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In this article, we review our recent theoretical works on producing ultracold molecules from ultracold

bosonic atoms via magnetically tunable Feshbach resonances.

Our analysis relies on a two-channel

quantum microscopic model that accounts for many-body effects in the association process. We show
that the picture of two-body molecular production depicted by the Landau—Zener model is signifi-
cantly altered due to many-body effects. We derive an analytic expression for molecular conversion
efficiency for the nonadiabatic linearly swept Feshbach resonance, that explains the discrepancy be-
tween the prediction of the Landau—Zener formula and the experimental data. With including the
thermal dephasing effects in the oscillating magnetic field modulation Feshbach resoance, we repro-
duce the Lorentzian resonance lineshape and explain the maximum conversion efficiency observed in

experiment.
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1 Introduction

The conversion of ultracold atoms to ultracold molecules
by time-varying magnetic fields in the vicinity of a Fesh-
bach resonance is currently a topic of much experimental
and theoretical interest. This particular conversion pro-
cess lends itself well to the formation of molecular Bose-
Einstein condensates (BECs) [1-4] and atom-molecule
superpositions [5]. These Feshbach molecules and their
creation process are also important for understanding

ultracold fermionic systems in the BCS-BEC crossover
regime because they are closely related to the pairing
mechanism in a fermionic superfluid that occurs near a
Feshbach resonance [6-9].

To date several techniques to produce Feshbach
molecules have been demonstrated. A widely used tech-
nique involves the association of ultracold atoms into
very weakly bound diatomic molecules by applying a lin-
early sweeping magnetic field across the Feshbach reso-
nance. The underlying conversion dynamics are usually
described by the Landau—Zener (LZ) model [10,11]. In
Section 2, on the basis of the two-channel mean-field ap-
proach, we show that the many-body effects alter the LZ
picture of two-body molecular production through dra-
matically distorting the energy levels near the Feshbach
resonance, and derive an analytic expression for the con-
version efficiency in the nonadiabatic regime. Our theory
agrees with experimental data.

The linear sweeping technique inevitably heating the
thermal clouds and limiting the atom-molecule conver-
sion efficiency. Therefore an alternative efficient tech-
nique by applying a sinusoidally oscillating magnetic field
modulation in the vicinity of a Feshbach resonance has
been proposed [12]. In Section 3, review our work in
this direction. We have investigated the mechanism un-
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derlying the oscillating magnetic field modulation tech-
nique. By quantitatively including the thermal dephas-
ing effect in the non-condensed atom clouds, our model
has accounted for most experimental observations. Our
model calculation has reproduced the Lorentzian reso-
nance lineshape and explained the observed maximum
conversion efficiency in terms of relaxation to a mean-
field fixed point.
Finally, summary is presented in Section 4.

2 Feshbach resonance using linear sweeping
magnetic field

2.1 Theoretical model

In this section, we focus on the Feshbach resonance using
linearly sweeping magnetic field. Considering the exper-
imental condition that the densities of the atom cloud is
unusually low and the two- and three-body atomic decay
and collisional molecular decay rates are negligible, we
exploit the following two-channel model to describe the
dynamics of converting atoms to molecules in the bosonic
system,

H = (eq — p) ata+ [ep + v(t) — 2u] bTb
9 ([ Atati | Ttan
+W (aTaTb + bTaa) (1)

Here, a (a™) and b(b") are bose annihilation (creation)
operators of atoms and molecules, respectively. The to-
tal number of particles N = afa + 2b'h is a conserved
constant. The atomic and molecular kinetic energies are
given by €, and €, p is the chemical potential, }V denotes
the quantization volume of trapped particles, therefore
n = N/V is the mean density of initial bosonic atoms,
v(t) represents the magnetic detuning depends on the
external field, ¢ = +/4mh?angABpuco/m is the atom-
molecule coupling due to the Feshbach resonance, m is
the mass of a bosonic atom, ap, is the background scat-
tering length, AB is the width of the resonance, and
lco is the difference in the magnetic moment between
the closed channel and open channel state. The exter-
nal magnetic field is linearly swept from Bj, to Beng
with B(t) = Bt and crosses the Feshbach resonance at
By. When |Beng — Bin| > AB, the magnetic detuning
mainly contributed by the associated resonance energy
v(t) ~ peo (B(t) — Bop) [13]. The total number of parti-
cles N = ata + 2bh is a conserved constant.

