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KOPPEJIALIMOHHBIE B3AUMOJENCTBUSI KBAHTOBBIX YACTHI]
CORRELATION INTERACTIONS OF QUANTUM PARTICLES

Koppenayuss  uucna uacmuy 6 pagHOGECHOM MENJIOBOM  COCMOSHUU
K8AHMOB020 243A BbI36AHA 63AUMHBIM (UHMEPPEPEHYUOHHBIM OMMATKUBAHUEM» U
AHMUESPYNAUPOBKOL Y (PePMUOHO8 U «UHMEPPEPEHYUOHHBIM RPUMSANCCHUEM) U
epYnnupogKoll y 6030HO8.

Correlation of particles number in an equilibrium thermal state of quantum
gas is caused mutual «interference repulsion» and antibunching at fermions and
«interference attraction» and bunching at bosons.

Knroueevie  cnosa:  oucnepcus, — Koppensiyus, — UHmMeppepeHyuoHHoe
e3aumooeticmsue, O030H, PePMUOH.
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1. Correlation of particles number
System of n particles in one state we divide mentally on two subsystems
i=12

n=mn+n,, nN=n-+n,.

Using a deviation from average An, =n, —n,, we find a dispersion of particles

- 2
number in a subsystem D, =(An,)* =n’ —n, and in all system

DE(n—ﬁ)zz[(nl—ﬁl)—{-(nz _ﬁz)]2:D1+Dz+Ca (1)
where correlations between fluctuations of particles number in subsystems i and j

C,=AnAn, =nn,—nn,,

¢,=C,, C,=D,, D=3)C,,

2
ii i i
i,j=1

C=C,+GC,=2C,. ()
The dispersion of particles number (1) for system with overlapping particles wave

functions sums of dispersions of subsystems and correlations between them. At
mental division of system on N parts it is received

N N N N
D:ZC(/:;D:""C’ C=2¢=23¢. A3)

i,j=1 i,j=1 i,j=1

i#] i<j

191



2. Fermions
System of fermions in an equilibrium thermal state it is divided mentally on
two parts n=n, +n,. Using dispersion D, =n (1-n), we find
Dy =(n +ny)(1=n —my) =Dy + D, =2 7, .
Comparison with (1) and (2) gives (Cy),, =—nmn, <0. For N>2 at i#j itis
similarly received

(Ce)y =mn; —mn,=-nn, <0, nmn,=0.
In equilibrium gas of fermions the fluctuation of particles number in different parts
of state are anticorrelated. The result is caused by the Pauli exclusion principle and
means repulsion of fermions in identical states.
3. Coherent radiation

Radiation of one mode laser is coherent and a field is a sinusoidal wave. The
probability of detection in one state n photons, as well as particles of classical gas,
is described by Puasson distribution for independent particles with dispersion
D,, =n. At mental division of particles on N parts n=n,+n, +..+n, it is
received

Dy =n+n,+..+n, =D +D,+..+D,.

Comparison with (3) shows absence of correlation

(Cw)y=nmn;,—mn, =0, mn,=nn,,
where i # j. Hence, in coherent radiation and in classical gas there is no bunching

or antibunching of particles.
4. Bosons

For bosons it isused D, =7" +7 , thenat N =2
Dy = (i +1,) +it,+it, =D, + Dy +2 71, 7, .
Comparison with (1) and (2), gives (Cy), =mn,>0. For N>2 at i#j itis
similarly received
(Co)y =mn; —mn; =mn; >0,  mn; =2nn,.
Hence, in equilibrium gas of bosons the fluctuation of particles number in different
parts of a state are correlated proportionally doubled product of average values of
these numbers. The result is inverse to action of the Pauli exclusion principle and
means mutual «interference attraction» of bosons, that bosons move groups in
equilibrium gas. Experiment of R. Henberi Brown and R.Tviss [1] has shown that
in thermal radiation the pairs of photons, divided by a smaller time interval, are
registered more often, than pairs with the big interval. The photon bunching of
thermal radiation leads to that a state of photon gas is the wave with a coherence
length ~ /2.
5. Attractive and repulsive forces

The power nature of «interference interactions» proves to be true comparison

internal energy of quantum systems and classical gas. For three-dimensional
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quantum gas with N particles at temperature 7 with chemical potential p the
internal energy

2/5

Uy(T) = %kTN[l + 28 e“WJ.

At gas of fermions with =1 internal energy is more than at classical gas with
8=0, and at gas of bosons with & =—1 internal energy is less than at classical
gas, because of mutual «interference interactions» of quantum particles.

