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Cold collisions between boson or fermion molecules
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We theoretically investigate collisions between electrostatically trapped cold polar molecules and compare
boson and fermion isotopes. Evaporative cooling seems possible for fermion molecules as the ratio of the
collision loss cross section to the elastic collision cross se¢®mets smaller as the molecular temperature
T lowers. With boson molecule® gets larger ag lowers, which makes evaporative cooling difficult. The
elastic collision cross section between fermion molecules can be larger than that for boson molecules with
certain conditions.
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I. INTRODUCTION number of the trajectory of the molecular angular momentum
parallel to the electric field. Evaporative cooling is difficult
Since the development of laser-cooling ultracold atomsor boson molecules in théS (J=1, M;=0) state, because
have been used for time standards and for precision testing dfie ratio of the collision loss rate to the elastic collision rate
quantum electrodynamics as well as in various other fundafRr) gets higher as the molecular kinetic eneffjylecreases
mental physics theories. It has also become possible tghen T<100 K [13]. Bohn and Avdeenkov showed that
achieve Bose-Einstein condensation and the atom laser. Neyaporative cooling is difficult for cold diatomic polar mol-
surprisingly, the next step of interest is to get cold moleculesgcyes in thelll stateq14,15.

Molecules have much more to offer than simply extending Reference§13—19 only discussed boson molecules. The

the experiments already performed with atoms to more comgjision between fermions have been considered to be neg-

plex species. The dipole-dipole interaction in a moIecuIar"gib|e [16—18. This argument is valid for cold atomic col-

Bose-Einstein condensate shows a new and intriguing proRsion. The interatomic short-range force is significant only
erty. Polar fermion molecules can be used to observe thg). he | =0—L'=0 scattering term, which cannot exist

superfluid transition. between fermionsL(,L’: quantum number of the angular

Sincde 1?38’ sleverlal diff;zrent hgro#ps have.pr.eparefdl anflomentum of the relative motion before and after the colli-
trapped cold molecules. Through photoassociation of asefjq, respectively The situation is quite different for colli-

cooled atoms, Fioretgt al. obtained cold Cgmolecules and i, petween polar molecules, where the dipole-dipole in-
Nikolov et al. achieved k moleculeq1,2]. Takekoshiet al. ~ tgraction is dominant. This interaction is not spherically
trapped Cs molecules produced from the photoassomatlonsymmemC and the =0—L’ =0 scattering term is zero. The

of laser-cooled Cs atoms in focused £@ser beams$3].  qjision between boson molecules is mostly determined by
There is still the problem that molecules constructed by phoge | =g '=2 | =2—1'=0. andL=2-—L'=2 scat-

toassociation always have high vibrational states. Howeve'fering terms, while the.=1—L'=1 scattering term is the
cold Ry and Cg molecules at ground vibrational states were ot dominant for fermion molecules. Comparing the pos-
constructed from Bose-Einstein-condensed atoms using §pje scattering terms, the collision cross section between
Feshbach resonangé,5]. A Harvard group used static Mag- termion molecules seems to be in the same order as that
netic fields to trap paramagnetic CaH molecules precoolefleyyeen hoson molecules. This paper analyzes the elastic
by buffer-gas collisiong6,7]. And Bethlemet al.decelerated 5 jnejastic collision cross sections of cold polar molecules,
NDs molecular beams using a time-varying inhomogeneousgny compares boson and fermion isotopes with the same

electric field, and then loaded them into an electrostatic trap 4 ,es for the permanent dipole moment rotational con-

[8]. . N ) stantB, and reduced mass.
Evaporative cooling is a useful method for reducing the

temperature of trapped molecules. Using only evaporative
cooling, Friedet al. cooled hydrogen atoms enough to get
the Bose-Einstein condensati¢fl]. To obtain evaporative
cooling effect, the elastic collision rate should be high and This paper discusses the collision between electrostati-
the trap loss rate lowW10]. Only molecules in low-field- cally trapped molecules. It is expected that trapped mol-
seeking states are trapped by a dc electric field, and trap loggules are localized to a single quantum stabg)( where

is caused by the transition to high-field-seeking states. Wenhe trapping force is strongest. The cross sections of the col-
analyzed the loss rate of the linear polar molecules in‘the Jision procedures®,,®,)—|P®,,P,) are obtained from