Using the Fock states as a basis, the Schrodinger equa-
tion is written as:

d ~
i l0) = HlY) 2)
where ) = SMTc;[2j,N/2 — j).12j,N/2 — j) =

1 i (2 \N/2=0 )
= @) ()0 G =0 Np2)
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are Fock states, and ¢; is the probability amplitudes on
the corresponding Fock state, respectively. The nor-
malization condition is 37, [¢;|* = 1. By introducing
e = v(t) + e — 2¢, and 1 = 2g+/n, the Schrodinger equa-
tion is rewritten as:

i% =Y Hjker, jk=0,1,..,N/2 (3)

k

The Hamiltonian matrix elements are Hj, = (25, N/2 —
Jj|H|2k,N/2 — k). For j = k,H;; = —ej; for j # k,
Hjyp =0 Hjjp1 =
/(G + 12+ (N/2—j)/2N.

For the simplest case of N = 2, the above Eq. (3) re-
duce to the following two-level system of Landau—Zener

type:
L d [ co 0 n/2 co
a()-( ()

where |co|? and |c1]? denote the population of molecules
and atoms, respectively. Initially, all particles populate
in the lower level of the atomic state, i.e., cg = 0,c¢; = 1.
When the external magnetic field is linearly swept across
the Feshbach resonance at B ~ By, a fraction of atoms
will be converted to molecules at the avoided-crossing of
energy levels. The conversion efficiency as a function of
the sweeping rate (i.e., é = ,uCOB) and coupling strength,
takes the form [10, 11]:

2 2
) 8mnh|ang AB|
Fi=1—exp | =2 ) =1 —exp | - XM
l exp ( 2hé> P ( m|B|
(5)

The above is the two-body molecular production pic-
ture and is consistent with the result from the coupled-
channel scattering calculation in Ref. [14].

Mathematically, ignoring a total phase, the dynamics
of Eq. (4) are equivalent to the following simple classical
Hamiltonian [15, 16]:

Hi. =€¢/hs+n/hv1— s2cosb (6)

where the canonical conjugate variables are the popula-

except Hjiq; =

tion difference s = |cg|? — |c1|? and the relative phase
0 = argcy — argcy;. The dynamics are governed by the
- OHi OH,.
canonical equations of 6 = ! ,8=— 'Z The fixed
0s 00

points satisfying § = 0,0 = 0 correspond to the ex-
tremum of system energy. These classical fixed points
correspond to the eigenstates of quantum equations (4)
and their energies (corresponding to the eigenvalues of
quantum eigenstates) are calculated and plotted against
the energy bias parameter € in Fig. 1(a). It exhibits a
typical LZ avoided-crossing configuration. Initially, all
particles populate in the atomic state of s9 = —1 at
the left end of the lower level. When the external field
passes through the Feshbach resonance of width n/h at
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B = By, a fraction of atoms are converted to molecules
at the right end of the lower level, leading to a variation
in the population variable, i.e.,

2
sp=20.—1=1-2exp (—Q—ZJ (7)

As we go beyond the above two-body treatment to con-
sider the many-body effects, the structure of the energy
levels will change dramatically and the above LZ formula
of the conversion efficiency will be altered due to many-
body effects.

4 4 Two body Many body
M ; y.
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o
E \/
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(a) (b)

Fig. 1 Energy levels versus the scaled external magnetic fields.

(a) Two-body Landau-Zener levels; (b) Many-body case (N =
00), the dashed line represents an additional unstable eigenstate.

In order to include many-body effects, we introduce
the operators to investigate the dynamics of this system
[17],

P ﬁeﬁzﬂm btaa

N3/2
. atathb —blaa
. 2b—ata
=" 10
- (10)
with the commutators
N N 41 ~
(K., K] = NKy (11)
N N 41 ~
K, K,|=—-——K, 12
PN i N . 4i
oy Ry = - (1- K2 (143K.) + (13)

where K,, K, denote the coherence terms, and K, is
the population imbalance. Then the Hamiltonian can be
written as:

N N .
H=" (d{z n \/§nK$) (14)
4
Then the Heisenberg equations of motion are
d - 1 .
d - 1 . 2
Ay L, _nv2
dt 7 & h N
n3V2 (p (gL
+12= (k. 1)<KZ+3 (16)
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In the mean field limit where N — oo, all the commu-
tators (11-13) vanish. Therefore, it is appropriate to re-
place K., K, and K, by their expected values u,v, and
s, respectively. Then we have

d 1

E’U/ —ﬁé’l) (].8)
d 1 n3v2 1

d 7

7= E\/§v (20)

