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AcpaHacbeB JI.r. HAP• . · .. . ·. ..· · · El-94-423 
. 3KcnepHMCHTaJibHa51 on;eHKa BpeMeHH X<H3HH aT~Ma, coi:To.srm;ero . 
H3Jt+ _ ··H;-~Me30HOB .·. 

Ha OCHOBaHHH Ha6JIIOAeHH.sI 272±49 ~TOMOB, o6pa3oBaHHbl:XJt+ - HJt--Me-· 
, '. . . - { --·~ ,• -

30HaMH,.llOJIYtJeHa on;eHKa BpeMeHH X<H3HH OCHOBHOI'O COCT051HH51 Jt + Jt--a TO Ma; 

-/= (2.9±2\)· 10-:15 c HJIH c Bepo~THOCTbIO 90.% -r > 0.6·10.:. 15 c.ATOMbl Ha

. 6JIIOA<lJIHCb B HHKJII03HBHOH peaKD;HH p Ta npH 3HepmH npoTOHOB 70 faB .. 
. . ~ . . 

·· Pa6oTa BblnOJIHeHa B Jla6opaTOp~H .sIAepH~x ~po6JieM Olf.Slll . 

. flpenpHHT Q(n,e)'.1HHeHHOl'O lfHCTHlj'Ta ll)'.1epHblX 11CCJie)'.10BaHHH. }fy6Ha, 1994 
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of Atoms Formed by n+ and .n-...,. Mesons 
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Based on obse~ation of 272±49-atoms formed by .n-+ ~rid .n-...,. m~sons an 
estimation of' the atom lifetime iri '.the .·ground. state· · is · obtained: 
1: = (2.9:!:i,1)· io- 15 s·or'i >-0.6'- 10-IS sat 90% confide~ce leveL Atoms were 

produced in in~lusive p Ta interactions at 70 GeV •. 
,. .· ~ - . - --- ·-

The investigation .has. been performed at th~ ·Laboratory of Nuclear 
Problems, JINR. • 
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l Intro9-uction 

In the experi~ent [1] 272 ± 49 atoms formed by ,r't- ~nd ,r~ (A2,,.} were observed in the 
inclusive process p Ta -+ A2,,. X at the proton energy 70 Gk v. The ato{ns are produced ,. :, 
in S-states with princip.al quantum i_iumbers n ..vith t~e cro~s'sectioq. [2]: · 

,- •~ • ." e •.,•,. ,7 ", .---- •.~~_'- -., , .. <•.• ••"_:,/,_:~ •,,: .. ', .. ," • ... ~r) 
· where PA, EA and MA are the momentuµi, energy and mass of.the A2;. in the lab 
' system, respectively, duo/ dp1 dp2 is the double inclusive production cross ~ection f~;-
,r+,r- pai~s frorri sho~t-lived sour~es ( quark processes, decay~ of p, w, K*.: :) without 

. taking into account ,r+,r~ Coulomb interaction in, the finaLstate, p1 .and p2 ar,e the ,r+ 
and ,r-:- momenta in the lab system .. The momenta· of it and 1r:': mesons obey'the. •· 
relation:,ff1 ·=.iii~ h/2. llln(O) is the atomic ~ave function ofriS-~tates at the origin .. 
As shown in [3, 4] the difference ofllln(O) from pure Coul.omb atomic wave function is -1 

less than· 10-3 • lllln(0)I~ depend on n as n-'3 • ~ ', ' ' ·. ' ' .. ···: ' ' ' 

The lifetime Tn of A2,,- in nS states,is determined by' the charge-exchange process 
,r+,r-: :-:-+ 1r01r0• (branching ~ 99.6%) and may be-:written through the. S-wave n-
scattering iengths ~~ and a2 with isospinyalties·o and 2 [5]; ', : • ~> .: _ _., . 

. , ,, ·-'.. . . ·- r· . " ., , . 

. . . -.'/ .. _ . . . 