(J=1, M;=0) state, which are caused by the Majorana ef-

fect (the transition between quantum states, caused by a

change of the electric-field directipfll] and the inelastic

collision[12,13. Here,J denotes the quantum number of the 0(¢1,¢2)=L§M: > (LYol (@q,@5)(L,M)—(L",M))],

total molecular angular momentum a; is the quantum MLLm|

Il. CALCULATION OF COLLISION CROSS SECTION
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ol (@, P2)(LM)—(L",M])] f(o)—=[f(0)—f(m—0)], @

:lp[((pl ®,)(L,M_)—(L",M])] (1)  Wheref(0) is the scattering amplitude. Values gfL) are
k? ’ ’ e given by the following.

(a) Boson:
wherek is the incident wave numbe¥ (M) are the quan-

tum numbers for the angular momentum trajectory of the
relative motion parallel to the electric field befdiand aftey
the collision.P is the opacity functiorj14].

7(L) is a factor to show the effect of the symmetrization n(L)=2 for L=even, ®;=,,
of the wave functions. For a collision between different kinds
of molecules,n(L)=1 for all values ofL. For a collision
between the same kind of molecules, the following transform
must be given. _

(1) Boson: (b) Fermion:

n(L)=0 for L=o0dd,

n(L)=4 for L=even, &,#d,.

|®,®")—

- — (|0, ®')+[D,D")) n(L)=0 for L=even,
2(1+0(0,0))

L)=2 for L=odd, ®;=,,
f(0)—[f(O)+f(m—0)]. n(L)=2 for L=0 =,

(2) Fermion: n(L)=4 for L=odd, &;#D,. 3)
|D, ") — ! (|®,®")—|D,D"Y), If only dipole-dipole interaction is taken into account and the
V2(1+8(P,P")) Born approximation is used,
’ ’ m|m ka’ * Pk H l 2ai ’
o[(P1,P2) (LM )—(L" M) ]=— H(r, 0,0)YL m (6,0)YL mr(6,9)j T (kD)jL(K'r)resinodrdode|
k2| h? t L

(4)

wherek’ denotes the wave number of the scattering wave. The matrix element of the intermolecular Hamiltonian is given by

1 - - 3 - - - -
(Do, Do[H(r,0,0)| @, D3) = ————(Do| | P1) - (Po| | P2) = ———Z (Do | P 1) - 1) ((Po| | P2) 1), 5
47780r 4"77-80"

where,& is the dipole moment vector. Taking tkeadirection parallel to the electric fieIdZ is described as

Mot pp—p

-

KE\TT T o
and Eq.(5) is rewritten as
(Dol s | @) Pol e[ P2) +( Do [P ) DPo| i |P2)
(@, Do[H(r,0,0)|®1,D5) = 3( 5 +(Do| o D) Po| | P2)
47780r
3 ® O)e e+ (Dol u_|D,)e'¢
(( 0|M+| 1) ( 0|M | 1) )Sin0+<CI>0|,uZ|CD1)COSt9
Arregr® 2
® DL)e ¢+ (Dolu_|D,)e?
X{(( ol 4| P2) 5 (Polp—|Py) )sin0+<<1)o|,uz|(1>2>cosa . ©6)

012709-2
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As (Mj|lp.|Mj) and (M,|u /M) are zero except for [Mj1,M ) —|Mj =1 M+ 1),
(Ml «|M;=1) and(M | u,M;), Eq. (6) is described as , . .
Stl,tl(grQD)ZZ<q)0|Mt|q)l><q)0|ﬂi|(p2>5|r]2067 e,

<q’01‘bolH(f10,¢)I¢1,®z>=ﬁﬁswn,wﬁ(ﬂ,cp). M1, M) =My =1 Mg+ 1),
M3 M) — M1 M) Se171(0,0)=— 3{(Po| | P 1)(Po| = |Po)(1-3 0050()7-)
So.d 0, 0)={Po| | P 1) Po| | P,)(1—3 cog), Equation(4) is calculated as
IM31,M ) — My, Mg+ 1), o[ (@1, P2) (LML) — (L' M[)]
3 m? / .
Sox1(6,0)= §<¢0|le®1><¢olﬂtl®z>sinecoseeiiﬂ", = WGL,L'(?) F(AM;1,AM g, LM L', M),

