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Direct measurement of the rates of formation of the 
molecules pp#J- and pd#J- in gaseous hydrogen 

v. M. Bystritskil, v. P. Dzhelepov, V. I. Petrukhin, A. I. Rudenko, 
V. M. Suvorov, V. V. Fil'chenkov, G. Chemnitz, N. N. KhovanskiT, and 
V. A. Khomenko 

Joint Institute for Nuclear Research 
(Submitted November 18, 1975) 
Zh. Eksp. Teor. Fiz. 70, 1167-1177 (April 1976) 

A gas target filled with H2, H2+Xe, and H2+Xe+D2 (xenon concentration 3X 10-5, deuterium :;::7%) at 
a pressure of 40 atm in the muon beam of the JINR synchrocyc1otron has been used to measure the rate of 
formation of the mesic molecules PPIL and pdIL, and also the ratio of the rates of transfer of the muon 
from the proton and deuteron to xenon. The following results were obtained: 
App~ = (2.34±0.17)-106 sec-I, 
Apd~ = (5.53 ±0.16).106 sec-I, 
B = 1.62±0.05. 

PACS numbers: 36.IO.Dr 

With the coming into operation of high-current ac
celerators-meson factories-we have a real possibility 
of accomplishing such fundamentally important experi
ments as precision measurements of the rate of jJ. cap
ture in gaseous hydrogen and deuterium. For choice 
of the optimal conditions and correct interpretation of 
the data of these experiments, it is necessary to know 
the parameters of the mesic-atom processes occurring 
in hydrogen-formation of ppjJ. and pdjJ. molecules. It 
is important to emphasize that the determination of 
these parameters must be carried out specifically in 
gaseous hydrogen, in view of the possible nontrivial 
dependence on the density of hydrogen. 

The experimental and theore~ical values of the rates 
of formation of the mesic molecules ppjJ. (App ,,) and pdjJ. 
(Aj>d,,) are given in Table 1. Until recently no direct 
measurements of Aj>d" had been made in a gas. In ear
lier work by some of the present authors[101 an attempt 
was made to evaluate Aj>d" on the basis of the measured 
yield of muons from the catalysis reaction (la) in the 
pdjJ. molecule 
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/" 
He' + f'- + 5.3 MeV (la) 

pdf' , 

" He'f' + ¥ + 5.5 MeV (lb) 

it being necessary for this purpose to utilize various 
data on reactions (la) and (lb) obtained in experiments 
with liquid hydrogen. In our recent work[Sl the value 
of Apd " in a gas was found by analysis of the time dis
tribution of the y rays from reaction (lb) with use of 
the value obtained by Bleser et al. [11 for the rate of 
reaction (lb) and with the assumption of a statistical 
nature of the population of the spin states of the djJ. 
system. The purpose of the present work was direct 
measurement of App" and Apd " in gaseous hydrogen. In 
the course of the work we also obtained the ratio B of 
the muon transfer rates from the proton and deuteron 
to xenon. 

METHOD OF MEASUREMENT 

The work utilized a method similar to that described 
elsewhere[2,41 and based on use of a mixture of hydro-
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TABLE 1. Experimental and theoretical values of the rates of 
production* of hydrogen mesic molecules and values of B. ** 

Source 

Experiment 

Columbia University, lllliquidH, 1. S9 = O. 20 
CERN~'J liquid H, 2.55 c O.lS 
JINR~3J diffusion chamber 1. 5, O. 6 
JlNR~4[J gaseous H2 (60 atm) 2.74:: 0.25 
CERN,5J gaseous hydrogen (6 atm) 
JINR~6l gaseous H, + D, (40 atm) 
Present work, gaseous H2 (40 atm) 2.3-1; O. 17 

L7J 

18J 

191 

Theory 

3.9 /

2.6 

5.8:::- 0.3 
6. SL O. 25 

5.45::-0.65 
j.53=O,16 

1.3 
3. a 

B 

1.9ScO.12 

1, 62 . O. OJ 

1. 77,0.02 

* The rates AppjL for the process PJ.l +p -PPJ.l and Ap,zf for the 
process dJ.l+p-pdJ.l are given in units of 106 sec- • 
** The quantity B =CxerpA~e/CXerpA\\:e is the ratio of the rates of 
the processes pJ.I+Xe-XeJ.l+p and dJ.l+Xe-XeJ.l+d. 

gen with a small impurity of a gas with Z > 1 (in our 
case we used xenon with an atomic concentration 10-5). 

