HYAC/TEHHOE PELLUEHUE
KBAHTOBOM 3AA4YM PACCEAHMA HA
MTOCKOCTH
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[1naH

NOCTaHOBKa 3a4a4m asymepHoro (2D) KBaHTOBOrO

paccesaHus
aJITOPUTM YMUCNEHHOTO peLLeHuUs
ANNONb-AMMONbHOE pacceaHme
pe3y/bTaThbl

3dRJIl04EeHUNe



[locTaHOBKa 3aaa4u 2D pacceAaHuUA

Co3aaHune BblYUCAUTENbHOIO airdpUTMa AN pelleHus
3a/la4nM  pacceaHMA  KBAHTOBOM  YacCTULbl  Ha
aHU30MPOrHbIX MomeHyuanax obwezo suoa

I'IpOBepKa COrMacoBaHHOCTU YNC/IEHHDbIX PE3Y/1IbTaTOB C
N3BECTHbIMU dHA/IMTUHECKNMMW. B YaCTHOCTMWU,
CpaBHEHNE YUNCNEHHbIX pPE3Yy/1bTaTOB C N3BECTHOM
aCUMMNTOTUKOWU aMmnnnTygbl paCcCeaAHnA

0 B nNpeaene HU3KUX SHEePrum

0 AnA 6eCKoHe4YHOo BbICOKOro NOTeHUMaNbHOro bapbepa



[locTaHOBKa 3aaa4u 2D pacceaHuUA

I
o [ABymepHoe ypaBHeHue LLpeanHrepa:

H(p,$)¥(p.¢)=E¥(p.4)
4 _ eiq/o

‘P(p,¢) — )elquOS(¢) + f (q’¢) \/7

o CTaMUNIbTOHNAHOM

_w(10(,0),18
H(p,¢) = Zu[pﬁp(pﬁpj e j+U(p¢)




ANTOPUTM YNC/IEHHOTO peLlleHund

-1 CBeaeHMe ypaBHEHUSA B YaCTHbIX MPOU3BOAHbIX K
andpdepeHunanbHO-Pa3HOCTHOMY YPABHEHMUIO:

1 BBepem 6a3nc dypbe-pyHKUUNA:

Ho(@)&n(#) =—°E () =68 (8))]  Ho(@)=——:

o¢
o Annpokcumauma no ¢:
— E1n = E0(#) > exp(img)
Y(p.d)=—7=>_ D, & @)Y i (p) 0 1 N,
J‘_’“’m‘% >
¢

‘P(p,¢j)=%w,-<p);



ANTOPUTM YNC/IEHHOTO peLlleHund

-1 B pe3ynbTaTe nosy4yaem cuctemy
anobdepeHUManbHO-PasHOCTHbLIX YPaBHEHMWUIA:

izz{ 1 s imy 2“ (E-U(p,4) }P (P)en(B)Sm =
Jp T

4pp

B BeKTOpHOM BUAE:

1
dp p =0 )
2

a*ilp) [4/) ;é‘(E—U(p,qﬁ.))}Pi(p) Z{ > emﬁm(qﬁ.)ﬁm}}wp)o




ANTOPUTM YNC/IEHHOTO peLlleHund

-1
-1 MpaHWYHbIE YCNOBUA:

o 1. /leBoe rpaHU4YHOE yCA0BME ANA PaananibHbIX KOMNOHEHT B..

Y, (P)T)\/;

o 2. [paBoe rpaHUYHOE ycnoBume

V(0. )@ 4 £ (0, ) ——e (*)

o CyyeTom annpokcMmaumm no ¢ npasoe rpaHUYHOE YCAOBUE NMoJlyYaem
NPU CPpaBHEHUN Pa3/1I0XKEHMS BOAHOBOW dyHKUMK C (*):

(m)
pidr

\/—Z S (p) =", (ap)N27 + \/I—p

roe ,Jm(z) - pyHKUMA beccens



ANTOPUTM YNCNIEHHOTO pelleHunA

-1
71 2. KoHeYyHo-pa3HOCTHas annpoKcumaLma

O nOHY‘-IBEM 3a44a4y pacCceAHNA B BNAeE:

pzdf(p) [ | +20°(E —U(p))}@(p)w-@(p):o
Yo, 4
p—)O \/E
)
\/—Zém,‘l’,(p) i"J,, (CI,O)\/ZJrH

0otRe G =G :ngéimér;jl



ANTOPUTM YNC/IEHHOTO peLlleHund

I
0 Cemunto4yeyHasn dNMMNPOKCUMaLNA

d® =, 2¥*P 2794 4+ 2709 — 490" + 27091 - 27942 4 2K
- 180h?