2

F(AM;1,AM g, LM L', M[)= f Sam,y.amy,(0.0)YE w (0,0) Y1 i (0, ¢)singdrdode

K\ K 1 2 relation G/ (k'/k)<(k'/k)*"2-.  Figure 1 shows
GL'L,(?)=? fjf(kr)—sj,_,(k’r)rzdr GL L/(k'/k), which is obtained by numerical calculation.
r Actually,
K fj*(kr)ij A(K'r)d(kr) i Go, < (K'/K),
k L (kr)’t
k' AE Gy1,Gy g ——,
?: 1+?, 1,113 (k'/K)
(fik)* Gyo,Go 10
= om 2,0092,2 (K'Tk)? (10
AE=2E(®y)—E(D;)—E(D,), (8) are valid withk’/k>1. As the collision loss cross sections

are determined mainly by tHe=0—L"=2 term G, for
where E(®) is the energy of the quantum stade and T  boson and.=1—L'=1 term (G,,) for fermion molecules,
denotes the molecular kinetic energy. the dependence @R (ratio of the collision loss rate to the
F(AM;;,AM,,L,M_,L",M|) becomes nonzero only elastic collision rateon AE/T is given by

when
Gy

MJl"I‘MJz“I‘ML: M31+M32+M(_, 102

L+L’=even number. (9) 10!

Note also that the collision terin=0—L’=0 does not exist
for the dipole-dipole interaction  because  of
F(AM;;,AM;,,0,0,0,0)=0. This paper discusses the colli- 4
sions takingL=0,2—L'=0,2 terms for boson antl=1 10
—L'"=1,3 terms for fermion molecules into account.
Equations(1) and(8) show that the elastic collision cross ~ 10”
section (b= ,=d) does not depend ohwhen the Born
approximation is valid. The inelastic collision cross section k'lk
is a function ofk’/k [ =1+ (AE/T)]. The collisional tran- FIG. 1. G, determined as Eq8) as a function ok’/k. The
sition is possible only wheAE+T>0, so thak’ is the real  solid lines show the terms that determine the collision cross section
value. The collisional transition is possible only whArk between boson molecules. The dotted lines show the terms that
>0 for ultralow temperatures. Referefd®| shows a rough determine the collision cross sections between fermion molecules.
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AE A. Low-field-seeking molecules
boso —— . . .
RPo%0m VN T1° Only molecules in the low-field-seeking states are trapped

with a dc electric field. Trap loss is caused by the transition
to high-field-seeking states which have a lower energy level
Rfermiony / T (11) (AE>0). More detailed discussions are given for
AE symmetric-top molecules and linear molecules.

Equation(11) shows that evaporative cooling is difficult for 1. Symmetric-top molecules without inversion
boson molecules, & becomes larger alowers, as shown Here we assume that all molecules are in a vibrational

in Refs.[13—15. However, performing evaporative cooling ground state. The initial quantum state of symmetric-top
with fermion molecules is rather easy Bgjets smaller a8 mgjecules is given by®o)=]J,K;,M;), whereKj is the

lowers. o o o _quantum number of the rotational angular momentum paral-
Born approximation is used in this paper, which is validje| to the molecular axis. From the dipole selection rule,
when the following two conditions are satisfied. transitons  to |®)=|J,Ky,My=1), [I£1K,,M,),

(1) The influence of the repulsive force is negligiblerat |J+1K;,M,%1), and [J£1K;,M,;¥1) states are pos-
=1/k’, where 1K' is the wavelength of the scattering wave. gipje. However, thd—J+ 1 transition is not possible when
The molecular wave function should actually be almost zeror g a5T+ E, is negative. Also the rate of thk—J—1
atr<d, whered is the maximum intermolecular distance (ansition is expected to be very small because &f %4,
where the intermolecular repulsive force is significant. As theassumingB>1 GHz. m>25 a.u.. andd~0.3 nm. We dis-

collisional interaction is caused at<min(1k,1k’), R ss the collision loss just taking®)=J,K;,M,=1).
should be much smaller than the value obtained by the Borﬂq)mz .|®)|2 are given by

approximation when ¥/ =#4/y2mAE<d. Also the
distorted-wave Born approximation has been proposed, tak- 2p12