The sequence of processes occurring after stopping of 
a muon and formation of the P /-L atom in mixtures of H2 
+Xe and H2 +Xe +D2 is shown schematically in Fig. 1. 
Direct landing of muons on Xe atoms can be neglected 
under our conditions. 

The rate ApjL of disappearance of P/-L atoms is deter
mined by the processes of PP /-L molecule formation, 
muon transfer to Xe and D atoms, and also muon de
cay: 

(2) 

For the d/-L atom the corresponding quantity is 

(3) 

In these expressions AO = O. 455 X 106 sec-1 is the free
muon decay rate, APd is the muon transfer rate from a 
proton to a deuteron, A~e and A~e are the muon transfer 
rates from a proton and deuteron to Xe atoms, Cx• and 
CD are the atomic concentrations of xenon and deuterium, 
and <p is the ratio of the gas density to the density of 
liquid hydrogen. The rates of the mesic-molecular 
processes have been reduced to conditions of liquid hy
drogen (atomic density of hydrogen 4.22 x 1cr2 cm-3). 

;./ 

T-------{p -< -~=:.:--'---.,~) 

i 
I 
I l ______________________________ _ 

FIG. 1. Schematic diagram of processes occurring on stopping 
of J.I- mesons in a gas mixture H2 + Xe + D2• 
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r-------~~ .. ~ __ ~-~ --

FIG. 2. Diagram of experimental apparatus (gas target and 
detectors) . 

The time distributions of electrons from decay of 
muons and of the 'Y rays of mesic x radiation of the Xe/-L 
atom can be written in a unified form for the mixtures 
H2 +Xe and H2 +Xe +D2: 

dn, ( Tt= 1.0 

(4) 

(5) 

where for the H2 +Xe mixture we have A& = ApI> (Eq. (2», 
Ax = <p(1- CD)AppjL , AXe = <pCx.A~e, and for the mixture 
H2+Xe+D2 we have A.=AdjL, Ax =<p(l-CD)ApdjL, AXe 
= <pCXeA~.; Ax is the rate of formation of PPIl or Pdll 
molecules, which competes with transfer of a muon to 
xenon, A~ is the rate of capture of a muon by the Xe 
nUCleus, and A~ is the muon decay rate in the orbit of 
an Xe/-L atom. 

We can see from Eq. (5) that it is the sum of two ex
ponentials with arguments - Ai and - Aot, the contribu
tion of the exponential with argument - Aot being deter
mined by the desired quantity Ax, the rate of mesic
molecule formation. Analysis of the experimental time 
distributions by means of expressions similar to Eqs. 
(4) and (5) in order to determine the parameters of the 
indicated exponentials provides the possibility of find
ing the desired quantities Ax and AXe. We note that this 
method in principle does not require separation of elec
trons and 'Y rays in their detection. 

EXPERIMENTAL ARRANGEMENT 

The experiment was carried out in the low-back
ground laboratory of the JINR synchrocyclotron in a 
muon beam with momentum 130 MeV Ie and intensity 
2 x 10· sec-I. The location of the apparatus is shown in 
Fig. 2. After passing through monitor counters 2 and 
3 and a large-aperture counter 1, the muons were 
slowed down in an absorber 6 and entered the gas tar
get. The design of the target and the method of detect
ing muon stoppings in the gas by means of CsI(TI) scin
tillators have been described elsewhere. [11.12] Purifi
cation of the hydrogen was accomplished by means of 
a system with a palladium filter, [12.13] which assured 
absence of impurities with Z > 1 in the hydrogen at the 
level of 10-8 parts by volume. Detection of 'Y rays and 
electrons was accomplished with two detectors (Yl> Y2) 

with NaI(TI) crystals of diameter 150 mm and length 
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FIG. 3. Block diagram of electronics. 

100 mm and by four counters (e l -e4) with stilbene crys
tals of diameter 70 mm and length 30 mm. 

It may be noted that the technique chosen by us was 
in many ways similar to that used by Budyashov et aZ. [4] 

except for one important feature. In counters 4 and 5 
in our experiments we used not a plastic scintillator but 
one of cesium iodide (the thickness in counter 4 was 
250 /.L, and counter 5 was made in the form of a hollow 
vessel of diameter 130 mm, length 200 mm, and wall 
thickness 5 mm). This permitted us to avoid difficul
ties associated with providing the necessary purity of 
hydrogen, and enabled us to reduce the background due. 
to muon stoppings in the material of counter 4. 

