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·t. · -Introduction - r-' . . 

. . . . I . .· . . 

In all processes 'with· emission ofopposi.te charge partides·production 
of Coulomb .b~ti.nd state8 (atoms) ofthe twopartides ispossible, The pro
duction of 1r+ 1r-:-atoms (and other hadronic atoms) in inclusive processes 
~as considered in· [1]. Also, a metp.od of their observation and lifetime 
measurement was proposed. . 

: The ·lifetime of· 1r+ 1r--atom's ( A2,.) ·is determined· by the charge~ 
exchange process ·1r+ 1r- · ~. 1r0 1r0

, ·The lifetime i. of the ·IS state of A2;,. 

. and . difference of the S-wa,;e. 7r7r-scattering lengths ·I ao -,>a21 with. isospin 
values 0 and--2. are conn~cted with exactrdatio~ [2]. ' / · .· . ' 

· The 1r1r-scattering lengths belong to those p~rameters that can be cal
culated in Chiral Perturbation: Theory[3,4, 5] most precisely. For a0 arid·<·· 
a2 the .chiral th~ory gives. the valucis with precision of 5%. [4]. ·As can· 

. b~ inferred froin therelati~n·hetween rand lao-'- a2 1; meas~rement'bf r: '. 
with 10% precision would allow· finding the value of lao- a2 1 in: a model 
independent way [6]with.5% precision .. '· . .· ·' . 
~.The lifetime of th~ A21t is very sh~rt ( T :~ (3:7 ± o:3). 10-:- 1 ~ s 'frorr{ 

Chiral Perturbation' Theory, cr = Ll,um) and so in paper[l] the method 
. was proposed to observ~:atoms by detecting 1r+'1r;--pairsJromtheir break~\ · 

. up in the:t~rget where they are prodt1ced1 , · · .· . · · · • ·· .··.···· .·" · · · . 

. . In the target placed on a proton beam 1r+1r~ -pairs in afreestate (free 
1pairs) and 1r+ 1!'.:.:'-afom.s. are produced. ' The atoms. e1ther annihilate. into 
'rr07r0~p~irs·6~ break up (ar~·ionized)' into 7r~i~:-pairs (ato.mic' pairs) at 
A21t interaction. with the target. The numhe~ of _the atomic pairs depends 

·:··on the lifetime and mo~emtum of the atoms, thei~break~up·cross.section 
· 'and targ~t thiCk~ess. , . · ·· ... · · · . ..· 1 • " . • . _ . 

For the at~micpairs the value ofthe relative momentumq ii:i the 7r+7r
c:m; systeht is less than 3 Mev I c with pr~bability I"V .95% a,nd therefore 
the pions h~ve_ approxi~~t~ly equal ei:J.ergies E+ ~ E_ in the iab system 

, and a small opening angle. In the region of small relative momenta the 
numbers of the atomic pairs and the free pairs are of the same order. . 

Thenumberofthe atomic pairs can be found by subtracting.t~e number 
of free pairs from the total number of the pairs in the region of small relative 

. momenta [~] .. It is· possible to obtain· [8] ·the distribution of_ the free, pair~ . 

~ 1 In [7] an experiment. is propo~ed to observe A2r and determine its lifetime by 
measuring the.ratio betw'een branching ratios for A2.- decay into two photon8 and into 
two i 0 mesons: _ 
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over relative momentum from the· experim~ntal distribution 'or a2cidental 
. 7r~7r--pairs, because both distributions ar~ propo~tional to the product of 

the single inclusive prod~ction cro~s section of 7r+ and 1r- mesons [9] 
The number of the atoms producea in a target- is strictly related to the 

number of free pairs with iow q a~d cari be ~btained from the distribution. 
of free pairs with a formula descri~ed.below: . _ 

. The measurementof'the ratio-between th~ inimber of the atomic p(l,irs 
and the full number of.the produced atoms or the· measurementof th~ -
n~mher of the atom:ic. pairs as a function of.th~ target .thickness allows. 
det(_!rniining the atom lifeti~e. ~ . . . · . _ · 

The method proposed in [1] have recently allowed observation of ir+ 'fr-:-.,-

atoms at the Serpukhov accelerator. U:-70 in the· inclusive :process ;·pTa 
~: A2,.X ·at Ep : =. 70 Ge V (8]. Also, estimation )>f the A2,.lifetim~ was 
obtained [10]. . . > .• , . · _ . _ , ,· _ .. 