At a volume variation of gas of bosons at temperature below a threshold
of condensation 7 <7, with weight of a particle m and number of spin states N

) 5/3 5/2
@: _(d_Uj =630 h_m(ﬂj (lj <0,
S av )y mNg”\ V T,

For gas of fermions with number of particles N at temperature 7 — 0 it is carried

out
@__(d_v ! ﬁ(ﬁ T o
S dv ).y 20,6 m\V '

At isothermal increase of volume the internal energy increases if between particles
of system there is attractive force f; <O0; internal energy decreases if there is

it is received

repulsive force f, . >0. For electronic gas with N/V ~10% m” it is received
fi /S ~10°N/m>. For gas of atoms ‘He at T=T,, N/V ~10"m" it is found
£/ S~10" N/m”,
6. Bunching and antibunching effects

Results correspond with experiment [2]. Boson atoms *He and fermion atoms
*He at temperature ~ 107 K extended in the form of a cloudlet from magnetic traps
and were registered by detectors, placed from each other on distance Az along a
movement direction. It was measured the correlation function g'* (Az), that is, the

probability of joint detection at two points separated by Az, divided by the product
of the single detection probabilities at each point. In the absence of correlation
arrival of particles is accidental and from the theorem of product of independent

events probabilities is received g (Az)=1. The correlation functions gi) (Az)

shown in Figure. The bosons show a bunching effect, and the fermions show
antibunching at distances between particles smaller 1 mm. Results are described by
function

g (Az) =141 PR
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At gas temperature 7 =0,5uK parameter of contrast m~(0,03-0,08),

correlation lengths /[, =0,56 MM, [, =0,75mM. Parameters n and / increase at
temperature fall.
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Figure. Correlation functions for bosons ‘He

and fermions > He
Koppensiws yucia 4acTiil B pPaBHOBECHOM TEIIOBOM COCTOSIHHHM KBAaHTOBOT'O
ra3a BbI3BaHA B3aWUMHBIM  «UHTCP()EPECHIIMOHHBIM  OTTAJIKHBAHHUEM» U

AHTUTPYIIUPOBKOH y (EPMHOHOB M «HHTEPHEPCHIMOHHBIM MPUTSHKCHUEM» U
TPYNITUPOBKOH Y 0030HOB.

Koppensinus yucaa yactun. CUCTEMY U3 1 YACTHUI], HAXOASAIIUXCSA B OJHOM
COCTOSIHUHM, MBICIIEHHO pa3JieNnsieM Ha JBe HOACUCTEeMSBI | = |, 2

n=m+ny, n=n+ny.

HCHOJ'H>3YH OTKJIOHCHUEC OT CPEAHETO A}’ll = }’ll - ﬁi’ HaxoJauM JUCIICPCUIO YHCia

— = )
YaCTHI] B MOJICUCTEME Di = (Anl-)2 = ”12 —n; , ¥ BO BCCH cHCTEME

D=(n-n)? =[(n—m)+(ny—y))> =D+ Dy +C., (1)
TJIe KOPPENSAIUU MEXKAY (PIYKTyallusIMU YHCIIA YACTHUIL B ITOJICHCTEMAX [ U j

Cl] EAI’ZZ'AI’ZJ' =ninj—ﬁl-ﬁja

2
i, j=1
194



C=C12 +C21=2C12' (2)
I[I/ICHepCI/IH qyucijia 4acTul (1) JJIL CUCTEMbBI C MEPECKPBIBAIONIUMMUCA BOJIHOBBIMHA
(YHKIUSAMU YaCTHIl CKJIAQJbIBACTCS W3 JHUCICPCUM IMOJCHCTEM W KOPPEISIUA
MCKIY HUMU. HpI/I MBICJICHHOM DPa3JICJICHUN CUCTEMbI Ha N‘IaCTeﬁ nojydyacm

N N N N 3)
D=3} Cp=3D+C" =5 Ci=23 C;’
i,j=1 i=1 i,j=1 i, j=1
i#] i<j

Cucremy (EepMHOHOB B COCTOSHHH TEIDIOBOTO PABHOBECHS pa3eiisieM
MBICIICHHO HA JBE YacTd p =y +ny. Ucnonw3ys nucnepcuto DF = ﬁ(] - ﬁ),

HaXOIUM
Dy = (m +my)(1 =7 —np) =Dy + Dy =2y -

Cpasuenne ¢ (1) n (2) maer (Cp)p=-mnp, <0. lmt N>2 npu i+ j

AHAJIOTUYHO MOTYyYaeM

(CF)UEnln]_}/_ll’_l]:_ﬁlﬁ]<0’ l’linj:()'

CrnenoBaTensHO, 8 PA6HOBECHOM (DEPMUOHHOM 2a3e IyKmyayuu wucia 4acmuy
6 PAa3HBIX UACMAX COCMOAHUA AHMUKOPPEAUpoeanHsvl. Pe3ynbraT BBI3BAaH
npuHOUIOM 3anpera [laynu v o3Ha4YaeT g3aumnoe «OmmanKueanuey hepmuonos
6 MOMHCOECHBEHHBIX COCMOAHUAX.