A block diagram of the electronics is shown in Fig. 3. 
The signal from stopping of muons in the gas (2345) was 
used to trigger a time gate of duration 10 /.Lsec (the uni
vibrator UV). During this time interval we detected the 
'Y rays from mesic x radiation and electrons from decay 
of muons stopped in the target. 

By means of time-to-amplitude converters (TAC'Y 
and TACe) we measured the time of appearance of the 
signals from the 'Y and e detectors with respect to the 
moment of stopping of the muon. In the 'Yl and 'Y2 chan
nels we placed pulse-height discriminators with a lower 
threshold corresponding to an energy 1. 5 MeV. The 
type and number of detectors which recorded an event 
were determined by means of logic signals produced by 
the gates Gy and Ge. To reduce the background due to 
stopping of muons in the detectors themselves, we pro
vided anticoincidences (23y) and (23e) with a resolving 
time'" 0.15 /.Lsec. 

The complete information on an event included: 

1) the time of appearance of the signals from the 'Y 
and e detectors with respect to the muon stoppings; 

2) the pulse height of the signal from the 'Y detector; 

3) the logic signals indicating the type and number of 
detectors which received signals; 

4) the logic signal corresponding to the presence of 
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a second muon recorded by detector lin a period of 5 
/.Lsec prior to the time of stopping of the muon and 10 
/.Lsec afterwards; 

5) the monitor count (23), the stopped-muon count 
(2345), and the count of events recorded by the 'Y and e 
detectors; 

6) identifying information. 

The amplitude and time information, converted to a 
digital code, together with the content of the logic-sig
nal register, [14.15] were transmitted to an HP-2116 com
puter. 

PERFORMANCE OF THE EXPERIMENT. 
SELECTION OF EVENTS 

In the muon beam we made four runs of total duration 
40 hours. The experimental conditions are listed in 
Table 2. In all four experiments we made measure
ments of the time spectra of events recorded by the 'Y 
and e detectors in coincidence and anticoincidence with 
detector 5 (the spectra e + 5, e - 5, 'Y + 5, 'Y - 5). In 
addition, we also measured the pulse-height distribu
tions from the NaI(TI) detectors. 

It should be noted that our method does not permit 
discrimination between electrons and 'Y rays. This is 
due to the fact that counter 5 detects with appreciable 
efficiency the cascade of mesic x rays from the Xe/.L 
atom. Therefore the distributions recorded by the de
tectors of each type actually are the sum of the spectra 
of 'Y rays and electrons and are described by superposi
tion of expressions (4) and (5). By using the coinci
dences and anticoincidences with detector 5, we were 
able to vary the ratio between the electron component 
and the 'Y-ray component in the total spectrum of events, 
and this permitted more accurate determination of the 
parameters of each of these components. 

The characteristic time distributions are given in 
Figs. 4-9 (the abscissa is the time from the moment of 
muon stopping, and the ordinate is the number of events 
per O. 378-/.Lsec interval), and Fig. 10 shows the pulse
height spectrum of events obtained by means of the 'Y 
detectors. During the experiment we made a calibra
tion of the time and energy scales every 5-6 hours by 
means of a quartz-crystal oscillator and standard 'Y
ray sources (C060, Po-Be). 

ANALYSIS OF DATA AND EXPERIMENTAL RESULTS 

To find the quantities ApPI" Apd 1" and B = A~./A~. we 
used the method of least squares to analyze the time 
distributions of events recorded by the 'Y and e detec
tors in runs I, II, and III. The background distribu-

TABLE 2. Conditions of the various runs. 

Run 
Target 
filling 

Concentration, atomic fraction 

I II, <10-6 

II 1l,+X" ~3.1O- 5 <10-6 

III H,+Xe+D, ~ 3 ./0-5 0.07 
IV Vacuum 
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FlG. 4. Time spectra of events recorded by the detectors in 
coincidence with counter 5 (e +5): a-run I, b-data of run IV 
normalized to number of muon stoppings in run I IN is the num
ber of events in a O. 378-/Lsec interval). 

tions, obtained in experiment IV and reduced to the con
ditions of the appropriate run, were subtracted for each 
channel. The maximum contribution of the background 
did not exceed 3%. Analysis was carried out from time 
values t~ t1nlt = 0.5 IJ,sec. This limit was chosen from 
the condition of discrimination of the background due 
to muon stoppings in the scintillators of counters 4 and 
5 (muon lifetime T ",(Cs, I) = O. 08 IJ,sec). The numbers 
of events recorded are given in Table 3. 