In this paper we present: numerical 'calculations of.A2; yields for the 
energies of theprot~n ,he~~ 24, 70; _45o and.-lOOO:GeV,forth~ target-s of 
Ai, Be, cu: Ag. and Ta, ~hich may be_ ~seful for planning t~~ experiment / 
on A2,. lifetime measurement./ .. · · .• ~.. . . . · 

' . ' ...... , .·. 

2. Basic: relations 

· · The··exact formula for the production c;o~~_sectio~ ·of the'atom:s iri the 
inclusive proces~es ·was obtainedin [1].' The probability ofA2,- pmduction is 
proportional'to thedouble inclusivecross section of?r+ and 11'- produ~tion 
with small relative momenta: · : · . . · ::. · · · · ·, · _-. · .. 

In calc~lation ofthe A~,. pr~duction cro;s se~::t.ion;Ais .ne~ess.ary to. 
. exclude the contribution ·of 1r+ and 1r~:-arising from-dec~ys·of long~lived 
particles . W~en one or both pions in pa:irs are corning from such particle . 
decays, a typ1cal range between thepion~ is niucn larger thi=m the Bohr · 
radius of Jl2,- (r.a = 387fm) .. Sothepr6babilityofA2',. pr~ductionin these· 
cases is negligibly sn:iall. 'The main sources of such. pion p_airs a~e decays 

I 0 ± ' . . . ' .. .. . . :' .. . of Tf, Tf , A, K 8 , ·.E . . 
The ·laboratory ~differential inclusive cross secti01~ 'of A2~- pr~duction 

may be written in the'following forrit [1] · · · . . . · · · . 
. d. A, . .. , . . E . . : .. d 
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\ wh~re PAi EA and MA are the moment tim, .ene~gy' ~nd n{ass ofth~ 7r+71:..:.
-~ato~·in the lab system respectively, j\li;;(O)jz = P1/7rn3 isthe.atomic 
.. wave-function squared~.at the-origin with the-.principal quantllm number 

n and the orbital ~om.ent 1 = o .. PB is the Bohr momentum of 7r in :ib,., 
· du? I dpt dfh is the double inclusive production cross section .for 1r+ 1r...:. 7 pairs 
from short-iived sources (hadr01lization processes, p, ·w, ~; K*, .E*, etc.) 
witho~t taking into account 1r+ 1r- Coulomb i!lteraction in the final· state, 

. P1 and .P2 are t,he_.?r+ and 1r:....~ moment~ in.the lab system, -The mo;nenta 
of 1rt and· i-:--:-inesons obey· the relation Pt = P2 = ~PA: · . _' 
~ :Thr atoms are produced with the orbital inorp.entu!fil = 0, because 
l'l1n,t(O)j2 ~ 0 at l =I 0. Deviation of!'l!n(O)j2 from the pure Coulomb wave 

. functi~ndoes not exceed 0.1% ·[11;-12} .. The A2,. are distributed 'over n 

. accmding. to n-3
:- Wt == 83%, W2~·.lOA%, W3 = 3.1%1 Wn~4 = 3.5% .. 

Note tha.t L:~,;tl'l!n(O)I2 = 1.202!'llt(O)I2: .. 
Th~. double inclusive cross section without taking into account 1r+,1r.::. 

Coulomb interaction may be written in the form [9]:. ·· .. ·. ·. · - · · · 
. ,.,, . ' . ' . , 

.. , · -· · · da0 . · · · 1 du da · .. · . 
. ·. . d- d- ==:' ;;:d- d~ ~(p!,p-;), (2) 

i .... , . . ; :: Pt .P2 ·~ Pt. P2. _:. __ "' _ . . _. , 
where da I dpt and da I dp2 are the single particle inclusive cross sections; . 