1 KoOHeyHo-pa3HocTHaAa CJ1AY

207 P 3 27 p? P2 4270024 +

+| —490p + 65h* +360n* p? (E —U (p, $)) +180h*L [P* +
+270 02 P4 — 27 p* P42 1 202 P42 = 0 me k=0,



ANTOPUTM YNCNIEHHOTO peLleHunA

3. MeTopa, peweHuna nony4yeHHon 6n1o4yHom C/1AY

AY+BYP 2 +C P +D P + EV*'+FP?+G P =H,

roe k=0,..,N

[PaHWYHbIE YC/IOBUA TaKMKe NPUBOAATCS K BbillenpuseaeHHOMY
BUAY C MNOMOLLbIO 3anucu B [ABYX COCEAHMX TOYUYKaX U
NCKNOYEHUNA HEM3BECTHOMO BEKTopa:

N 1LP N-1) — N N 1)\/:
| TN 1 Z(; (o) =1"3,(ap ﬁle_l

—— 2 V(o) =1" (apy 2T + e
e

=2
3




ANTOPUTM YNCNIEHHOTO pelleHunA

I
DY+ E¥? =0
D,¥?+E,¥°=0
D,¥% +E,¥* =0

AY'+B Y +C, ¥ +D,¥Y*+E¥Y°* +F¥° +G,¥" =0




ANTOPUTM YNCNIEHHOTO peLleHunA

Pewaem nonydyeHHyiwo CJ/IAY Cc nomoubto
MmoaAndUKaALMM MeToaa MAaTPUYHOM NMPOrOHKU ANA
ceMmmamnmaroHasibHOM MaTpULbI:

METO/, COCTOUT B NPUMEHEHNN PEKYPPEHTHOIO
COOTHOLLEHMUSA:

U, = Bl T Gealiio T Sealiis T 1

rae P.,d,.,S.,f, — maTpuubl [N¢+1]><[N¢+1]
k=1..,N



Re(f(q,9))
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Pe3ynbTaThl
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< U,, <
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P> py(9) 0, £>puw
T 1
f(q) >—
49 24 { 2 } T
In +1—
exp(y)a,pQ
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1,5 1
. 1,0 4
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us=10*1 00+ .
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Pe3ynbTaThl
-]
1 OTAanumTenbHomM ocobeHHocCTbo 2D paccesHUnA

ABNAETCA pacxodumocmb CeYeHUA pacCeAdHUA e
HU3KO3Hepcemu4vYecKkom ﬂp@d@flé:

—— ¢=00
—e— ¢=180"°
—aA— analytic| |

—i——

i

T T
0,0

2,0



AHWU30TPOMNHbIE B3aMMOAENCTBUA




[nnonb-AnnosibHoe B3anMMoaencTeme




[lnnonbHoOEe B3anmoaencrTsme

Mpumepom PU3NYECKOTO aHU3OTPOMHOrO0 B3aUMOAENCTBUA ABASAETCA
o0unosb-0unosnbHoe g3aumodelicmsue, KoTopoe moaenupyet
CTO/IKHOBEHUA NOAAPHbIX MOJIEKY/1 B ONTUYECKOM NNOBYLLKE.

,ﬂ,flﬂ NPOn3BOJZIbHO OPNEHTUPOBAHHDbIX ,ﬂ,MnOﬂel‘;l noTeHuunan
B3aMMO,ﬂ,emCTBMﬂ 3dMNCbIBAE€TCA B C/ieayroiem suae:
(dle) _3(d1§r)(érd2) (*)

3 1

yo,

V.. =

d;dy

roe 4, d, - aunonbHble momeHTbl, (di€)i=12 — yx npoekuun Ha
eAVWHWNYHbIN BEKTOP €, BAO/Ib OCU CTO/NIKHOBEHMUA.