ing the wave function zero at<d [20]. Assumingm= 25 |<J,KJ,MJ|MZ|J,KJ,MJ>|2=%M2, (15
a.u. andd=0.3 nm, the influence of the repulsive force is J5(J+1)
significant whemAE>140 mK. )
(2) T is low enough so that th&. =0 (boson or L (3, K3 Myl |3,K5, M= 1)
=1,M_ =0,=1 (fermion) scattering terms obtained by the 2,
Born approximation are smaller thar'k?. WhenT is not ZKJ(‘]+MJ)(‘]iMJ+1) u2. (16)

low enough for the Born approximation to be invalid, the 4J2(J+1)
contribution of the partial wavek=3 is more significant
and R becomes smaller than that obtained by the Born ap- When molecules in th¢J=1, K;=1, M;=1) state are
proximation because @&, (k'/k)o(k’/k)* 2k, trapped by the linear Stark effect, the trap loss is caused by

For the collision between boson and fermion moleculesthe transition to th¢J=1, K;=1, M;=0), where there is no
the following relations are valid, as+L’ must be even linear Stark effect. As two molecules are lost with one colli-
numbers. sion whenMj;=Mj,=0, the collision loss rater,ss is

given by
boson+ fermion

) g ict O i
bose-fermion__ ~ elastic elastic _
Telastic =5 (12) Tioss= (M}, =1M},=0)F 20 (M —omj =0y (17)

) The collision loss cross section is obtained taking
boson+ O_fermlon

. o
bose-fermion_ _loss = “loss
loss - 2 ’ (13 M},=1, M},=0, AE=ZuE=U,
o [ — —
boson-fermion boson, fermion M;;=0,M;,=0, AE=uE=2U, (18
Rboson—fermion: loss _ loss loss
boson-fermion boson, . fermion’ whereE is the electric-field strength arld denotes the trap
elastic elastic elastic

potential energy.

with AE>T and 1k’ >d AssumingU>T,

b
boson O-eloassc;inc(cmz):U(Mjlzl,szzl)
L 14 o
ol VT ~ IS0 M@ U k(DY
. - L U 2U
Equation(14) suggests that the collision loss is significant RPOSON= 136G, \/=|+0.18557, \/—|,
for the collision between boson and fermion molecules. ' T ' T
Evaporative cooling only seems possible for pure fermion . B
molecules. oeamionen?) =2.11x 10" “m(a.u)?u (D),
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1I;’ CH,C1(J =1,K, =1,M, =1) U =03 mK ments become nonzero under an _electric fielq because of the
mixture of wave functions. According to the first-order per-

10 turbation theory, the wave functidd,M ;) under an electric

X Boson field is given by
10
10°

(I,M;|ud-1M)E

_ = —+ —_
101 Fermion ~ ____...e--- |'J’MJ> |‘]'MJ>O 2hBJ |‘-J 1’MJ>O
ol OMIplIHIMIE |

-3 L - yWVLI/00
1010_8 e To¢ 2hB(J+1)

T X

where|J,M;), denotes the wave functions at the field-free
FIG. 2. R=05ss/0elastic fOr CHsCl molecules in the {  space. The matrix elements of the dipole moment are given
=1,K;=1,M,;=1) state as a function of the molecular kinetic en- by
ergy T. The trapping potential energy is 0.3 mK, given by an elec-
tric field of 15.3 V/cm.

4=2 2
_ _ _ _oyzo ME 2k
| 5 5 (9= 1My = 0l 3= 1M, =O)P= > =5 [ = U,
Rfermlon:6_94311 - +5.97G]_3 -
A NT ANT
2876, 4 /2| +41%, 4 /> I= M= O [J= 1M = £ 1y =S E 9 #°
+287G | \ | T41B1d \ /- [(I=1M;=0|p.[I=1M,;==1)| _m_foﬁu’
(19
22
For CI—bCI molecule w=1.8 D), the elastic collision cross U= KE ' (21)
section is 10nhB
boson _ — 10
0 fastic= 2:03x 10" enf, whereU is the potential energy of the trapped molecule. The
. - energy gap betweeld,M ;)= |1,0) and|1,=1) is 3U/2.
f __ 10
Tefastic = 5.53x 10710 cn?. AssumingU>T, Egs. (1)—(8) are calculated using Eq.
. 21).
Figure 2 showsRP°s°" and RT®"™°" a5 a function ofT ( ()1) Boson:
(<1 pK), takingU=0.3 mK (E=15.3 V/cm). It shows that
RPOsO% 1/T and Rf®"™i°% [T are actually valid. Fermion
isotope is much more advantageous than boson isotope when . m(a.u)?u(D)?
; ; ; ermion_ _boson oo(CM)=8.7x10 P——n———
performing evaporative cooling, becaus&® o™ ¢boson (0.0 B(GH?z)?