The time distributions of the events recorded were 
fitted by the following function, which was obtained with 
inclusion of expressions (4) and (5): 

dN' de = A'c5,t.x. exp (-t.,t)+D'[Fc5, exp(-t..t) +c5.G exp(-t.Dt) 1; 

here 

G= t.Dt.X 
t.,-t.D 

(6) 

(the superscript i corresponds to the type of spectrum). 
The factors 01 and 02 are different from unity only for 
the conditions of runs III (H2 +Xe +D2); they take into 
account the effect of processes occurring before forma
tion of the dlJ, atom and are due to the difference in the 
transfer rates of the muon from the proton and deuteron 
to xenon. In analysis of the spectra of the types 'Y + 5 
and 'Y - 5 obtained in run III, we took into account in the 
fit also the contribution of'Y rays from the catalysis 
reaction in the pdlJ, system. The total magnitude of 

N 
1030------------. 

2 6 
t, /J.sec 

FlG. 5. Time spectra of events recorded by the ')' detectors 
in coincidence with counter 5 (')' +5): a-run I, b-normalized 
data of run IV. 
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FIG. 6. Time spectra of events recorded by the e detectors in 
run IT (the normalized background has been subtracted): a-. 
coincidences with detector 5 (e +5), b-anticoincidences with 
detector 5 (e -5); the solid lines are theoretical curves. 

this effect amounted in this case to about 3%. In analy
sis of the spectra of types e + 5 and e - 5 the contribu
tion of'Y rays from catalysis to the spectra was not 
taken into account, since it was negligible (0.1%). 

The coefficients A i and Di in Eq. (6) are normaliza
tion parameters for the 'Y component and the electron 
component of the combined spectrum, respectively. 
These coefficients can be represented as follows: 

where N", is the number of muon stoppings in the gas; 
e; and e; are the detection efficiencies for 'Y rays and 
electrons (these coefficients obviously depend on the 
type of detector and whether or not coincidences with 
counter 5 were used). 

(7) 

For the optimal concentration of xenon chosen by us, 
the arguments ~& and ~o of the exponentials in expres
sion (6) were substantially different, which enabled us 
to determine the contribution of each of these compo
nents with reasonable accuracy. Since the contribution 
of the electron component with argument - ~ot is pro
portional to the product DiG =Di~o'A,;/(X$ - ~o), to find 
the desired parameters ~" and ~x. it is suffiCient in 
this case to know the value of Di and there is no need 
to determine the value of Ai. Information on the nor-

Nr---------, 

2 3 II 5 
~ jJ.sec 

FlG. 7. Time spectra of events recorded by the,), detectors 
in run IT (The normalized background has been subtracted): a
coincidences with detector 5 (,),+5), b-anticoincidences with 
detector 5 (')'-5); the solid lines are theoretical curves. 
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FIG. 8. Time spectra of events recorded by the e detectors in 
run m (the normalized background has been subtracted): a
coincidences with counter 5 (e + 5). b-anticoincidences with 
counter 5 (e -5); the solid lines are theoretical curves. 

malization factor Di can be obtained from the total num
ber of events recorded in run I (hydrogen): 

(8) 

where Rk is the ratio of the numbers of muon stoppings 
in the gas for run k and run I, calculated from the ratio 
of the monitor counts for these runs, and ei is the total 
number of events in the spectrum of type i for run I. 

The product A i61X-xe was determined in the X2 ininimi
zation process. 

In spectra obtained under different conditions, the 
ratio of the electron and y components and consequently 
the contributions of the exponentials with arguments 
- X-i and - x-ot to the functions fitting these spectra were 
different. In particular, for the spectra y + 5 and y - 5 
measured in run II, analysis was carried out only to 
obtain additional information on the value of X-&, which 
was used in analysis of the other spectra. 

