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113Mepem,:e CKOpOCTll paCW1'1pemrno6m~.CTH reHepall;HH 

El-95-311 

TC _-Me30HOB 

. . C noMO~blO HOBOro MeTC)Aa o6pa60TKH 3KCriepHMeHTaJihHbIX AaHHhIX np11 . 
. HCCJJeAOBaHHH. HHTepcpepeHll;HOHHbIX. Koppe.11sm,Htt TO~eCTBeHHhIX llaCTHll; 

nony~ctto npSIMOeAoKaJaTeJihCTBO HecTau;110H~pttoCTH o6nacrn reHepau;ttttTC..:.. -
MC30HOB B . u;eHTpaJihHblX Mg-Mg-B3aHMO~ettCTBllSIX . np11 . HMnyJihCe 
Pna6 = 4,4 f3Btc IIa JJYKJIOH. B Bb1pa)KeH11e, annpoKc11Mttpy10~ee.11HTeJ)cpe-

peHu;ttoHHhitt .llHK, B Kal!CCTBC CB060AHOro' napaMeTpa BKJIIOtieHa CKOpOCTb 

llCT04HHKa nap Koppen11poBaHHhIX TC.:.. :.MC30HOB. ::ha ~KOpOCTb pa_cTeT C pocTO~ 

cpeAH,ett 6bJCTpOThl aHCaM6JISI :IIap TC - -Me30HOB, BhI6paHHblX ~JISI llHTCpcpe
peHll;llOHHOro aHamrna. 

. ' . 

Pa6ofa Bh!IlOJIHeHa B Jla6opaTOpHH B~ICOKHX 3Heprlltt 0115111. 

npenp1111T Om,e11m1e1111oro HHCTmyrn "!!11ep11b1x 11ccne11osa11~H. ,[J;y6iia, 1995 · 

Anikina M.Kh. et al. El-:95-311 
A Measurement of the Expansion Velocity 
of Pion Production Volume· ·· 

Using a new ~ethod of d_ata processing in the investigation of interfe;enc_e 

correlations of.identical particles, a dire<,:t proof of nonstatfonarity of t'he n-= 
production volume in central Mg-Mg collisions- at a beam momentum of 

Ptab '= 4.4 Gey ic per nucleon was obtained. i:he velocity of a source of 

correlated TC - meson pairs is introduced as a free parameterin the irit~rference 
peak appmximation formula. This velocity increases with increasing the mean 

rapidity of a sub-ensemble of Ji-- meson pairs which are chosen for the 
interference ·analysis. 

The investigation has been performed at the Laboratory of High Energy, 
JINR. . . . . ' . . C • . • .. 
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-1. INTRODUCTION. It is.known .that identical pions, :emitted . 
· frointheir pioducti~n volu~e Ar;.in size, must be connected by quantum-

. •:mechanical interference ~orrelations, that ar~ signific~nt for particles \Vith ' 
.·· close momenta tl.p;-tl.r; ~ h/2 [1]. Moreover, the co~relationfonction, that 
. · is a distinction between the r~al t;o~particle spectrum and the sp~ctruni 

in which. the interference correlation's are "off" someho~ : · . 

\ . . . - -d4ufd4q . . . 
. C(q) = (d4u/d4q)off" {l) 

contains information both;on the size of the. production volume and the 
·· -tl'u;ation of ~ic:m emls~ion [2, 3]. Here q·=·(q0, q) = p1 ~;2 i; the 4~momentum 

differenc~ for two:pions {?=~ .(1!5,p)).':< :, .. . . r 

. Jf pion~ are independently· emitted from the production. volume· of 
. space-time shape P(r\ where r -~ (t, f') is the "4-poi11t' of .pion e~issidri, ; 

. . ' ..... · . ' . . . ·:· .. I. . , 
then the correlation function is equal to [4; 5]: 1. :. <1 

' ' · • , ··. -·· • . 

