here also, the detection of the capture
process will be done by looking at the outgoing neutron in process (1).
What makes their plans so very hopeful, is that this group has succeeded
in using a new technique which has enabled them to stop negative muons in
a hydrogen—gas target at a pressure as low as a few mm of Hg, at a rate
not much lower than what they have achieved with a hydrogen target at
1 atm. This is the famous magnetic muon bottle; I think that during this
School we will hear diréctly from one of the authors. Certainly, at that
small pressure, the Up systems formed must be in a statistical mixture of

triplet and singlet.
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These are the plans for the measurement of At that I know of. Before
closing the lecture, however, I would like to speak again about the Saclay-
CERN Collaboration experiment (Duclos et al.). We have seen that by look-
ipg‘at:;he_neutron yield Yn(t) and at the electron yield Ye(t) (the muons
being stopped in a pure liquid-hydrogen target), this group hopes to raise

the known experimental limit on Top to a value much higher than 20 usec.

What happens if an unexpected situation arises? For instance, if the
value is found to be near 20 psec? The following two things can be said:

i) The theoretical value for Aom would have to change; for instance,
we would have to accept as the prediction for Aom the value put in

parentheses in Table 1 for the case TOP = 20 usec.

ii) Since the ratio F is considered to be very much smaller than 1, then
from Eqs. (2), (3), (9), and (10) we obtain for the neutron yield
Yn(t):

Y (6) = A lexp (“Aot) + 2(1 - 4F) exp [—(1/TOp *Ao)t] (15)

(all capture rates have been dropped from the exponentials in the

first approximation).

L So (if TOP is sufficiently small), we can imagine fitting the experi-
mental data to (15) in order to deduce the coefficient 2(1 - 4F): . if we
have sufficient statistics to deduce this coefficient to better than,
Qay,‘SZ, this ﬁeans that we can deduce from the data a value for the

ra;io‘F.
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Figure captions

Fig. 1

Fig. 2

Experimental results of Table 1 plotted as a function of the
fraction a of the triplet state present in the initial up system.
The solid line is the expected value assuming equality (7), and

for gg/gs the expected value from OPED.

Region for the pair gx/gg, gS/g% allowed by the observed value

of the ca . The arrow indica
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