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Atomic capture and transfer of 'TT- mesons have been studied in gaseous mixtures H2 + Z, where Z 
represents He, Ne, Ar, Kr, Xe, N2, and CO2• Relative probabilities of atomic capture of pions by 
components of the mixtures have been measured. The relative constants Az for transfer of pions from 
hydrogen atoms to atoms Z have been measured. It is shown that the relative stopping powers So H of 
atoms Z for the pion energies at which atomic capture occurs and the transfer constants Az depend 
identically weakly on Z: SOH = (7.1 :frO.l)X(Z 1/3 -1) and Az = So HC 1/3; the transfer constants Az are a 
weak function of the impurity concentration C = nz / nH. 

PACS numbers: 36.1O.Gv 

Transfer of 1[- mesons 

was observed by us in experiments on nuclear capture 
of 1[- mesons by hydrogen in gaseous mixtures H2 + Z, 
where Z represents He, N2, Ne, and Ar. [1] Here it 
turned out that the capture rate Az - Z, as in the case 
of P/J.- atoms. [2] In all other cases, however, as the 
result of the presence of the intense competing process 
of nuclear capture of the 1[- meson by the proton in the 
mesic atom, the transfer differs strongly for 1[- and 
/J.- mesons: 1) Transfer of 1[- mesons becomes appre
ciable for heavy-atom atomic concentrations C-1, 
while /J. - mesons are completely transferred for C - 10-3_ 

10-5 (C = nz /nH , where nz and nH are the numbers of 
atoms Z and of hydrogen per cm3); 2) the transfer rate 
A~ reduced to the density of liquid hydrogen exceeds by 
almost two orders of magnitude the reduced rate for 
/J.- mesons; 3) the transfer rate of pions to atoms of 
helium is comparable with the transfer rate to other 
atoms, whereas transfer of /J.- mesons to helium is 
strongly suppressed (a calculation gives -10-5)[3] and 
has not been observed. [4] All of these differences are 
due to the fact that transfer of /J.- mesons occurs from 
the K orbit of the hydrogen mesic atom, while 1[- mesons 
are transferred from higher orbits. 

The intense transfer of pions to He atoms is appar
ently due to the fact that for excited states of P1[- atoms 
the hindrance mechanism discussed by Gershtein [5] is 
removed. We can therefore expect that for large con
centrations of He (C-0.1-0 in a H2+He mixture there 
will be J-L--meson transfer comparable in intensity with 
the transfer of 1[- mesons. 

The present work is devoted to a detailed study of the 
1[--meson transfer mechanism in gaseous mixtures H2 
+Z, where Z represents He, Ne, Ar, Kr, Xe, N2, and 
CO2• The experiments were carried out in an aO-MeV 
beam of 1[- mesons from the synchrocyclotron at our in
stitute. The experimental apparatus and procedure were 
for the most part similar to those described by us pre
viously. [1] The experiment measured the yield Nrr(R, 0) 
of ,,-ray pairs from decay of 1[0 mesons formed in the 
charge-exchange reaction 
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(2) 

in a gas target filled with hydrogen at a pressure of 
- 40 atm, and the reduction in yield Nrr(R, C) as the re
sult of transfer on addition to the hydrogen of gaseous 
impurities (R is the thickness of the absorber used to 
slow down the mesons). As an illustration we have 
shown in Fig. 1 the yield curves N rr(R, C) for a target 
with a H2 + Xe mixture for various concentrations of Xe. 

After subtraction of the background due to charge ex
change in flight (mainly at the target walls) and allow
ance for the shift in the peaks of the Nrr(R, C) curves 
with change of concentration C, we determined the ratio 
a averaged over the two curves, 

The curves Nrt(R, C) are broadened (by - 25%) and have 
a slow falloff at small R in comparison with the range 
curves. This is due to the fact that the target has the 
form of a sphere, so that the wall thickness in front of 
the mixture increases with distance from the beam axis. 

Nrr(R,C), reI. units 

Baa 

FIG. 1. Yield curves of ITo mesons from a gas mixture H2 +Xe 
at various impurity concentrations C; R is the thickness of the 
stopping absorber. The dashed curve has been drawn through 
the pOints obtained with an empty target. 
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FIG. 2. Probabilities of nuclear capture of pions by hydrogen 
in mixtures with He, Ne, and Xe. The curves were drawn ac
cording to Eq. (5) under the conditions of (6)-(7) and with val
ues of S~ from the table. 