:.1 · 8,r·(· 2Lim) 112 ' .. 0 ,·. · .• • • 

Tn == g -;;- ... (ao--' ~2)
2 

jlJl,;(())12, 
. . ., ' ·. ,' ·-

wneie~~~n(= MA -'- 2m,,.o; ·m,,.o is ~o· mes~n mass'a~d µ 'd the A2,,. r~d~~ed '~ass: - ' 
The lifetime depen'dence ~n 'n is determir{~d by ]wn(0)l2 and giv;i1by e~pression the. 
-i-,;=1y_-ri3., , .< 

• . Cit follows from (2) that the measutenient.of '.i-1 with 10%' precision woiild aHow to 
determine lao - a2 I in a model independent way with 5% accuracy. Therefore; it would 

. all~~to ;test the p;edicticin of the chiral peitU:rbati~ri theory [6, '7] which gives a0 and· 
a2 ,within 5%, [7] ·: a0 == (0.20,± 0.0l)m;1, a2 = (-:0.042.± 0.002)m;1. foserting th~se 
values in (2) T1'.rria:y be calculated: T1 ~ (3.7 ± 0.3) -rn-15 s. As pointed out in [8]_the 

.measurement.of i1 would be a crucial test of the chiral perturbation·theory . 
• ' . , In the present paper the 'first' expe~imental estimation of the A2,,. lifetime b~edon 

.the:m'easurement ofthe number ofbroken up (ioniz~d) atoms [2] is given. . . , . · · 

Th~ experiment [1] wa:S carried.out atthe 70 GeVproton syncli;ot~on at Serpiikhov. 
Piohic atoms and ,r+,r- pairs' (''.free" p'airs) were 'produced in a'8µni thick tantalu~ 
targetin~erted into the internal proton ;beam .. The atoms can either annihilate into 

-~01r0 ,pairs or breakup ink) 1r+i::- pairs (''atomic''~pairs) inside'the same target;' The 
~free" and "atomic" pairs get into the. 40 m long vacuum channel (the' acceptance is · 
3:8 :·10.:.5 sr) at 8.4° to the p~oton b~am: The ,channel is'.conneded tothe'accelera- ' 

. 'tor vacuum pipe without any partition and is shielded ;agaii:i'rlt the accelerator· and. the 
EaHh magnetic fields·. Pairs of'1r+i- were det~cted iU: the 0:8 + 2.4 GeV / c pion mo-, 
.men!uin interval by drift chambers arid sci~tillation counte:rs:_.Cherenk6v'gas ~~Iiters · 



-

i 
I 

a~d µ~ident;fi~ator; ·w~re usedJ~/rejec~io: ofdectrons and miions, r~spe~tiv;I/The 
experimental setup has a resolutio~ on the rel~tive momentum in ~.m.s. ofa pair··of 
aboutlMeV/c.. · · · · · · · · 

Pions,in "atomic" p~irs
0

have sma!Lrelative momenta Q. < 3 MeV /c. This signature 
allows to identify "atomic" pairs in the range of i-elative momenta Q < 2 MeV /c ~ver 
the backgr~undof "free" pairs [l, 2]. . .. • . .. . . ... . 

·-... The distribution.of pioni~ pairs w'as fitted for Q ~ 3 MeV /c (where. "atomi~" pairs 
' ' are absent) by an approximating distribution based on the accidental ,r+,r~ .pair distd

btition. The number of "atomic'' pairs w~ then determined as the difference between 
the_total immber of ,r+i~ ·pairsin the interval Q ;S 2 MeV /c and the coriespon'ding· 
number of !'free" pairs, obtained for the same interval by an extrap~lation of the curve 
fitted to the data in the region Q ;c; 3 MeV/~ [!]. ;.. ' _" . , . .. ·· 

' 'The following number of p~irs in exces~ interpreted. as' "atomic"' pairs was obtained: ' 
nA = 272 ± 49: This value_ is 71% [l] of the whole n~mb~fof broken ato~s. The 
number of "fi-ee" ?i-+:;r~ pairs from short-lived so~rces f6rQ <. 2 MeV /c was obtained 
from fitting also: Ne ~ 983 ± 54; .· ' . . _ . _.. . .. . . . , . 