. ·' . :c(~) ~f+lfp(r)~;p(iq-r)d4~j2:, .· ._ .··(2) 

IIere the 4~point of emis.siori. isth.e point wh~re the.pion had been produced 
. orsfgnifican.tly rescatte~ed last time' beforeit leftthe,productim1 volume, 
. when it can be considered as i free particle (see revie~ [6]). In our ~~e 

these. points' can· be, ·'e-:'i.,, s~ace~tim~ 'points of d~verse · nucleon~11ticleon .or;; 
pion~nudeon coilisions and re;onance dec~ys. · · · · ·. - : 

,' ,_ '. '., '•_' ,' ', •• • ••• ' ' ',, • •• ', • ,: •, I ,, 

, Our conditions allow us to hope that 1r-:<mesons iri-our experiment: 
are e'mitted independe11tly of one another.··. The m.ean niultiplidty of 7r- · 

mesons. is eq~'af-to ~0.6 ,for inelastic n~cleon-nucleon itit~;action at our 
ene

1

rgy [7] .. Therefore 71'~ ine~oris ill cmr nucleus~11ucleti~)nter~ction .are not . 
. relat,ed genetic~lly i11 an; approximation. ~dri.1

d~pend~11t riud~oll-nucleon:· 
interactions'[7].: . . . , . . . - . . . ·.,. 

, : .: Eq~~lity {2)is corr~ct mil)' in tha'.t case_ i,fthe piori modientum'is not 
correlated with the 4-point of its production [8]. As will be shown later, in·' 

{ "'"'·· , • •• :··. • f • " '. '. : • • ~-' .' ' q , ' •· , 

our experiment this condition is not fulfilled for the total ensemble of i-
, .. . ,. . , ··, '. . '• . ,',' . .. ,, ... ; 

mesons.. ·. · ·• · ··· 

. '.Th~ Gaus~ian distribution was lis~d to approxin1ate the space:time 
sh~pe of. the: produ~tiori' ~~lu~~ or. its i11di~idual' eleme~ts in their res.t 
frames: 

·;· 

fl_f r) = {21r)2~2 Ru~ exp (~212 -2]2 _· 2~~)·: : 
. . .L . . . ~ . II , 

~ t>, ♦ .:. • ... -:- • ...::. ·'."'·1· . 
,.' mll~Js!ittr:: scc:1~1~rt1@z:fl I 

C . .1 '$Cc-.;u,t:, ., .. ~~ K~_ •• ,,.ryr . .. ~-

. . • . liiiSilir!OTEHi~ . ' 

(3) 

·' / 

-.:..., 
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·, - • .1 • • < , • •• • • ' - , • • • • •" • 

. where. Ri and, R 11 are the perpenclicular and paralle,J to the _b_eam root-
mean~square radii of the pion production volume and T- is· th'e root-mean-: . 
square dispersi~~ of their emission: times. Foil~w1~g eq. (2), o~e obtains: . 

; ', ~ , ' . .. ' . . ~ , . . ' . . - . 

. C(qf=·l + e,xp(~q1_R}_.:.·qaRfi ~ q5T2) ;· 
• ~ u,•: • 

(4) 

If the production volume ·mov~s relative· to the observation frame 
. ' . . • . a.:. ·,. : ' . ,;-· , .. ·,·.. :· .'. , 

wi.th. velocity /3 along the reaction axis, tlieri after Lorentz transformations .. 
. · of q; correlation_functiori {4}can be re~ritten: in th~ forin( . 

· .-C(q), 7 1 +exp{-q1_R1 - -y2(qu.:. f3qo) 2Rfi.--Y~(qo ~ f3q 11 )2T2
} ·. • (5) 

where qf ari given in the obseivation frame whileR.L, µII ctn9-T ar~_deter
mined in th~ rest frame.ofproductionvoluirre . .Thevalue of /3, ifunknmvri, 

, can be obtained alont~ith other free par~~~te;; b/ fitti~g ex~erim~nt~l . 
data ll:sing appr_ori~atfon(5f[9]: , •· .. : . ' : , --' • . 