.· -. d;n is.the inelastic:cross section of-hadronpioduction, R i~-a correlatio~ 
function due to stro~g interaction. In the caseof the particles ~atisfying 
th~ .requirement Pl = P2' 'the. correlation function was found to be R = . 
1.65 ± 0,05 [9, 13].. . . .. ·- . . . . " . . . . :. ' 

The pr~bability of particle production' per interaction (yield) can be 
expressed through the differential cr0ss section:· · 

• . . . f. ' . 

, iJN· db- 1 
• dp = dp O'in • ' 

. (3)~ 

From (i); (2) and (3), after substituting theexpressio.~ for l'l1n(O)j2 

arid summing ov~r n, one can obtain an expression for the inclusive yield 
of-the?r+?r-...:.atom~- in all s.:.:states through the inclusiveyields of 7r+ a'nd 
1r--mesons 

d2NA' 

dpA.dO 

· 2 3 E 2· · n 
= 1.202 7r2 m,. a APA a-Nt . d2 N2· . 

2 2 2 d . . R Pt P2 Pt dOt· dP2d02 . - ' 
(4). 

----......, . . .~ .· 

wherea is the fine structure constant, PhP2 are the monienta.of?r+ and 
1r-. mesons (Pt = p2), n is a solidangle. . . ·· . . 
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3~ ResU:Its of cillculations-. 
To obtain y.ields of 1r+ and 1r:_ -~esnns weh~ve ~s-edthe ~ompute; sim~ · 

ulation programs FRITIOF 6.0 [14] and JETSET 7~3 [15](CERN Program 
Library) based on· the Lund string fragnie11tation model ofstrong inter
aCtons. · FRITIOF- is a gener~tor for· hadron~hadron,. hadron~nucleus and 
nucleus-nucleus collisions, which makes useof JETSETfor fnigmentation. 

For'calculations of pion yields the simulated events w~re accumul<ited in 
a'two-djmensional array depending ori.the emissio~ angle and mo~entum 
of the particles with' the angular bin width 0.3°' and the momentum bin 
width 0.1 GeVJc. At this' stage selection of pions from long-liw;d.and- · · 
from short-lived sources. was· performed. ·Further;. using 'yields· only from · 
the short-lived sources the disttibutio~s of the 1r+;;:.... -atom yields over. the 
ang-le and -mo~entum wereobtaineg: Then:distrib~tions,were smoothed. · 

The results are presented in Fig.l where the yiel~s of 1r+1r:--'-atoms are 
. shown for the reaction pAl~ A2,..X·?-t proto~ energies Ep= 24:· 70,450; _ 

1000 Ge Vand A2,.. emission angles Blab = 1°; 2°, 3°, '4 °; 5_0
, 6° 'as a function-:·· 

of the momentum of one of the 1r-:-mesons forming the <;ttQm· (p;,. == ~PA)· 
. .The. probability of.A2,.. production in the momentum interval-~p,.. and 
the solid angle ~n a~ theemission angle() can b~estimat~d by multiplying -
the ~ean value of the yields in t'qe given momentum interval by tlle~values ·. 
of this.i'uten:al in GeV /c and the solid a'ugle ~nin sr: _ _ .. 

_The 7r+7r--atom yields for the. same conditions integrated ~ver the:mo-
_.mentuin are shown·inFig.2versus the emission angle (solid lines)., For_· 
comparison~ the da.Shed lines denote unreaLA2,... yields when the contri-.. 
bution oHhe pions arising froin long~lived sources is .not subtracted. from 
the single particle production· cross section of 1r+ and 7r-:_II1esons~ As· can 
be seen the c~ntril>~tion'·of ~-Inesons emitted fr~m long-lived sources is. 
actually significant for calculation ofthe 1r+1r-.:atom yields and has to be 

· subtracted. . · · · - ·· · · · . · .· · . · · f : : · .· 

- . Similar yield distributions ;ere obtained for the mid~fBe, Cu, Ag and· 
Ta. The ratios of A 2,.. yields integrated ov~r the momentum for the_ re
actions pA ~ A2,..X to the s'a.nie for pAl ~ A:i,..X as a functio~- of the 
emission angle are·presentedin Fig.3 .. To give representationof the A2,.. . 

yield~ for other nucl~i from this paper these ratios . may be used .. The · 
. . . . . . . . \ ... . 