S5 = 12 + 1)

and introducing the conjugate angular variable 6
arctan(v/u) denoting the relative phase between atoms
and molecules, the Heisenberg equations can be replaced
by a classical Hamiltonian of the form:

H, = €/hs+n/h/ (1 — s2)(1 — s) cosf

To understand the dynamics, we first look at the fixed
points § = 6 = 0. The energies for these fixed points
make up energy levels of the system, as shown in Fig.
1(b). The structure of these energy levels changes dra-
matically compared to the two-body case. We observe:
(i) There are two fixed points when |e/7)| is large enough:
one for the bosonic molecule (BM) and the other for the
bosonic atom (BA). (ii) When |e/n| < v/2, there is an ad-
ditional fixed point with s = 1. However, this fixed point
is a saddle point corresponding to dynamically unstable
quantum states [18-20].

Compared to Hamiltonian (6), the coupling term in
many-body Hamiltonian (21) is renormalized by a factor
v1—5s. So, the Fehsbach resonance width that is pro-
portional to the coupling either broadens or shrinks de-
pending on the factor. For the fast sweep case, s should
be not far from its initial value —1, therefore, the reso-
nance width broadens and we expect that many-body ef-

Noting the constraint u? + v?

(21)

fects enhance the atom-molecule conversion. In contrast,
for the slow sweep case, s may take a value close to 1,
therefore, the resonance width shrinks. We then expect
that the many-body effects suppress the atom—molecule
conversion compared to the two-body Landau—Zener for-
mula.

To derive an approximate analytic expression for the
conversion efficiency, we introduce an effective coupling
Tleft aS:

Neff =NV 1 —s*

where s* can be approximately taken as the average be-
tween initial value s = —1 and the final value sy, i.e.,
§* = (=1 + s7)/2. Using the relation I, = 2(b'b)/N =
(1 + s7)/2 and formula (4), we obtain a self-consistent

(22)
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formula for the many-body conversion efficiency I,

(2 — Fm)}

2hé (23)

Iy, ~1—exp {—
The above self-consistent equation for the conversion ef-
ficiency I, can be readily solved using the iteration
method.

2.2 Comparison with experiment

Now we apply our theory to 8°Rb experiment by the
JILA group [21]. Indeed, in the practical experiment the
atoms are usually not condensed, the many modes are
strongly coupled and the full Hamiltonian will read

e = (cap— ) abiy + > lenq + v(t) — 2] bib,
P q

g At . I N
v D (@ a2l ppasaba + Bhiiprasaiiniae)
p.q
(24)

The kinetic energy distribution of the thermal particles
are characterized by kgT, here kp is the Boltzman con-
stant, and T is the temperature. In the experiment, kgT
is much smaller than the effective Feshbach resonance
width g./n, therefore we ignore the variation in the ki-
netic energy, i.e., €, — €, and €, 4 — €,. This approx-
imation is tantamount to denote each “energy band” of
the thermal particles by one energy level. In such ap-
proximation, the Hamiltonian (24) reduces to (1). Fur-
thermore, we neglect the particle kinetic energy ¢, and
€p. Then we have € ~ ¢, (B(t) — Bp).

In experiment, the atoms are held in a purely mag-
netic “baseball” trap. For efficient evaporation, the bias
field is held at 162 G, where the scattering length is pos-
itive. For slow magnetic field ramps, Rbs molecules are
produced only when the field is ramped upward through
the resonance, which is located at 155 G. Hence, the first
step in molecule production is to rapidly jump the mag-
netic field from 162 G to 147.5 G. They then sweep the
field back up to 162 G at a chosen linear rate, produc-
ing molecules as they pass through the Feshbach reso-
nance. The initial conditions of the atomic cloud are
N = 87 000 and n = 1.3 x 10''em™3. The Feshbach
resonance parameters are apg = —443a9, AB = 10.71 G,
and peo = —2.33up, where ag and up are the Bohr radius
and Bohr magneton, respectively. The thermal cloud of
the particles is at temperature 7' = 40 nK.