· The parameters of the production volume can be d~term:ined using 
: , . pion~ ch~sen from an; oourid part·ofphase-~pace because.correlationfu~c-__ 
. -~ tion ( 2) only .depends· on the diifer~iice of piori-4~moinenta. ,For. e~ample, · 

· in case. oft;_,o. flying, ~way fireba:11~ which have ·.~tr~ngiy overlapping .pion 
. spectra, one can ~eas.ure the siz~ of.either u;ing pi~ns ch~sen from a dis'

tan(noi{overlapping ~;rt of its rapidity spectrum ifo~e kriows th; v~locity 
·, , /3 of thisfir~b~ll [4]. This velodty canbe'also ~bt~i_ned ai a.lee P~:ameter 

approximating·. the· expe~imental_, data for this 'kinematic inte1;val ·. of pions 
b~ _f11~c.tioJ! (5) [10]. , ,· · ·· · 

'··2. EXPERIMENTAL DATA AND THEIRFITTING.'.Tb.e,~xperi: 
ttieital.film:materialt~s.'obtai~ed"On i 4i-:i"GeV/c .24Mg beiin1offae·,· 

~ubria sy~chr~pha_s~troh ~~i~g a. 4~sp~ctr6niet~r SKM-:209 ;/. 9IBS'.iri
cluding a. two~meter stre_amer. chamb~r:placed in ·a'. mag~etic field of 0.9 

T [H j'. A, 1 .2. gl<:-~2 Ml/ t~~get ~a~ pl~cedjnside' t~e ch~mb'ersensitiv~ .. 
vo'lume. :The stream~~~.ha:rriber ,was o~ly' triggerediti ca:seof ."ceri.t~al;' [11] 
M gM g i11ter~ctions,. Le .. if. stripping n~utr~ns,. pr~ton~ ari'.d 'oth~r bea~ 
,nuclear fr;gments do not hit 'a forward cone of ~2A0 

( ,.:,4 ms~) ~hich corr~
spon~s tg a stripping nudeon transverse momentum of ,,:180 MeV /c. Th.e 
~ntistripping c~~11ters ..-w'ere placed . at a distance of 6. m d~wristream the . 
target beyound 2 :rri ~f the 0.9 T mag~etic field, <hrid·· SO particles, that were 
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softer than stripping ones, scarcely hit them: These centr~l interactions . 
accounted for ~4:10-4 ~fall ineiastic MgMg interactions [12] ... 

We used in the analysis 420 000 'of the. 1r_:-· pairs (100 000 pions fron_i 
13 000 events). The accuracy in me~uring pion momenta ·;as about' 1 % . 

a11d angles 5 mrad .. Approxim~tely 10%. of 7(- wer~ lost, :rriainly due. to 
abso;ption in'the targ~t and bad ~easurability of vertical tracks: . These· 
losses are localiz~d around ~target rapidity value of

1
~1:1 in the MgMg:rest 

frame, res~lting i~ a shift of mean rapidity of detected 1r- by +O.l :relative 
J~ the MgMg c.m.~. '. .. · ·. · 

· The_ pion emission, independence of one another allows us to. obtain 
the ,denominator of cOrrelatioh. function . (1) ~ i.e: · /the 1- two~particle spec

trufu:~itli "off':. cofrelatioris. Then·it coincides with' the' mixed two~pa;tide' 
,, ., , . - • . .• , I -. . -· • \,; ·.+, 

spectrum of ir- pai1's where each 1r- is randomly chosen from different 

_events.,(buf with the same 7r-:: m~ltip!icity} [3]. In OU~: tase a correction 
, of n1ix,ed~spectrurri distortion 'due to. tw~-particle int~rference 'correlations 

•~• ' . • I . ' ' ' • ·• 

(see [13]) is ~egligible b~cause ·only 2% fi:;- pairs fallwithin_the intei:feren<:-e i 

peak region. We have. chosen the number of mixed p~ii·s 20 times larger 

than that of real pairs·(much ~maller thln.the nu~1ber of all ~os~ible'c~m~ : . 
biriatio~s) ~nf theri rio1·~alized. ·· ·· .· . · · ' · · . '· · · · 