, . Equatioidl) allow~ to' calculat~ the to{al ri~mb~~ NA of produced A2; 'froni. Ne: 
·After a-numerical iritegr~tiori of(l) and of the pion pair dist1:_ibution inthe interval 
·Q < 2 MeV/c, t~kin:g int~ account multiplescattering in the'target and the resolution 
of the detector, we have NA= 0.97Ne. The spectrum of A2,,. was _obtiined using (1): 
Th°hs the prnbability ofA2;;. breakup iri the tantalii~ target of the 8 µm thickness was 
found_tobe· '_, _._,. _·' ·.·· ..... ·· · · .•·. ~ 

Ar ;;_ 0.40 ± o.09. . . _ · (3) 
,,._,/': .·. -. . :·- ··,··_, .,,. ,.·' I'. ~,.~,. - ,' • . :'- • ·._ .- :· -·, ~<" .. :., , 

, , The measure_d value of A~ depends on the A2;,. lifetime,and on the.interaction with. 
target atoms leading to the A 2,,. breakup. 'These processes can. be ~alculated with 

. enough accuracy.to obtain Ar as a run:ction of.the lifetime and therefore to estimate .•' 
.Ti using the measured.value ~fAr- . . . . .· ·, ·. . ' . ,, ' . . ' ' . . 

,', 

3. · Inter~~tion cros~_section' or'.A.2;~-with.ta~get' a.toms. 
, After p;oductio:iri ha

0

dr~n-

0

nu~ieus i~ter~cti~n: A2; is :~~iiii in rnj~;ial of the t~rg~t ·: 
. and interacts ;d~minantly, via elect~cimagnetic field, withtarget atom~ ( Coulomb inter

. actiori). Cross sectioi:is of these processes deperig on charge as Z 2 so that the interaction 

. of A2,,. with"atom electrons is Z times.smaller than with the n~cleus; Fo; tantalum . 
the internction with_ ~t~m electrons ( so called incoh~rent scattering). increases the cross. 
section by about 1.5% only [10]: As shown in [n; 12] one has also to take into account , 
the interaction of A2,,.-with magnetic fields that arise due to Lorentz transformation. 

__ Fo~ e~ampl~, for the inter.action of rel~tivistic A2,,. ·with Pb th~ total ~ro~s section of 
the magnetic interaction is 0.4% of the electric one. , . , . .. . _-- • 

For the desc~iption. of the· Coufombinteraction 0LA2,,. whh, at~Ills we 'used th~;.~ 
first Born appr~ximation ,(s~e for- example (13]);~hi,ch c:onsid~;s 6n!y single photon· 
exchange. Another method; the so'.called Coulomb-modified Glauber approximation, 

. .i;llows to, taj<e i~to account' aU rri~iti phot~n exchanges_ [ 14]. The iccur~cy ,of this· method 
.. ·. is estimated to,go_ as. (ztl3o)2 ,and ,'tor.Ta it is b'etterth~ri 0.2%: It has been sho~n 
· .. [14] that all the estimated cross section~ ~t this approach'a~e _smaller thari the.ones 

, • • • , - c< •• • - , > ._ \ ,' l • • •• • • '• '\ • • ' ' • • ; < -> • ;- ~ ,;._ • ~ 0 • • • 
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corresponding to the Bo~n approximation. Foi the totai cross section of A2,,. in 1S state ..... 
,with _Ta this difference does not ,exc~ed 7%. , '. . . : . . . . . 

l In the first Born approximation 'the transition and total cross sections of atom-atom 
interactions· are expressed via atom form factors: ., · · 
I . - , .. - . . . , - . , 

/ . u{ = 4:;r(~~)21u~ F1q)r l;/(q/2)12 :~2 (4) 

' J 

0
00 ,, ·. '. ·, 2 ' : : ·.' : 

utot = 8:;r (Zo)2 f. (_1•- Fi(q. )) . ·_(1 _-. P.;(-q))jdq2 ~ '(5) 
1 

• f32 z , , .. , · I• , , q4 , 
' 0 ' - . " , ' ' 