and Rfemion< Rboson \When T>1 K, the Born approxi-
mation is not valid for CHCI molecule andR becomes
smaller than the value obtained by E@9). m(a.u)?u(D)*

. —2x 10710

U(O‘_l)(crnz) 2%X10 B(GHz)z
/3U

13, state, which are trapped by the second-order Stark effect. 0-32130,2( 5T

In this case, almost all trapped molecules are in|th# ;)

=|1,00 state, as|J,M;)=[1,0) is the lowest low-field- /3U

seeking state and the trapping force is strongest. Trap loss is +0.47G;, 5T/

mainly caused by the collisional transition to th&M ;)

= |1,£1), as theJ—J+1 transition is not possible because

of Eo+T<0 and theJ—J—1 transition is negligibly small m(a.u)?u(D)*

because X' <d. We consider taking®,)=[J=1,M;=0) U(tl,tl)(C"?FlO_loT

where the trap loss is mainly caused by the transition to the B(GHz)
/3U

0.0160,2< =

U(K)?

/3U
+O.32B210( ﬁ)

2. Linear molecules in the'Y state

In this section we consider linear polar molecules in the
X

U(K)?

13U
+O'O]GZ,O( ?)

|®)=]3=1, M;==1) state. Hereg (¢ ¢, is described as

SACOTRUWE 8

For linear polar molecules in the field-free space, the ma-
trix elements of the dipole momert),M;|u,|J,M;) and 4 0.665 [3U
(I,M;|u=]|I,M;*1) are zero. However these matrix ele- AN T
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m(a.u)?u(D)*
B(GHz2)?

3U
0.06230,2< \/7>
3U
+0.06232'0 T
3U
+0.09£2'2 T .

o(+151) (M) =2x10"1° U(K)?

X

(2) Fermion:

m(a.u)?u(D)*

7 (0,0)(CMP) = 2.36x 10”1
©oem) B(GH2)?

U(K)?,

m(a.u)?u(D)*
B(GH2)?

3U
0.4541 4| \/ 57

2 4
m(a.u)“u(D) U(K)?
B(GHz2)?

s o 2

m(a.u)?u(D)*
B(GHz)?

0.07431,1( \/$>
+o.17431,3( \/3#)}. (22)

o(0+1)(CMP)=2x10"*° U(K)?

ooV

X

O(+1+ 1)(Cm2) =101

X

o(+151y(cM)=2x10"1° U(K)?2

X

U
For the boson molecules, the short-range potential

PHYSICAL REVIEW A 69, 012709 (2004

R 0CS (J =1,M, =0) U =30 mK

10?

10' M

10°F

10"} Fermion ~ __...--0t7770

1025 v "
10 10 10

T (K)

FIG. 3. R=0pss/ 0ejastic for OCS molecules in theJ=1, M,
=0) state as a function of the molecular kinetic enefigyThe
trapping potential energy is 30 mK, given by an electric field of 23
kvicm.

) 3

s (cn?) T u? 3m r 4
Oreq=qy(CMP)=

(15D 4eo V 10n°B FZ(E)

4

m(a.u)

_ 12 2
108410 (D)’ \ g1y

(23

The elastic collision ¢ jasti0 and collision loss 459
cross sections are obtained as follows, by considering that
two molecules are lost in one collision withVi(j;,M},)
=(1,1),(-1.-1) or (1,-1). Assumingu>T,

b _
Oelastic= 00,0yt O ?0,0) )
b
Oloss =001 0(0-1)T20(1-1)T 20(1.1)T 20(~1-1)
+200:121)

fermion_
elastic — 0(0,0)»