1 

/ 

'. ' The, irid~penden<:e' of;- ~~sons all my( orie ~lsonot. to introduce an 
: .. - extra free parameter ,\ often used in front of the ipterfererice term in (2). 
. ff this yaram~t~; was used in our analysis~ it was found t_o be. ;_:1ose to. L 

The ~ethod of maxim1{m likelihood was. used.to ~btain. the param- · 

~ters of pion source,. ii½e il\ [13( 3':dimensfon his.togra~s of ~.L, 'iu,'and qo' 
wern individually plotted for the iimpber of real and ~ixed pion pajrs with 
10 MeV/c (MeV) bins inside.~n interval of ~200+200 MeY./c (MeV). The 

• ' -_ . • , • - ' "< ~ •. - • ' • ' ., f • , 

-· contents of each non~cmpty bin of the histogram of mixed pairs was multia 
, , ·.. . . . .. · . ' • . . . . I . , .._,_,, , • 

\ pHed by C( q) for a given setof p_arameters R1' Rn'' '.I'2 
( as ,vell'as ,\ or /3} ' 

Assuming this value as a Poisson. distribution mean value, theprobability 
--' . . , . . . - . 

of the 'numbe1' of pairs contained in the s·ame bin of the real pail: histogram ~-
.. ·was calcuiated. Theproduct of probabilitie~ for all bin~ was ina;imized rel-

.. alive t~ these pa:ramet~rs by tl~e FUMILI program .. C~ritral bin~ of-10+10 
M~ V /c {McV) were :Cwt used because-~£ possible meas1.1remenf. errors du.e. ·. 

,, !~ tracks i~ter~h.ang~. x2 ;a~ calculat~d by the saine-1U:eth~d as x"j;~I L in .. 
~quation'. (10) in [13J. · · · ' · ·· 

3 

~ 
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7:J;:BESULTS FOR THE TOTAL ENSEMBLE OF. 7r.-. The results -
• of fittingmir datafor the- total ensemble .~f pions under different ~onditions 
- are presented i~ T~ble 1. · It should be noted that the sigri of the parameter 

· : T 2 was obtained ·to be negati~e ( opposit~ :to the- signs of Rf and Rn), 
that eliminates the possibility to interpret this parameter as the square of i 

~imi;sio~ tiine for the_ totai 1r= sample. Th.en expressions (3)~(5) also l~~~ 
- their original physical meaning. -~--- ' . ' 

_;__, :'"'"-' 

"Table l 

The results of fitting for the total ensemble of 7r.:.. mesons. 1 ·- app~oximation 

;i_th expres_sio_n (4}; 2 - th<; sa~e b~t the extrnfree paz:~meter).. before the 
· exponent is added; 3 - the iame'as 1 but Gainov'scorrection.is added; 4,- -

a~proxi~atio_n .with .expressiqn -(5}; 5 ;- approxirrwtion with ·expression '(6). ,. 
, -- ,.,:·,,.; - . -'", -·-

R1-· (fm) 
:1 3.4 ±0.1 
2 3.t±0.2 
3 3.0±0,1 

R (frn) 
3.5 ±0.2 
3.2±0.2 
3.1 ±0.1 
3.6±0.2 

'✓-=IT (fm/c)I'" • Conditions_.' · 
2:1±0.5 •. approximation (4) 
2;1 ±0.f>· . _ : .\ =_0.:8 =!= 0.1 
2.1 ± 0.5 - Gamov's correction 

fJ ,:; _:_0.04 ± 0.09 _ -

x 2/NDF 
: Ll9 

. In rither. micleus~niideus e~pe~iment~. -(under. different _conditions) in 

various cases the parameter T 2 was foundJ; be positive', e~ual to 0, it was 
riot includ~d in ap