Here ,B is the vel~city of. A2,,. (Ii =, C ~ 1 ), i arid f denote the initial' and final discrete 
states ofA2,,., F/ ( q) is the transition form factor of A2 ,,.; Fi( q) is the atomidorm factor 

, :·of the t~rget atom; q is tran~fer momentum. , . . · · • ·· ... 

r 

· ForA2;; form factors P/(q) we employed exact analytic expressions (see [15]). ,For 
_target atom form factors F1(q)'we used the Moliere parametrization 9fthe.Thomas--

. · Fermi potential [16] (T.F.M.). Amore accu~ate representation offt(q) can b~ .achieved. 
with the us~ of, the self~c:o.nsistent field inethod of Hartree-Fock [17,)8]. Cakulatjons 
performed for intera~tion of A2,,. with various materials using these two methods [10] ... 
sho_w that the uncertainty oi1 the cross sections ch!culated with_the T.F},L p~rametriza- · · 
tion is about 1 % for the A2~ ground state and slightly: more for exited states. -· · . 

· Thus we calculated the transition and total cross sections for A2,,. interaction with 
target atoms to an ·uricertainty.not greater.than 7%. Usiilg the m~re accuratr methods 

. ~eritioned above.Iriay allow to calculate cross sections within accuracy better-_than' 
0.5%. , . . ·, • ....- .. f • • . : • ,' 

1 

,, •. 

:,...<j;·.I\· • ~ ' ,.,~ I 

Table 1: Total .. cross sections (u:,1) of A2,;. nS _st~te i~1te'raction with Ta are shov.:n for . 
. different principal quantum _riiimber _n. The ratio \r:: u!s/ u~<g gives" a probability. of 
· <' , ' • ·.. , · · ' · •, . , . ·~- · -n2:Sl0 · . · · ;,. · ·.· . · ·• ... . , •. 
transfer from nS state to any another discrete state f with the principal quantum 
number n2 ::; io. The ratio ·1: 'u!;Ju~<g gives a probability of transfer to any 

. __ ·, · ~ : ' ·; _ n:5'n2'.5l_O ., .~ ~ •, ,,_. : : --·, . , / _ ' ~- - - · · 
discrete state f with the principal quantum number n 2 obeying n ::; n 2 ::; 10 that"is 
the probabi!ity, of excitatfon. .. . . . . . ·, ' . . . . 

nt !I~°i, cm2 I: dc.!s/cr~'!J I: a!5 /u~'!J 
n2'.5l0 n:Sn2:Sl0 

1 3.468,• 10- . :0.619 0.619 
2 3.128. 10719 " 

0.887 0.887 
,3 1.038. 10-18 0.940 ,, 0.935 

I 4 '2.240. 10-18 ' 0.957 '0.946 
5, 3:s12 -.10-18 0.960 0.944 
6 5.597 . 10-:-18 0.958 0.937 f"-..,. 

·...;,_; . 17 7.448. 10-18 . 0.952 0.926 

In the Tab!~ Lso~~ illustrative values of the irit~racti01i cross sections with.T~ are 
. · given for nS states. · Total cross. secfoms, incre~e· i.vith. increasi~g n and h'encesiie ~f 

<3 . ,• 

·,, 
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- -. , . . . . -~ ' , .. 
the excited atoms. By interactions the_ exited A2,. mainly transfer to some other exited 
states and predominantly ·to states with greater quantum numbers: The probabjlity-o( 
excitation also increases with increasing n. So to obtain the probability ofA2,. breakup · 
in.the ·target we ·need"to take into account ari evolutioffof the_atom·state population 
during A2,. passing through the target: ·- - · · 

' .. ./ 

.,. 

N"• j 4 Descriptio0: ·or A2i .passing -through ·a target. 
. . . . . , . . - ' ~ ' __,_ .... ' ·h 

Let us consider a:scheme of calculationof the probability: of,r't,r:.. pair yield from , 
the A2" breakup inside a.target~(in tlie following it_will be called::probabilityof:,'b, · 
breakup)., Using the calculated transition (excitation and deexcitation) and the tot.al _ 
cross sections we can ,describe the evolutioi'i of the' atom state populations when passing 
thro~gh the target, taking also into account the A~" annihilation; F9r the calculation 
ofthe_tr-ansition_ cross sections.(4).we use form factors F/(q) of ,1-2" obtairiedjn the _ 
framewith quantization axis' along the afom momentum: This axis is con.served for all., -
subsequent collisions ~.s.the atom momentum is rriuch greater than the transfered one. 