approximate momentuill distributions of A2,.. for pA canbe_ obtained by . 
multiplying yields for pAl presented in.Fig.1 and the ~orre8ponding c<;>ef
ficients obtained from Fig.3._,Thisestimation. is aproxl.m~te because the 
A-dependence varies with p,... . . -
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4. ·. Testing __ of the inclusive single particle 
1r± yield ~es'cription 

Quality of the Lund description of single particle 'yields. was' studied 
_by its comparison with experimental results·[16] for pkinteractioris (A
Be, AI, Cu, Ph) at proton energy of 24 Ge V and. for 1r. meson laboratory 
emi~sion angles () in the intervaLfrom 17_ to 127 mrad. _ 
· The experimental data [16] were obtained with_ an accuracy of ±15%. 
The. errors in the e~perimental data arose Iiiainly froin 'uncertainties in 
the spectrometer acceptance and the absolute calibration of the primary 
proton-. beam inten_sity. · _· · .. ·.. · . · · . · · . · . . . ·. 

The experimental 1r± yields for pAl interaction and the corresponding · · 
calculated yields are shown in Fig.(.;,s..,. an example. The discrepancy be
twe~n the expe~imentaldata and the -Lund m~del do~s not ex~eed 15+ 20%,. 
as a· rule.-Th~ same conclusion can be madeforB~, C~ and~Pb. . . . - ·. 

In the momentum region Ptr.< 4:GeV/c_at:EP = 24 GeV.there are 
rio experimentalp9ints. So for the whole' 7r'-momentumiiiteryalthe~·Lund. 
model was _com:pa~ed with the pheno~enological formula [17]. This 'em-' 

. piricaUormula was obt~ine'd by fitting all ~ccelerator ·data on
1 
pp Jollisions 

available at ':that. time for 'the pr~ton_. energy interyal 6.6 + 15QO GeV _in 
' the lab system and .P.l = 0.2, 0.4 and 0.8 GeV/c. To get ari_accl!racy of 

this formula for PJ. < 0.2 G~V/c. we used the experimentaldata .on differ~ 
entia} cross sedio!ls ~f 7r± meson_ pwdm;tion in pp-collisions:, [18] :_ da~a 
compilation, [19]- ..JS = 23 "and 45 GeV, [2Q]:-·pP =12.45 GeV/c, [21] 
- PP = 19 and 24 Ge V / c, [22] - PP :;= '18:8 'and 23 Ge V / cand [23] .::..:... 
PP = 12.2 GeV /c. . ·.' . 

The formula describes·the datawithan accuraci,of 20% and occasion-.· 
.-, ally 40% except the data [22] that are described worse at oo :. 

:To apply the formula to a proton-nuclearinter~ctio1l ·the 1r± yields / 
c~lctilated by the formula for' pp collisions were multiplied by normalizing . 
coefficients K(O) whiCh were obtained from.1r± yields calculated by Lund·< 
for each of pBe, pAl, pCu, pPb reactions. Then these yields ~ere com: pared . · 
with the Lund yields. This comparison shows that, depending on p~;the 
difference b~twe~n the shapes ofthe 7r± yields cal~ulated:by the formula 
and by Lund forthe pAinteraction is not larger than-10%. . · - _· 

So the Lund model describes th,e 7r±'yields for pA int~ractions at Ep=724 
GeV -with an accuracy of ~-15% in the() region 17.:.;... 87·mrad and p,.. < 10 
Ge vI c. The Lund predictions in the r~gion () :< 1 o" have not been tested 
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·Figure 4: The inclusive· single 1r+ and 1r- yields for pAl interactions ob-
tained by: Lund (line) in comparison with the experimental yields· [16] for· 
the lab emiss}on angles 17, 37; 57, _67, 87 mrad. -· 

9 



'l' 
.-·.'<. 

in this pape-r. . _ _ _ 
The Lund string ~~del should work more properly at higher-energies, -

SO the accuracy under those conditions should be bet teL - __ 
Since uncertainties· in single particle cross sections -lead to sql!ared er

rors in the double particle cross sections, the A2,.- yield accuracy obtained 
in the present paper is about 35%. e- ' ' / - ' 

'- ~ 

5. Conditions of A27r 'detecting 

T~ select the proton energy and the dynamic range of the experimentaL 
setup it is nessesary to take ;into account ~a~y factors affecting perfor~' 
mane~ of the setup. . . 