Wznyuenne oOmHOMOJOBOrO Jiazepa KOI€PEHTHOe, Tmoie OJNHM3KO K
CHHYCOMJAJIbHOW BOJIHE. BeposiTHOCTH OOHapyXeHust B OJHOM COCTOSIHUHM 7
(OTOHOB, KaK W 4YaCTHIl KJIACCHYECKOI0 Ta3a, OIUCHIBAETCS pacIpelelieHneM
Ilyaccona s He3aBUCHMBIX 4acTHL ¢ aucneperedt Dyy =7 . [lpu mbicieHHOM

paszaeneHuu yactuil Ha N yacted 3 = Ny + 7y + ...+ njy ToIydaeM
DM 2171 +ﬁ2 +"'+ﬁN =D1 +D2 +"‘+DN'
Cpasaenue c (3) Moka3bIBaeT OTCYTCTBUE KOPPEIISILAN

(CM)U El’lil’lj—f_liﬁj =0, ninj :l’_ll'f_ljz

rae # j. CleloBaTenbHO, 6 KO2EPeHmMHOM U3YUEHUU U 6 KLACCUYECKOM 2a3e
He nPoUCXo0um pyRRUPOSKU Wil AHMUZPYRRPOSKU YaACUY,.

J71s1 6030HOB UCTIONB3YyEM Dg = ;72 +n,Tornanpu N =2

DBZ(ﬁl-i-ﬁz)z-l-ﬁl-i-ﬁz =D1+D2+2ﬁ1ﬁ2'
Cpasrusaem ¢ (1) u (2), naxonum (Cg)jp =mynp >0. At N>2 npu j# j

AHAJIOTMYHO MTOJIy4aeM

(CB)ijEninj—ninj:ninj>On nl-nj=2nl-nj'
CHeI[OBaTeHBHO, 6 PA6HO6ECHOM 0030HHOM 2a3e ¢lel<myauuu uyucia uacmuy 6

PA3HBIX YACMAX COCMOAHUS KOPPEAUPOSAHHBI HPOROPUUOHATLHO YOBOCHHOMY
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npou3eedeHuI0 cpeOHuX 3Hauenuil Imux yucen. Pezynprat 00paTHbIA NelCTBUIO
npuHnuna Ilaynm u o3HayYaeT 63aumHoe «uHmMeEPPHepeHUUOHHOE NPUMAICCHUE)
0030H06, MO ecmb NPU MENI060M pasHosecuu 0030HbI Nnepemeuw|armcs
epynnamu. DxcniepuMenTsl P. Xan6epu bpayna u P. Tsucca [1] mokazanm, uTo B
TEIJIOBOM H3JIy4E€HUH Tmapbl (POTOHOB, pa3/eieHHbIE MEHBIINM BpPEMEHHBIM
WHTEPBAJIOM, PETHUCTPUPYIOTCS 4dalle, 4YeM Mapbl C OOJIBIIMM HHTEPBAJIOM.
I'pynnupoBka GOTOHOB TEIIOBOrO U3IYYEHHUS! IPUBOAMUT K TOMY, YTO COCTOSTHUEM
(hOTOHHOTO Ta3a SBJISETCS BOJIHA C JJTMHON KOrepeHTHOCTH ~A/2.

CunoBasg mpupoja KOPPEISALMOHHBIX B3aUMOBJIMSHUN NOATBEp)KAaeTCA
CpaBHEHHEM BHYTPEHHMX DHEPTuil KBAHTOBBIX CUCTEM M KJIacCHMUYecKoro rasa. s
cnabo BBIPOXKAEHHOTO TPEXMEPHOIO KBAaHTOBOrO Taza ©3 N dacTull IpH
TemnepaTtype 7 ¢ XUMUUYECKUM MOTEHIMAIOM [ BBIOJIHAETCS

3 o ws/kT
US(T):EkT]v 1+ﬁ€

Y ¢epmuoHHOTO raza c o=1 BHYTPEHHSISl OJHeprusi Ooiblie, YeM Yy
KJaccuueckoro ra3a ¢ d =0, a y 0030HHOro rasa ¢ § = —1 BHYTPEHHsA 3HEPrus
MEHbIIIE, U3-3a B3aMMHOT'0 «MHTEp()EepEeHINOHHOIO B3aUMOJCHCTBHS» KBAHTOBBIX
YaCTHIL.