The change in shape of the curves Ny~(R, e) with increas
ing impurity concentration is small, so that the curves 
N,;(R, 0) and Ny~(R, e) are similar within the experi
mental errors. In this case the probability of nuclear 
capture by hydrogen of a rr- meson stopped in the mix
ture is 

(3) 

where AH and AHZ are absorbing thicknesses of hydrogen 
and of the mixture in the target; the coefficient {3 takes 
into account the effect of the distribution of rr- mesons 
in range on the number of stoppings in a "thick" target 
and is found experimentally to be {3 "" O. 06; PHis the 
probability of atomic capture of mesons by hydrogen in 
the mixture; 

q=(HxC)/[ 1 + (.\h)C] 

is the probability of nuclear capture of a rr- meson by the 
proton in a prr- atom in the mixture in the presence of 
transfer. 

The expression for q was obtained phenomenological
ly [1] on the assumption that in an H2 + Z mixture a rr
meson in a prr- atom is either captured by the proton 
with a rate Ai> = anH + dnz with de-excitation of the mesic 
atom or is captured into the atom Z with a rate Az = bnz • 
Here both the de-excitation of the prr- atom and nuclear 
capture of the rr- meson by the proton, and also the com
peting transfer of rr- mesons, are determined by colli
sions of prr- atoms in the mixture. The quantities a, b, 
and d are constant coefficients, and A = b/ a and }( = d/ a 
are the relative constants for transfer (1) and nuclear 
capture of the pion by the proton in prr- + Z collisions. 
Our earlier experimental data [1] were satisfactorily de
scribed for }( = O. This means that nuclear capture of 
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the pion by the proton in the prr- atom, induced by colli
sions of the prr- atom with the atoms Z, has a low proba
bility (d- 0). 

The probabilities of atomic capture of mesons by the 
components of the gas mixture are proportional to the 
stopping powers of the atoms [6. 7] 

where s~ = Bg/ Jic: is the relative stopping power of the 
atoms Z for the pions being captured. Under the condi
tions of our experiment (nH = canst) AHZ = AH (1 + sHe), 

where SH is the relative stopping power of the atoms Z 
averaged over the range of energies of the pions which 
stopped in the mixture. In our first experiments, [1] 

where the range of concentrations of heavy atoms (Ne, 
Ar) investigated was small, it was assumed that SH = s~ , 
and in that case a(e) = q. In analysis of the results ob
tained in the present work under these assumptions and 
for x = 0 it was found that A = A' el/3 + B', where A' and 
B' are constant for each Z. For heavy gases (Kr and 
Xe), B' < 0, which has no physical meaning. The condi
tion B' > 0 requires SH > ~. In special measurements 
with mixtures H2 + N2 and Hz + Xe at concentrations e 
-10-3, where the contribution of transfer is negligible, 
we obtained values a(e) > 1. This means that sa > S~. 

The results were fitted by the expression, obtained 
from Eqs. (3) and (4), 

W=lI(1+SoHC) (HAC) 

with two variable parameters A and S~; the values of 
sH(e) are given in the NBS monograph. [8] 

Some of the experimental results are shown in Fig. 2. 
It turned out that the experimental data are satisfactorily 
described by expression (5) for 

A=AC'!'. (6) 

For all gases except CO2, 

SoH=A=const. 

The values of S~ and A obtained for the gases studied 
are given in the table. It is interesting to note that the 
values of S~ obtained from the experiment are close to 
the number of electrons in the outer shell of the atom Z 
(see columns 3 and 4 of the table). This can be consid
ered an indication that in atomic capture of mesons the 

Gas I~I 
SH 

0 1;-1 8:'1 SH 
A 0 

He 2 1.84±0.9 2 l.i3 l.i2±0.13 [9J 1.84=0.9 
Ne 10 7.65±O.35 B 7.25 7.1±0.4 [9J 7.65±O.35 
Ar 18 11.6±0.4 8 11.8 11.6=0.4 
Kr 36 16.4±0.60 18 20.0 16.4=0.6 
Xe 54 20.4±0.7 18 27.6 20.4±0.7 
;0.;, 6.6±0.3 5.5 5.8±0.3 [9J 