Ur()esr;nion: 0'(011)‘*' 0-(0,71)+ 20’(1’,1)“‘ 20’(1’1)+ 20’(,1’,%) . )
24

For the OCS moleculey=0.71 D, B=6.09 GHz) with
=30 mK (E=23 kV/cm),

(oclr ) shoulld also be taken. into account, _particularly when oPoson — g 6x 10713 cnr?,
U is not so high. The scattering cross sections caused by the

short-range potential are obtained as follows with the as-

sumption thaff—0 [21]:

F2(3>
5 b
T 2m 4
5 o(cm?) = \/

700" 555 V5n%g FZH

5
4

_ m(a.u)
=6.23<10 3 (D)? \/m,

elastic™
oeamia=1.36x10"*% cn?.

Figure 3 is RP°S°" and R™®'M°" a5 a function of T
(<100 K). It shows thatR°s°%c \1/T and Rfe™M"ec T
are also valid for linear molecules. For OCS molecule, the
Born approximation is valid with higher temperature than
CH5Cl molecules.RP°5°" is smaller than the case of the
symmetric-top molecule with the same value WfT, be-
cause also the effect of the short-range force is significant for
linear moleculesR"™°"s larger than the case of the sym-
metric -top molecules with the same valueWfT, because

012709-6
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the there are two collisional transitionsM{=0—M]
=1 andM ;=0—M)=—1) which cause the trap loss.

The evaporative cooling of the boson isotope is very dif-
ficult also for linear molecules. Also for the fermion isotopes,
the evaporative cooling seems more difficult than the

symmetric-top molecules ast*IMo" is small with low U.
Taking U larger than a certain valueJg, shown below,

oMo hecomes larger tham2oSon :

1 3/4

U(K)= 0.2 B(GH2)
(0=02.m)

m(a.u)

(29)

For the OCS moleculel =97 mK (40 kV/cm). With U
= Ue,

boson _
Telastic—

Teamia=1.42<10""2 cn?.

elastic —

B. J=0 state molecules

PHYSICAL REVIEW 89, 012709 (2004

m(a.u)?u(D)*

fermion, _ —11
o cn?) =6.56x 10
R B(GH2)?

U(K)Z.
(28

Equation(28) is valid not only for linear polar molecules in
the 12 state but also for all molecules in the=0 state.
oo s larger thanr5°%°"whenU is larger than a certain
valueU given by

B(GHz)\%*

1
Ueo(K)=014- | s

(D) 29

For OCS moleculed) oo=70 mK (E=17 kV/cm). WithU
>U,g, fermion molecules are more advantageous for per-
forming evaporative cooling. Witk = U o,

boson _
elastic

gfermion_ 5 0y 10712 .

elastic —

It recently became possible to trap molecules in high-

field-seeking states using a storage ring formed by alternate
gradient focusing electrodg®?]. This apparatus is used

mainly to trap molecules in thd=0 state. The inelastic
collisions are impossible wheh<hB. This subsection dis-
cusses the elastic collision cross sections tak|dg)
=|J=0, M;=0). Equations(1)—(8) are calculated using
42 2
2 WE 2w
|<(I)O|MZ|(I)O>| thBZ 3hBU!

/.L2E2

V=" %ne

(26)

which is given for all kinds of molecules. For boson iso- the L=0—L'
topes, also the scattering term caused by the short-range PQhile the coll

tential (>r ~%) given by

re3
s _7T,u,2 2m 4 5
93-0"8e, V338 (5) @)
4

FZ

should be taken into account.

Ill. CONCLUSION

Boson atoms are more advantageous than fermion atoms
for performing evaporative cooling. This is because atomic
collision is caused by a short-range force, which is signifi-
cant for theL=0—L"=0 scattering term. As the,L'=0
state does not exist between fermions, the elastic collision
rate is much smaller than that for Boson atoms.

Fermions are more advantageous than bosons for per-
forming evaporative cooling for polar molecules in low-
field-seeking molecules. The collision between polar mol-
ecules is mainly caused by the dipole-dipole interaction,
where theL=0—L’=0 scattering term is zero. As the mo-
lecular temperature decreases, the collision loss caused by
=2 scattering term becomes more significant
ision losses caused by other scattering terms
are reduced. Loss rate caused by the collisions between fer-
mion molecules is much less than that between boson mol-
ecules, as th&e =0—L’'=2 scattering term does not exist
between fermions.