[Mpn Bapmammu oObemMa OO30HHOTO Tra3za MpU TEMIEpaType HWXKE Iopora
KoHzeHcalul T < (o ¢ MacCoi YaCTULBL m ¥ YUCIOM CIMHOBBIX COCTOSIHHI N ¢

HonyqaeM
/3 dU 2o (N3 Y
sl ] =80 ] (o] <O
S av )iy N3\ Tc
Jist ra3za pepMuOHOB ¢ unciioM yactuil N ripu remneparype 7' —> O BBIIOIHSAETCS
fro__(au) _ 1 R(NYP
S av )py 20,6 m\V

[lpn w30TEpMUUYECKOM YBEIMYCHHWH O0O0bEeMa BHYTPEHHSS OHEPIUs CHUCTEMBI
BO3pAcTaeT, ecld MEKIy YaCTHUAMM JCHCTBYeT CWia NPUTAKeHHs fp <03
b

BHYTPCHHAA OHCPTUA YMCHBIIACTCHA, CCIIU ﬂeﬁCTByeT Cujia OTTAaJIKMBAaHUA

fF,x > (. Jms snexrponnoro raza ¢ N/ V ~ 1()28 M” ToNydaem fel S~ 10°
Hn’. Jlns rasa atomos ‘He mpn T =T, c,» NIV~ 102%  Haxomam
fo!S~10"4HA
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Pesyneratel  cormacyrorcs ¢
1.05— 9KCHEPUMEHTOM [2]. ATOMBI 0030HEI
*He u atombl ¢epmuonsl “He mnpu

TeMIeparype ~107%k
PaCTIpOCTPaHUTUCH B BHJEC 00Jauka OT
_ MarHUTHBIX JIOBYIIICK u
% PETUCTPUPOBAITUCH JICTEKTOpaMH,
5 OTCTOSAIIMMH JAPYyr OT Jpyra Ha
3 paccrosiHue Az Broms HaTIPaBJICHUS
S TBHKEHHUS. Wsmepsinace
KOppensiuyuonHasn dyuxuun

g 2) (Az), paBHas  BEPOATHOCTH

OZ[HOBpeMeHHOfI perucTtpani 4acTuil

0.80 T T IByMs JETEKTOpaMHM, [EeJEHHas Ha

Separation, Az (mm) IIPOU3BENICHUE BEPOATHOCTEN

Puc. 1. 3asucumocmyo koppensayuonHoii perucTpatin HacTan Kax/thiM

4 JIETEKTOpPOM 10 oTnaedabHocTU. [lpum

Gynryuu 6030n06 ~ He u pepmuonos OTCYICTBHH  KOPPEISILHH  MPHXOJ
3

He om paccmosnusn mescoy YaCTUL[ CIIy4Ya€H U U3 TEOPEMBI 9

demexmopanu TIPOU3BEICHUA BEPOATHOCTEN

HE3aBUCHMBIX  COOBITHH  IOJTydaeMm
g(2) (Az)=1. Koppensiiuonnsie
G yHKIIIU gg/)F (Az), nmOKa3aHHbIE Ha PHC. 1, CBUIETENBCTBYIOT O 2PYRHUPOBKe
0030106 U aHmMuzPynnupoeKe hepmuonoe pu PaCCTOSIHUSIX MEXK]Y YaCTUIAMU
MEHBIINX 1 MM.
AHanoruyHas 3aBUCUMOCTb TIOIy4YeHa B IUIOCKOCTH x-y. KoppensuuoHHbIe
3¢ (deKThl BOSHUKAIOT TPU TEPEKPHITUN BOJTHOBBIX (DYHKIIUH YACTUI[ M BHI3BAHBI

OCOOCHHOCTSIMH HMX CHUMMETPHUHM TIpH B3aWMHOM IlepecTaHOBKe. Pe3ynbTaTh
OITUCHIBAET PYHKINS

2,72
ITpu TeMIIepaType rasa T =0,5MxK rnapamerp KOHTPaCTHOCTH
N~ (0,03-0,08), xoppensuuoHHas IMHA Ig=0,56 MM, [p=0,75MMm.

HapaMeTpLI nu / YBEIIMYUBAIOTCA NIPU MMOHWIKCHUU TEMIICPATYPHI.
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