6.6=0.1 6.4±0.4 [7J 
CO, 7,3 8.8±1.0 5.3 5.5 8.5±0.i [9J 3.7±0.6 

C (CH.+H,) 6 4 4.6±0.3 [10J 

*Number of electrons in outer shell of the atom. 
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FIG. 3. Relative atomic stopping power S~ as a function of Z. 
The straight line was drawn in accordance with Eq. (8): S ~ 
= (7. 1 ± o. 1) (Z1/3 -1). The thin smooth curve shows the func
tion A = (0. 7 ± O. 2)Z, and the dashed curves show the error in 
its determination (Ref. 1). 

electrons of the outer shell of the atom Z take part pref
erentially. In view of the relation (7) it is natural to 
suggest that a preferential role in transfer of pions to 
the atoms Z is played by electrons of their outer Shells. 
For comparison we have given in the table the stopping 
powers sf calculated by means of data given in Ref. 8, 
for a pion kinetic energy of 2 MeV, and also values of 
~ which can be obtained from the data of other stud
ies[9,7) and from our data for Ar and He (see the table). 
The values of S~ obtained in this way are in good agree
ment with our results. 

For all gases except CO2 , the values of s~ and A are 
described by a linear dependence on Zl/3 (Fig. 3): 

8 0"= (7.1±0.1) (Z'I'-1), A=8,HC". (8) 

Since in the Fermi-Thomas statistical model of the 
atom, the squares of theatomicradiir~a:Z1I3(Ref. 10), 
it follows from Eq. (8) that the probability of atomic 
capture of mesons and the transfer constants A in mono
tonic gases are proportional to the cross sections of the 
atoms. The very weak dependence of s~ on Z is prob
ably due to an appreCiable screening of the electrons of 
the atomic inner shells (particularly in heavy atoms) for 
the stopping meson. 

For pions with a kinetic energy 2 MeV we can expect 
a smaller effect of screeningo In fact, as can be seen 
from the table, for large Z the value of s~ is appreci
ably less than sf. For small Z for all gases except 
CO2 , ~ and s~' are nearly the sameo For CO2 the val
ue of s~ is almost 1. 5 times larger than s~ Int' the latter 
quantity being obtained by interpolation with Eq. (8). 
The same anomalous increase in the probability of land
ing of a meson in a CO2 molecule in gas mixtures was 
observed previously by Budyashev et alo [9) It should be 
noted that in the interval of change of Z from He to Ar 
the function A(Z) determined by Eqso (6)- (8) agrees 
within experimental error with our previous result [1) 

A= (0. 7±0.2)Z. 

The extremely weak dependence on Z established in 
the present work for the pion transfer constant (A a: Z1I3) 

is determined by two factors: the existence of a strong 
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interaction in the P1( atom, and the action of the Day
Snow-Sucker mechanism. U2] The combined effect of 
these two factors has the result that only P1T" -atom states 
with rather high excitations take part in the transfer. 
On the basis of the calculations of Leon and Bethe[13] one 
can estimate that the transfer occurs from states with 
quantum numbers n ::; 3-4. 

The dependence of the relative capture rate A on the 
impurity coneentration C is apparently due to the fact 
that transfer occurs from several excited states of the 
P1T" atomo The contribution of each state n to transfer 
is determined not only by the relation between the cap
ture rate and the rate of de-excitation of the P1T" atoms 
as the result of the external Auger effect, but also by . 
the probability of formation of this state Yn. With in
creasing concentration C the contribution of transfer 
from states with high excitations will increase, which 
will lead to a depletion of the population of states with 
smaller excitations, L e., Yn =Yn(C). Since the transfer 
cross section increases with the amount of excitation of 
the P1T" atom, [14) this leads to an increase of A with con
centration C. The same effect will also be produced by 
a depletion of the population of P1T" -atom states with 
small excitations, from which nuclear capture of the 1T" 

meson by the proton mainly occurs (-lin3L 

In fitting the experimental data by Eq. (5), we cannot 
exclude from consideration the alternative possibility in 