''i'his allClWS us to describe the evolution ofthe atom state population ina simple way. 
F~~'this g~al:we used:a set ~f differential kinetic equations: -.. ' -

·d·s· •oo,--·' ~- -_- p,() ,""" --· "( )··• __ ,_ ,. ~=LOiiPi 8 • ___ , 

. s .•• 'i=\: . '_ .. 

Here ]!i(S }'is' the"pr9bability of A21r fob:- in.tlie state ( afte_r travelling a distances in 
the ~atter, a;1 -is the ~at.rix of __ inverse lengt~sof_ the ~ransition frol? t?~ state); t<i.the ~ 
state i. Fofi =f j a;; is written . " _ ·. · _. _ ~ . _ · · 

- .·.·- ujpNo ' · _. 
a;;=~ • (7) 

. Here p and A a.re, the density and ~tomic'weight ofthe target, respe~tively, No is' the 
Avogadroriumb';c;r.··For i = j the~;; de~cribes the totll decrea,;e of the population of 
the state i: .. -_ , 

1 
; _ • :{: - _ • · . _ . , · :: -- -

a __ ;,_,: __ ~_,,-.:_ u.;° pNo ___ . MA-/PAC_/n_'-_-- _ for __ n_, ___ s ~-tates - _ -- _- (S) 
. - A -- -0 _ .. - otherwise . _ .. 

Here the first term is ;elat
0

edto the pop~latio~ de~rease due to i'~teracti~ns with th~ 
target· and_ the second o~e is-~ei",i:ted to annihilation._· (Elastic s(i;.tterinf is forbidden · 
in the first. Born ~pproximation.), \Ye neglect :the decrease of population 'of any other 
~tates due to annihilation and we ,neglect:the decrease of population of all stll.tes due 
to radiation transition as they have much greate{ lifetime for these processes thari the , 

-- time of flight through th~ targef [2]; _ - _ - .·. - . -~, . _ ' _ _ - , 
-The initial condition for· the set of equations (6) is_gi~en by the probability of A 21r 

produc:tion with different quantum numbers (1). The lifetime arid monwntum of A2,;. 

are paramete;s of equatiori" (6): _ _ _ . _ _ -· -·•- _ -·· -. 
We-have solved equation (6) for all stateslwiih n :::;·n,;,a; =:-!•:- The uncertainty 

· ir:i solution of equation (6) cil.used by this limifha:s an influenc!! only for ·states with 
. __ n close to nm~x, as• atoms transfer occur mainly. to states ··with· the nearest. quantum __ 
·number--' _\ - · ___ , __ • .. · · .. - · -· >_'_ .· ,.- ·. 

Thu~ we k~ow ~o;rnlatio:s of aH stat:s ~ith' ~ ~< nma;, as a functiqn of the path s i~ '. 
the target. This functjon takes into accou~t excitation and d~excitatioq byjnte~actions 

. ' ' '. : ... -· ' ,· _. •'. . .' ' 

. i,) 
:_)'-. 

-· ·: 
• l . 

(. 
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< J 
r 
' 

with target atoms and A2" annihilation.' A;"· production is distrib;ted uniformly over 
the target thickness; So we have fo use the average values over" this distribution for all 

_ discussed probabilities:· ·: - .·. · " · -
Frbm calculations cine can conclude that the sum ofpopulation of discrete atomic 

states Pdsc with n ·s 7js kn~wn ~vith predsion much better'than.1% andthe su~med,. 
._ population Pn of atomic states with fixed ·ti has: an asymptotical beha>'ior an-3 +· 
-bn-5 ,+ '. .-. at high n. We calcu1,ated_ tne co~stants- a and b an1 th~s estimat;d the sum 
_of populations of all other at_omic states ftaii.that were riot-included.in-the equation. 
set ("tail" with n > 7). An .uncertainty in. this_ estimation (about 20%) has little 
influence on the final results because of the s~allness of the "tail" (see (10)): Atoms 
annihilate rriainly frorn'1s state '(2) .. The population ofth~ firstfew-states is kno:,vn 
with high accuracy so we evaluate the probability of A2,r annihilation Pa~h' with;the . . )' ,. . 