The results of the analysis are given in Table 4, 
along with data obtained by combining the results of analy
sis of the different spectra (the latter data are given 

Z of II 5 6 
t, JlSl!C 

FIG. 9. Time spectra of events recorded by the 'Y detectors 
in run m (the normalized background has been subtracted): 
a-coincidences with counter 5 ('Y+5), b-anticoincidences with 
counter 5 ('Y-5). 
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N ~.~v 
2MOr-~Z ____ ~II ____ ~6 ____ ~8~ 

Channel no. 

FIG. 10. Pulse-height distribution of events recorded by the 
'Y detectors in run III in anticoincidence with detector 5 (the 
abscissa is the 'Y-ray energy and the ordinate is the number of 
events per 0.294-MeV interval). The energy of the K", line of 
mesic x rays for xenon is 3.8 MeV (the arrow indicates the 
location of the corresponding photopeak). 

also in Table 1). 

From the experimental data given in Table 1, we can 
see that the value of X-PPI' obtained by us agrees with the 
results of Refs. 1-4. The measured value of X-Pdl' is 
in agreement with our data (Ref. 6) and with the data of 
Bleser et al. [1) and differs from the value obtained by 
Conforto et al. [2] 

The values of the quantity B obtained by us and at 
CERN[S] differ somewhat (see Table 1). The cause of 
this discrepancy may be the fact that the determination 
of B involved the value of the transfer rate X-Pd of the 
muon from the proton to tne deuteron, which is known 
with a large uncertainty. [1,16,17] We note that under 
the conditions of our work (cpCdX-Pd/X-PI' '" 1) the depen
dence of the value of B obtained on X-pa is much weaker 
than under the conditions of Ref. 5. 

Comparison of the measured values of X-PPI' and X-Pd I' 
obtained under different experimental conditions per
mits us to conclude that the rates of formation of the 
mesic molecules ppJl. and pdJl. in liquid and gaseuos hy
drogen do not differ. As can be seen from Table 1, the 
results of calculations of X-I>I>I' agree with the measured 
values of this quantity. In regard to X-pal" the results 
of theoretical studies[7.8] do not agree with the experi
mental values. [1.2.6] It should, however, be noted that 
the theoretical calculations of the rates of formation of 

TABLE 3. Experimental data of runs. 

Type of .>ent I 
selection 

Histogram 
number 

1 
2 
3 
4 
5 
6 

H2 (1) '* 

8439±92 (108±1O)," 
130±22 (102±15) •• 

200J±50 (50±20) •• 
17±20 (78±20) •• 

2437±52 (64±25)" 
31±15 (88±JJ) •• 

Number of events 

I H~+Xe (1.464) '* I Ba+Xe+D2 (6.077) '* 

5889±78 
2074±105 
3037±87 
2350±"50 
4030±100 
3130±57 

33233±188 
7866±200 

10868±144 
8426±99 

14651±162 
11485±114 

*In parentheses we have given the number of muon stoppings in 
relative units. 
"In parentheses we have given the nonnalized background values 
obtained in run IV (evacuated target). 
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TABLE 4. Results of analysis of experimental data. 

Type of 
histogram 

Run 

Quantity in units of 106 sec-I 

B 

e+5' e~5 
1+5; 1-5 
Final result I 

IIand!Il j2'34±o.1715~~~~21 
III - 5.53±O.27 

2.34±0.17 5.53±O.16 I L281±o.026j I L3U±O.05 
- O.785±O.OI9 1.1;3=0.05 • 

L62±O.03 

"This value was calculated from the ratio of the values of A)ce and A'k ob
tained in runs II and III. 

mesic molecules are approximate. The most important 
approximation is the replacement of the molecular wave 
functions of the hydrogen molecule by the atomic wave 
functions in calculation of the coefficients of electron 
conversion accompanying the mesic-molecule forma
tion process. In addition, in calculation of the wave 
functions of the mesic molecules formed, approximate 
potentials were used, and in the wave function of the 
incident mesic atom only the S-wave was taken into ac
count. Thus, a final comparison of theory and experi
ment must be put off until more careful calculations are 
made. 

The authors express their gratitude to S. S. Gersh
tein, L. 1. Ponomarev, and V. G. Zinov for helpful 
discussions and valuable observations, to L. N. Somov 
for assistance in the measurements, and to S. V. 
Medved' for making available flawless operation of 
the measurement center. 
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