'which A = A and s~ = AC1/3 , which we consider less like
ly. This can be done by studying the nuclear capture of 
pions by the components of gas mixtures in which trans
fer cannot occur, for example, mixtures 3He + Z. [7) 

Pion transfer has also been studied by Picard et al. US] 

and Bugg et al. (6) Picard et al. studied pion transfer in 
a mixture H2 + Ar for a hydrogen pressure of 1 atm and 
concentrations C S; O. 10 In analysis of the data it was 
assumed that A = const, and a value A = 120 5 ± 3. 9 was 
obtained; our value in the same region of C is A = 5.4 
± O. 2. Bugg et al. (6) measured the probability Wof nu
clear capture of a stopped 1T" meson by hydrogen in a 
solution of Ne in liquid hydrogen (C=0.16); it turned 
out to be (17± 5)%. According to our data, at a hydrogen 
dens ity 21 times smaller and C = O. 16 the value of W is 
(26± 0%0 

In spite of the fragmentary nature of the data of Refs. 
15 and 16, we can conclude that over a wide range of 
hydrogen denSity, from 5x 1019 cm"3 (Ref. 15) to 4.2 
X 1022 cm"3 (Ref. 16), the dominant transfer mechanism 
is that determined by collisions of the P1T" atom with the 
atoms or molecules of the mixture. 

It is a pleasure to thank Go Ya. Korenman, L. I. 
Ponomarev, and Z. Cysek for helpful discussions. 
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Three-reggeon phenomenology In the reaction p + P-+P + X 
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A statistical analysis has been carried out of data on the reaction p + p---; p + X in the region 14 < 0.6 
(GeV / C)2 and x> 0.85. All three-reggeon contributions have been taken into account, including the 
interference terms. Two sets of parameters have been found which characterize the three-reggeon vertices. 
In order to explain the deviation of the calculated curves from the experimental energy dependence at low 
energies and the x dependence for x < 0.85, a number of diagrams not taken into account in the analysis 
are proposed. Comparison of the parameter values found with the predictions of the one-pion-exchange 
model shows good agreement. A discussion is given of a number of processes whose study may provide 
additional information on the structure of the three-reggeon vertices and the contribution of cuts. 

PACS numbers: 12.4D.Mm, 12.4D.Rr, 13.80.Kp 

1. INTRODUCTION 

Interest in the experimental and theoretical investiga
tion of the reaction 

p+p-+p+X (1 ) 

at high energies is due to the possibility of carrying out 
a three-reggeon analysis of the energetic part of the 
spectra of scattered particles and determining the val
ues of the three-reggeon coupling constants. 

is the square of the 4~momentum transfer, x=pLIPmu 
::= 1 - M2 I s (h is the longitudinal component of the mo
mentum of the scattered proton, Pmu is its maximum 
value, and s is the square of the total energy of the col
liding particles in the c. m. s.). The last term in Eq. 
(2) corresponds to the contribution of one-pion exchange 
and is equal to U ) 

( d'a) _ g' nN (-t) (1 )'_"" .', 
S dM' at nnP - (4:rt)' a,., (~t'-t)' -x • e . (3) 

Here /J. is the pion mass, g2/41T::= 15, and R2::=3. 3 (GeVI 
ct2 • 

The differential cross section for reaction (1) can be 
related by the unitarity condition to the contribution of 
three-reggeon diagrams, as shown in Fig. 1, where 
diagrams with exchange of a pomeron P and reggeons 
/= P', w, P, and A2 are summed. In view of the close
ness of the trajectories of the second poles, the contri
butions of the latter are difficult to separate and they 
are usually replaced by the contribution of an effective 
pole R. 

The main purpose of the present work is to determine 
the phenomenological functions GjJk(t) by comparison of 
Eq. (2) with the experimental data. Preliminary results 
have been published previously. [2) 

The expreSSion used in the analysis for the cross sec
tion of reaction (1) has the form 

s--= ~ G, (I) (1-x)",(Q)_""')_"J(I) - + S-.- . 
d'a ( S ) o,(O}-' ( d'a) 

dM'dt ...:... .. J< s, dM'dt nne 
ijlt 

(2) 
Here M is the effective mass of the shower produced, t 
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Among papers previously published on the questions 
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