[lnnonbHoOE B3aMMoaencTeme
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BbipaxkeHue (*) morkeT bbITb 3anMcaHo B 06LEM BUAE

V(p.ga B.y)= %[sin(a)sin(;/) cos(f3) +cos(ar) cos(y) —

—3sin(a) cos(g) (sin(y) cos(B) cos(g) +sin(y) sin(B)sin(¢) )],

rae ymbl % B, 7 onpenenatoTca COrNacHo cxeme:

A

d I ..................
A\
"
¢ dz
X p y
’y
B




[lnnonbHoOE B3aMMoaencTeme
]

[na cnyyas, Korga MoAspusaums  MONEKYN .
OPTOroHa/ibHa NAOCKOCTU ABUMMKeHUA (a=B=y=0) d,
B3aMMOAENCTBME  CTAHOBUTCA  MOJIHOCTbIO
OTTANIKMBAIOLWMM U U3OTPOMHbIM:

[ns agunonei, OpueHTUPOBAHHbIX B NIOCKOCTH
(¢=y=%),  BO3HMKaAeT  aHM3OTpOMUA MU

noTeHUMan B3aUMOAENCTBUA NpeacTaBumM B )
BUAE:

v
V(p..5)= d;‘iz [cos(8) —3cos(g) cos(— )] : J\




[lnnonbHoOEe B3anmoaencrTsme

YacTHbIM cnyyal, Korga ocuM nonspusauuMm AByX AWNONEN COHanpas/ieHbl U Yron
HaknoHa K ocu Z paseH o ( y=a; =0 ), a KOpoTKOoAEeNCTBYIOLWEee B3aMMOAENCTBME

mofenmpyetca noTeHuUManom 6ecKoHeYyHo BbICOKOro 6Gapbepa B Hy/le LUIMPUHOW
0,/D=0.1:

V (pr,ct) =V (0) + d;‘iz [1-3sin? () cos? ()],

6b1n paccmoTpeH B paborte C. Ticknor [Phys.Rev. A84, 032702 (2011)].

JJOCTUrHYTO Xxopowlee cornacue Halwwux
YMCNEHHbIX pPe3ynbTaToB C pe3ynbTaTamu
C.Ticknor, yTo MAnOCTPUPYET CneayroLWnn
PUCYHOK.

D=yd2/h2;dl=d2=d; Jsczéﬂfyz'Dq 06

PacyeTbl npoBeAeHbl ANA  CAeayoLmnX
NnapameTposB:
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Our result
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N =120000; N, =80; p,,,, =10™; p,,,, =60;q=10;N, =100



[lnnonbHoOE B3aMMoaencTeme
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YacTHbI cnydald, Korga ocu Monapusaumu AByxX AMNonel COoHanpaBAeHbl U yron
HaKNoHa K ocn Z paseH o ( y=a; =0 ), a KOpoTKogeNCTBYIOLWEE B3aMMOAENCTBUE
mofenmpyetca noTeHuUManom 6ecKoHeYyHo BbICOKOro 6Gapbepa B Hy/le LUIMPUHOW
0,/D=0.1:

dlo}f [1-3sin®(a) cos®(¢4)],
yo,

V(pda)=Vy(p)+

6b1n paccmoTpeH B paborte C. Ticknor [Phys.Rev. A84, 032702 (2011)].
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—-—-C. Ticknor
Our result
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[lnnonbHoOE B3aMMoaencTeme
]