To reach_high counting rate of the atomiC, pairs the 'yields ofpions -, 
from A2,. b~eak.:.up should be.largein the selected momentum and angle 
ranges. Atmnic pai{s are detected on the backgrourrd of the free p~irs ~fthe. 

-secondary particlfs.' Soone ?f.the conditions J?r effective A2,r regist~ation 
is a maximum of the ratip of the mimber of pions from atomic pairs to the 
flux ofcharged PCJ-rticles in the' m~m~ntum and angle intervals .. ·· . . < 

The ratio :o( yields of A 2,. to the sum orinclusive 1r+ ··and p is shown · 
in Fig.5. It ~ould be ~ore acceptable i(the ~easurement rang.e of the 
setup ove~ the angle and the momentum corresponded to greater;value~ 
of this function. . However this range should' als'o. correspond to· higher ' 
absolute values of the pion y!e~ds fro~ A2,.. ,Also, from consideratioll: of the 
conditions we should exclude the region with low momenta p,. < 1 Ge vIc 
where.multipl~scattering, whi~h adve~selyaft:.ects detectorresolutions, is 
larger. ' . - . _ .. 
. -. One can see from Fig.i and Fig;5 that more apj>ropriate ·ratios for A2,. 

registration are at Ep=450 and 1000 GeV. - . . . . . . . . · .. 
We. also Iiote ·that for a he~vy t~rget- nucleus_ tlie. ratiq inc~eases up to 

25% with a· small change in the form. 
The research described in this publication wa:s m~d~possible in part by, 

Grant No RFQ300 from th'e .International Science Foundation and Russian 
Government. Weare also grateful to Leonid Afanasyev and Valei'JYazkov 
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fopqaKOB O.E. H .up. 
OueuKa HHTeHCHBHOCTH o6pa3oBaHHH1t+1C-aTOMOB 
80 B3aHMO,IleitcTBHSIX npH BbiCOKHX 3HeprnSIX 

HcnonbJYSI HHKni03HBHbie ce'leHHSI po)K.Il~HHSI )lJISI 1t+ H 1C, 

3Ha'leHHSI BbiXO,IlOB 1t+1C-aTOMOB )lJISI peaKUHH pAl~ (1t+1C a1 
24, 70,450, lOOO f3B H yrnax BbiDeTa elab~ 1°, 2°,J0, 4°,5 

oueHKH BbiXO.UOB 1t+1t--aTOMOB )lJISI Be, Cu, Ag H Ta. HH 
po)K,IleHHSI )lJIS1,'1t+ H 1t- Me30HOB ,non~eHbl Ha OCHOBaHHH Jly1 
¢paiMeHTaUHH. OueuKa TO'IHOCTH B&I•mcneHHH c.uenat~a nYTe~ 
HbiX BbiXO,UOB qaCTHU, nonyqeHHbiX C llOMOlubiO JlyH.U-MO,IlenH H 
)l.aH~biX no. BblXO)l.aM B npOTOH-SI)l.epHbiX B3aHMO)l.eHCTBHSIX. 

Pa6oTa B&monHeHa B Jla6opaTopHH SlnepHbiX npo6neM 01 

npenpHHT 06heJlHHeHHOfO HHCTHTYfa !l)lepHbiX HCCJie)lOBaHHH 

Gorchakov O.E. et al. 
Estimation of 1t+7t--Atom Production Rate in High Energy ( 

Yields of 1t+1t~-atoms in the reaction pAl~ (7t+1t~ aton 
4~0, 1000 GeV and emission angles Slab= 1°, 2°, 3°, 4°. 

from incl~sive production cross sections for 1t+ and 1t- mes< 
atom yields for Be, Cu, Ag and Ta are also given. The inc 

sections for ~+ a~d 1t- .mesons are obtained ~ithin the 
fragmentation .. The • accuracy of the calculation is estimate 
yields of particles calculated by .the Lund model and expe 
in proton-nucleus interactions. · 

The investigation has been performed at the LaboratOI 
JINR. . . 
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