Referencg 10] shows that evaporative cooling is effective
when R<1/150. This condition is satisfied for the Fermion
isotope whenlJ/T>3x 10" (symmetric-top moleculésand
1.2x 10 (linear molecul® when the Born approximation is

The elastic collision cross sections are given by the folvalid. We can still get evaporative cooling effect with lower

lowing.
(1) Boson:

m(a.u)
B(GHz)

o5°5° cn?) =8.04x 10 3w (D)? +2.41

,M(a.u)?u(D)?

10 U(K)2.
% B(GHz)? ()

(2) Fermion:

value of U/T when U is so high that the influence of the
repulsive force is significant. Referendds8—15 show that

it is difficult to getR<1 for boson isotopes also taking the
influence of the repulsive force into account.

For symmetric-top molecules trapped by the linear Stark
effect, the elastic collision rate between fermion molecules is
larger than that for boson isotopes. For molecules trapped by
the second-order Stark effecincluding J=0 state mol-
ecules, the elastic collision rate between fermion isotopes is
larger than boson isotopes with high electric fields.

012709-7



MASATOSHI KAJITA PHYSICAL REVIEW A 69, 012709 (2004

[1] A. Fioretti, D. Comparat, A. Crubellier, O. Dulieu, F. Masnou- [10] C.R. Monroe, E.A. Cornell, C.A. Sackett, C.J. Myatt, and C.E.

Seeuws, and P. Pillet Phys. Rev. Lé&0, 4402(1998. Wieman, Phys. Rev. Letf0, 414 (1993.

[2] A.N. Nikolov, E.E. Eyler, X.T. Wang, J. Li, H. Wang, W.C. [11] M. Kajita, T. Suzuki, H. Odashima, Y. Moriwaki, and M. Ta-
Stwalley, and P.L. Gould, Phys. Rev. Leg, 703(1999. chikawa, Jpn. J. Appl. Phys., Part®, L1260 (200J).

[3] T. Takekoshi, B.M. Patterson, and R.J. Knize, Phys. Rev. Lett[12] M. Kajita, Eur. Phys. J. 20, 55 (2002.
81, 5105(1998. [13] M. Kajita, Eur. Phys. J. 23, 337 (2003.

[4] S. Duerr, T. Volz, A. Marte, and G. Rempe, e-print [14] J.L. Bohn, Phys. Rev. &3, 052714(2001).
cond-mat/0307440. [15] A.V. Avdeenkov and J.L. Bohn, e-print physics/0208080.

[5] J. Herbig, T. Kraemer, M. Mark, T. Weber, C. Chin, H.-C. [16] V.M.K.V.A. Koelman, H.T.C. Stoof, B.J. Verhaar, and J.T.M.
Naegerl, and R. Grimm, Scien@91, 1510(2003. Walraven, Phys. Rev. Leth9, 676 (1987).

[6] J.D. Weinstein, R. deCarvalho, T. Guillet, B. Friedrich, and[17] G. Ferrari, Phys. Rev. A9, R4125(1999.
J.M. Doyle, NaturglLondon 395, 148 (1998. [18] B. DeMarco and D.S. Jin, Scien@85 1703(1999.

[7] .M. Doyle and B. Friedrich, NaturéLondon 401, 749 [19] I.S. Gradshteyn and I.M. RyzhiRable of Integral, Series, and
(1999. Products(Academic, New York, 1965 p. 692.

[8] H.L. Bethlem, G. Berden, F.M.H. Crompvoets, R.T. Jongma,[20] M.S. Child, Molecular Collision Theory(Dover, Mineola,
A.J.A. van Roij, and G. Meijer, NaturéLondon 406, 491 1996, p. 100.
(2000. [21] L.D. Landau and E.M. LifshitzQuantum MechanicéTosho,

[9] D.G. Fried, T.C. Killian, L. Willmann, D. Landhuis, S.C. Tokyo, 1970, p. 584(in Japanese
Moss, D. Kleppner, and T.J. Greytak, Phys. Rev. L&11.3811 [22] H.L. Bethlem, A.J.A. van Roij, R.T. Jongma, and G. Meijer,
(1998. Phys. Rev. Lett88, 133003(2002.

012709-8