YacTHbIM cnydald, Korga ocuM nonspusaumm AByxX AWMNONEN COHanpas/ieHbl U Yron
HaknoHa K ocu Z paseH o ( y=a; =0 ), a KOpoTKOoAEeNCTBYIOLWEee B3aMMOAENCTBME

mofenmpyetca noTeHuUManom 6ecKoHeYyHo BbICOKOro 6Gapbepa B Hy/le LUIMPUHOW
0,/D=0.1:

dlo}f [1-3sin®(a) cos®(¢4)],
yo,

V(pda)=Vy(p)+

6b1n paccmoTpeH B paborte C. Ticknor [Phys.Rev. A84, 032702 (2011)].
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d 10 &
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T\ O
Z 08 L
A
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. d :
32 06 |-
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p i —-—-C. Ticknor
X QOur result
0.4 q=10,
» Y B Dg =10
LA, |
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a/n



[lnnonbHoOE B3aMMoaencTeme

[Janee pacwmpmm pacCMOTPEHME Ha CAy4Yan HEKON/IMHEeapHbIX OpPUEHTaAUUM
annonen y=a;5#0 . PaccumtaHHasa 3aBUCMMOCTb NMOJIHOIMO CEYEHUA PACCEAHMUS

ana CTONKHOBEHUA (I)epMMOHOB, 6030HOB WU pa3indynmbiX 4acCtuml, OT YI/4d
npeacraBiaeHa HUXKeE:

oo,
- = ~oy@paq)o,

1,0 £ - | ‘/" ‘‘‘‘‘ \‘\ I UF(C(J}!Y’Q)IGSC
P - o yin=o/n=0.2
, \\ Dq =10
09 ; | g=10
0.8 . S e n/D=0.1
ba b8
5 B 08
06
—-—-C. Ticknor
— Qur result
04l q =_10, | 0,7 4
Dg=10 . ~_
1 . 1 s 1 s 1 ) T T T T T T T T T T T
0,0 0,1 0,2 0,3 0.4 0,5 0 60 120 180 240 300 360
aoim B, °

(3BE3404KOM YKa3aHa ToUYKa y=a=0.2r;, 5=0)
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Anisotropic quantum scattering in two dimensions
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We study the quantum scattering in two spatial dimensions without the usual partial-wave formalism. The
analysis beyond the partial-wave approximation allows a quantitative treatment of the anisotropic scattering with
a strong coupling of different angular momenta nonvanishing even at the zero-energy limit. High efficiency of our
method is demonstrated for the two-dimensional (21) scattering on the cylindrical potential with the elliptical
base and dipole-dipole collisions in the plane. We reproduce the result for the 2D scattering of polarized dipoles
in binary collisions obtained recently by Ticknor [Phys. Rev. A 84, 032702 (2011)] and explore the 2D collisions

of unpolarized dipoles.

DOL: 10.1103/PhysRevA . B9.052710

I INTRODUCTION

In recent years, the problem of anisotropic guantum
scattering in two spatial dimensions has attracted increasing
interest. This is stimulated by the spectacular proposals for
prospects to create exotic and highly correlated quantum
systems with dipolar gases [1.2]. Particularly, anisotropic
superfluidity [3], two-dimensional (2D) dipolar fermions [4],
and few-body dipolar complexes [5] have been considered. The
recent experimental production of ultracold polar molecules
in the confined geometry of optical traps [6—8] has opened
up ways to realize these phenomena. Noteworthy also 1s a
rather long history of research of 2D quantum effects in
condensed matter physics. One can note superfluid films [9],
high-temperature superconductivity [10], 2D matenals, such
as graphene [11]. and even possibilities for topological

jrp— -

PACS number(s): 34.50.Cx, 31.15.ac. 31.15.xf

anisotropic scatterer. Particularly, it permits the description of
the 2D collisions of unpolarized dipoles. Our approach is based
on the method suggested in Ref. [21] for the few-dimensional
scattering, which was successfully applied to the dipole-dipole
scattering induced by an elliptically polarized laser field in the
3D free-space [ 15].