- -- same accuracy. . _ ___ . _ _, _ __ - :: _ _ _ _ _ 
· ' Thus we have calct1lated the probability ofA2,. stays in a discrete state or annihilates_ 
- while passing through the target: The iemainder is .. the probability of.the A2,. breakup 

Pbr:· __ · .. . ' .,·' . _- _ .. -___ ·- . _-,~-.: 

Ar= 1-_ Pdsc-_ Ptail - Panh, ' •· -- (9) 

:The following:valu~~; of prnbabiliti~s w;re ~btained ~itn ·+1 = 3.T: _io-.1:5 s,: th: a';J-' 
erage inomeriturri" of A2.- in the experiment (p) '= L:13 Gey/ C and _the target thickness 
of 8 µm Ta. · ~- · _,, • · ·; 

: ,.Pdsc = 0.421, Pt<til =0Jl06, .Panh ~ 0;159 _and; A;~ 0.414 ,_ '·: (10). 

·_ To ilhistrat~ the validity' of llmax limit used in these calculafo~s, the val~~. of Ar .. 
obtained witli nmax = 5 differ~ from the above one. obtained with n,,:ax ;, 7 by 0.36%., 

. F;.om an analysis of the "tail" one·can ~ondude.that the·accur~cy:the Ar:Cal~iilatfon 
procedure is estimated not wi>rse ::than 0.5%.: This is, much better thari that' of 'the . 
precision on the cross sections. Thus the· accuracy cifPi;,. is·limited by the precision of 
the ·cross sectioncalculations and is found to be about 7%. . , _ . . , _ , _ -

The appr~a~h discussed in this section_ neglects twoeffeds .. The first one is the • 
· formation time of atom state~: Thi~ time is s~all in comparison with the time between -

subsequent collisions: We therefor~ negle~f this.fcirrriatfon time. .This assumption is ,~, 
··valid for levels with principal qua~tumriumbers ,{:::; 7. S~o°iidly we neglect,p6~si~le 
interf~renceeffects between a,tom states with eq~al n and m and with orbital 4uantum 

. - nu~bers [that differ by ti(~ it This interference is due to Coulomb d~g~neration of 
atom states. , Its influence can n~t b'e signific~t because the interference is permitted 
~~ly for states with ii ~ .3 which hive 'small populations>" These:two 'effects could 
be takeri into acco~nt if one describes -the evolution of atom by quantum:~echanics 

· 1 equations in ter~s ~f density matrix eieme~ts: , _ -- _ _ . -~ , - - -, -
In the Fig. I the :A2-;,. breakup probability averaged ~ver-the spectrum of.a.toms'is 

shown as a function of the lifetime. U~ing this fun~tion and themeasured -value of Ar 
(3) we obtain an e~ti111ation ·of the A2.-:Jifetiine irithe ground state -- . . 

· • ... _ _.·--,\ •::_.: ·: ·'.c.-- -_ +"'t'. ·'..,1s .. ; :_ -

. - .}~·= (2.9-2.1): 10 s 

or the limitation fo; the lifetime ~t 90% confidence level 
-_-, _: · _ '.:· · -·1s 
1"1.> o:6 ~ ~o / .~. 

5-:.{ 



•✓• 
~~., 

' - ~ ' 

... Figur_e 1: Probability of the A2 .. breakup i1;1 _the ta~get'as a function of atom lifeti~e. ~ - - ' ~- - - . ; : ' . . .' . - '. ~ ', ,-

.. .This result agrees with the theoretical ~alu~ of '-r1 = (3. 7± 0.3) · 10~15 s mentione~ 
above. -.-., . ,:· · · .. · ..... · ·. . ·· • :. · -.· d ··< · · · • ,· ' · . · · 
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