0

pr~xiinati~n, its val~es:wer~ re~trided by -positive on{ 
a:t"fitting (see'[13~19]a:nd ~efer~11ces there): -_ _ - ., . . _ _.- • 

,"" '• ... ! .· . ' . • . • ' . . ,· • • . . . - - ' .· \ 

__ O~r result_: ~Rj__ :::::,Rfi :::::_ ~T2; i~fou~d-to; be aose to a ·one-parameter ___ · 
-_ relath:istic invariant _approximation o}ten used to 'describe elementitry lei}'. . 

ton and hadron inte~action~: . -

C(q) =J +exp(-Rr~v9~) = 1 + exp [.::Rtnv(ql+q1T-,- qff)], 

where "the in~~ri~~t variable Q depe~ds onl; on tlie ~~ecth'~ ~a~s ~fa pai;: 

Q2 2 • 2 2 --. 'M2 ·. · ·4 2 • Th . . . h. · -·a1 -. -- , · . f-.th- - t- -. = qi_T qll _:- qo =, , ,"" -- m.-: e .p ys1c_ me~nmg ? . e parame ~r. 
Rinv ·is, ~su~lly" the :spatial size of the. production volume observed in the -

- - : ' ' ' . : ' - :- , - ~ ' ~ - - . ' , ; - . ., ., - - . 

- c.m.s. of each pair· averaged over the pairs and directions. In this frame 
q~ ~ 0, and ezriissio~ time is ouffro~ the-arialysi~: .- · 

' ., - .« ' ' - . - ' . ' 
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i RESULTS FOR RAPIDITY INTERVALS. The Fig.I pre~ent~ the· . 
_ sizes·. ~ri.d th~ emission times of pion sour~es in -th~ir rest frames, as well· 
as' their ~apidities in the mean rapidity'frallle of-all detect'ed 7r- (Yso~r~~ = 

· ½ ln[(l+ /J)/(1 -_ ,B)J). Sources' p_arameters were obtained by fitting our 
dat.a1usirig ~pproximiition (5) for different inte~ls of p~,ir mean r~pidi'ty -
<y,.;>= (y,,.

1 
+y,,.2)/2 where y,,.'= ½ ln[{E-+P1j)/(E~:P11)]. ✓- - _ •• - --

. Th~ rapidity of the source -did iwt have to depend ?n thf interval_ of 
-pair mean_rapidity ~;d had to be equal to O in the' MgMg ;est fr~e if 
. the,-1r- moment~m, ~ere-· iridepende~t of its emissiofi poi~t.1 One_ can see 

it is riot' the case. Our production ~ohi~e·consists of different "element~" . _/ 
'm~ving relatiJ to each . oth~r·, ~nd emitting_· pions in different parts. of the. -

rapi!1i~y sp;ctr'!-m. Thus, equation (2) is not 'correct-for.the total sample_ 

0[1r_:- in.our experiment: _· •-- --• __ ·. -__ . __ -_ . 
. . ' Ced~inly, the noti~n: ''element" is conventional here and 'means mere:. 

< ly a' p~rt of the production ~ohimeinside which the difference ofmom:entum 
... ~pectra at its \'ariou:~ poi~ts -is substantiallilri;er _ thrri over .the ·whole vol

.'; uu'ie. Each, eieme~t ofth·; ~r~ductiim vol~me may nrit .be quite"statioriary 
ah;o. 'Howe~er, expression (2) ·must be "inore'cor~~c_!_" for an;individual 

.. - el;ment than· for-the 'whole production volhnie. One ban·see that here the . 
- '··· .... ·.' \ '.,:_· . ' , .. · . "-I - "- ... '.' '-·. -.. .' _, . '\; . - .. · . /' . ,,. ' 

emission time becomes real {T2 >,0), i~ coritradis~in'ction' to. the result for -
the total ensembfo of 1r-:~ - . , , - - -

,, ·-/ :. ---... 
'Table 2.- ·. 

' --✓ '; ' 

-· The parameters of_ the elements, of the -production· v;;iurile. ·cotresponding . 