The key elements of the method are described in Sec. 1.
In Sec. III. we apply the method to the 2D scattering on
the cylindrical potential with the elliptical base and the 2D
dipole-dipole scattering of unpolarized dipoles. We reproduce
the threshold formula [22,23] for the scattering amplitude on
the cylinder potential with the circular base and the results
of Refs. [16,17] for the 2D scattering of polarized dipoles.
High efficiency of the method has been found in all problems
being considered. The last section contains the concluding
remarks. Some important details of the computational scheme




Cnacmbo 3a BHUMaHMe



3aKar4yYeHne

L1OCTOMHCTBA aNropuUTma:

YpaBHEeHMEe B YaCTHbIX MPOU3BOAHbLIX C MNOMOLLbIO
pa3noxeHma ceoanTca K 6noynom C/1AY

Mcnonb3ytoTca CMaHOapmMHsle ONMUMarsibHble
memoosl peweHusa CJIAY, yuuTbiBatowme 6/104HYIO
CTPYKTYPY MaTpULbl: B 4YacTHOCTM — MaTpuyHas
NMPOroHKa

BnoYyHOCTL MaTpuubl NO3BOASAET XPaHUTb €€ B
YNaKOBAaHHOM BUAE — 3KOHOMHOE UCMN0/b3080HUE
pecypcos

3bPDEKTMBHLIM  aNropuTm  pewenHma  3agaum 2D
pacceaHnAa NIMHENHO 3aBUCALLMM OT YBEANYEHUA YUCNa
y3/10B NO paAnasibHON NEPEMEHHOM



3aKar4yYeHne

[Tlony4eHO NONHOE CcorflacMe YUCNEHHbIX PacyeToB C
M3BECTHOM ACUMMNTOTMKOM aMNAUTYyAbl pPacCeaHnA B
HM3KO3HEPreTM4eckom npubAnKEeHNUM [ONsa KpyroBoro
6eCKOHEYHO CMNBbHOrO OTTA/IKMBAIOLWLEro NOTEHUMANa.

BbiuncneHo anddepeHumanbHoe cevyeHne Kak PyHKumA
OTHOCUTE/NIbHOTO MMMY/IbCA YaCTULbI U YINa pacceaHms.

OnddepeHumanbHoe cevyeHne ca1abo 3asucum om yana
pacceqHuUs 8 HU3KO3HepeemuyecKom rnpeoesne 04
(UHUMHbIX  MOMeHYyuasa08, HO AHU30MPONHOCMb
nomeHyuaana ropoxoaem yesno8ble 0cobeHHocmu
oughepeHyUan1bHO20 CceYyeHUs: rpu orpeodeneHHbIX
yanax cedeHue umeem ApPKO 8blIpAHEHHbIE SKCMPEMYMbI.



3aKar4yYeHne

BbiuMcneHbl 3aBUCMMOCTU MOJIHOFO CeYEeHUA pacceaHms
Kak @YHKUMM YIOB HAK/JOHA O0OCen nonapmsauumu
ANNONeMN.

BocnpowusseaeHbl pe3ynbtaTtbl paboTtbl C. Ticknor [Phys.Rev.
A84, 032702 (2011)] Ana NoNAPMU30BaHHbIX ANNONEN

BbluncneHo nosHoe ceyeHme pacceaHnUs B 3aBUCUMOCTHU
OT B3aMMHOW OpPUEHTAUMM AUMONEeN Ha Cay4vau
HEeNnoNAPU30BaAHHbIX ANNONEN.



3aKar4yYeHne

[MpeactaBNeHHbIA  a/ITOPUTM  MOXKeT  ObiTb  TaKiKe
NPUMEHeH ANA pelleHna 3aaa4 KBaHTOBOro pacceaHus,
ONA  KOTOPbIX KOPPEKTHa onucbiBaemas MOAEeNb
CTO/IKHOBEHUMN:

yncneHHoe mogennpoBaHme npoueccoB pacCcedAHnNA B
ABYXHaCTUYHbLIX CUCTEMAX Y/IbTPaXO/NO0AHbIX aTOMOB B
OoNnNTUYHeCKMX N0BYyLIKax

KBAHTOBble CTOJIKHOBEHNA ABYXAdTOMHbIX MOJIEKY/Z1 C
HaBeadEeHHbIM ANMOJ/IbHbIM MOMEHTOM.

TeopeTuyeckoe uccregoBaHMe CTO/IKHOBEHMA aTOMOB
BOJOPOJa Ha MOBEPXHOCTU }KUAKOro resins