' 'to· different int~rvals ~f the 'me~n -rapidity of ,/1r-;- pair for ce~tr;;i,M gMg 
-int~iactions a(4.4-A GeV/c~. - ' - · -'. . . . ' . 

.Interval --1.5+-l.0 -l.0+-0.5 - -0.5+0.0 0.0+0.5 0.5+1.0 -1.0+l.5 
Np.;,· -- .. -. 13 945 _ . 58948. 13,'. 656 136 925 59 465 _- 11 502 . 
<y,,>·- . -1.22 -0.69 -·-0:23 . · 0.23 '0.69 . _1.19 ,· 

: Y.ource cl.16±0.43 -0.83±0.20 -0.35±0.14 0.03±0.13 0.75±0.20 0.68±0.25 
Rl. (fm) ,2.7±0.9 2.3±0.3 : 3.0±0.2- 2.9±0.4 3.3±0.5 2.0±0.3 
. R11 (fm) ·.5.5±2.0, 5.5±0.8 - 4.1±0.3 3.6±0.7_., 3.4±oj; _4.2±1.0 
T (fm/c)- ·2.2±4.6: •,3.5±L4- . 2,1±1.3' 2.2±1.l 4.4±1.9 _ 4.1±1.7 

. x2 /NDF_ 0.59 . 0.99 . - - ,1.13 1.16 \ :, 1:08 : --· - 0.80 . 

R;nv (fm) .' 3._8±0.9 . 3.3±0.3 1.,3.8±0.5' 3.6±0.6 -4.3±0.~: _ 3.8±0.5 
x2 /NDF _- 1:89 ' - 1.42 ; __ 0.89 1.76 . (1.11 0.99· 

.. -<R;nv >= 3.78±0.17 .· . --
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The mean rapidity of the'diffe;ent sub-ensembles of analy~ed 7r- pairs . 
< y~ > 'almost coincides with their source rcipidity. This can help t~_ expla,iO: 

the i-esult for t~e t~otal spectrum - the negative sign of thf: parameter T 2• 

.We have obtained that each pion pair from the reference frame close to its • 

c:m.s'. (q0-::::: 0). "sees"conly its element of th_e.producti~n volume almost 
resting in this frame (,8 ~ 0). Thus(in our c~e, approximations (5) a~d 
(6),pr~ctically c6incide for·e~ch given ele~ei:it in the co~esponding frame 

(if, in 31-ddition, Rn::::: R1.), But ?'pproximation (6) does not depend on the 
. . ' . ' ·,' . . / . ' ~·· 

reference_fr:ame in contradistinction-to approximation (5); Therefore, the. 
use of ~pproximation (6) for the.t_otal 1r-~e~sem!Jle (see Ta,ble 1) must be 

. equivalent_ to averaging' ov~rthe_ results for different ~lements' { see Table• .. 

. 2). 
Thus, in !)Ur case.the physical meaning, ofthe paramete'rR;~: in (6) 

, for the totalensemble of 1r-:-: is the averaged ;spatiafsize of different elements 
of_ the_ p~oduction volume moving;Telative_ to e~ch o!her and observed in 

· the systems_ close. to 'the rest. frame~ .of each Qfthe elem~~ts .... •. . . 
. Using the new meth6d; it-would be inte;esting tocheck e~perimen

. . ,tally whethe/ the effect ,6[ equai-velo~ities of the emitted pair and its source 
. ':is ~id in~tlier\nicleus-nucleus and eierilenta:r/intera~tions· .. It would help;' 

t~ under~ta~d.the ~~ysica\ meaning of used ~pproxilli~tio~s a~d'obt~ined / 
' ,'. _, . , ., , .' ·, ;· ' . - . . . , 

parameters'.. . 
i' 
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.Ysource =<·Y1r-:-1r->· b),c),d): Root-mean~squaredispcrsion of1r- enHssion 
times and root-meaI;7squarc z:.adii ofllie procJucti~n ·vol11~e elements_ in. 
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