To compare with Landau—Zener theory quantitatively,
the JILA group measured the ratio between mean den-
sity and 1/e ramp rate as a function of mean density.
They found that the Landau—Zener parameter predicted
from the two-body theory is roughly 1/8 of the value
extracted from the experimental data. They use the for-
mula Nyl = Npax(1 — e @?ABas/BY o fit the experi-
mental data on molecular conversion, where Ny, ax is the
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asymptotic number of molecules created for a very slow
ramp, B is the magnetic field sweeping rate, « is a fitting
parameter, and dpz = anABapg/ B is the Landau—Zener
parameter. The saturation data in Fig. 1(a) in Ref. [21]
indicate that Nyax/N = 37%. The 1/e ramp rate Bl/e is
defined as that at Bl/e, Oz = 1 and Nyol/Nmax = 63%.
It was then claimed that the data support a constant
value for n/B; /e (see Fig. 2). The value for a, extracted
from the experimental data, is 4.5 x 10~"m? - s~!. How-
ever, the two-body Landau-Zener formula (5) predicts
a = 812h/m = 5.9 x 1078m? - s71 roughly 1/8 of the
experimental data.

w 3401 [ e Experimental data of JILA
[~ =
£ . Ouwr theory
300 A : 7 i
E -===== Two-body LZ theory PTTEL i
(7 2601
f 2 220
2|7 180 5
2127 1404 7T
A= i .
5|
; 100 r
g 60 1 I

0.5 1.0 1.5 2.0 25
Mean density /(10" em™)
Fig. 2 The ratios of mean density over 1/e ramp rate, with re-
spect to mean density. Our theory shows a good agreement with
the experiment for four low density points but is obviously larger
than the final point. At the high density, the cloud experienced
significant heating during the ramps across the resonance, hence
the density of the final point has significant uncertainty [21].

Now we apply our many-body theory to resolve this
puzzle. At Bj/., the molecular conversion efficiency
is Nmot/N = 37% x 63% = 23%. In the nonadia-
batic regime, our many-body formula (23) is simpli-
1672nhlang AB]|

m| B '
23%,B = B/ into the above formula, we have n/Bl/e =

0.23m
1672h|apg AB|
agreement with the experimental data of the fourth scat-
ter in Fig. 2.

To compare with two-body LZ formula Eq. (5), we
see that, the many-body effects change the 1/e rate in
the non-adiabatic regime by a factor of 2. The above
analysis uncovers the physics behind the 1/8 deviation.
The factor 1/8 is the product of following three factors:
0.37 is from the maximum conversion rate, 0.63 is from
the definition of the 1/e ramp rate, and 1/2 comes from
many-body effects.

Our calculations are extended to the cases of varied
spatial densities. As mentioned above, in Ref. [21], the
formula Nypel = Niax (1 —e =8B/ B) s used to fit ex-
perimental data on molecular conversion. Accordingly,
the 1/e ramp rate By, corresponds to Nmol/Nmax =
1—1/e = 63%. Our many-body theory Eq. (23) pre-

fied as I}, ~ Substituting I, =

=105x 10" em ™3 -us-G~1, which is good
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0.63m Nmax
16m2hlang AB| N
maximum molecular conversion efficiency (i.e., Npax/N)

. Because the

dicts that n/Bl/e =

is a function of peak phase space density as revealed in
Fig. 2 in Ref. [21] and the spatial density is proportional
to peak phase space density at the fixed temperature, we
claim that n/ B /e 18 spatial density n dependent through
Nmax/N. The Npax/N as a function of density is read
out from Fig. 2 in Ref. [21]. Thus, our theoretical curve is
plotted against the experimental data in Fig. 2. It shows
good agreement with the experiment for four low den-
sity points but is obviously larger than the final point.
At high density, the cloud experienced significant heating
during the ramps across the resonance, hence the density
of the final point has significant uncertainty (i.e., see the
caption of Fig. 1 of Ref. [21]). The result from two-body
LZ theory is also presented in Fig. 2 for comparison. It
is twice as large as that of many-body theory, and obvi-
ously deviates from the experimental data.

3 Feshbach resonance using oscillating mag-
netic field

3.1 Theoretical model

In this section we investigate the atom—molecule conver-
sion using oscillating magnetic field modulation, in which
around a fixed Box the magnetic field is modulated sinu-
soidally with small amplitude Byoq and the frequency
w, i.e.,

B(t) = Bex + Bmod sin(wt) (25)
In order to increase the conversion efficiency, the By is
set to be in the vicinity of the Feshbach resonance, i.e.,
|Bex — Bo| < AB. Under this condition, the magnetic

detuning is mainly contributed by the binding energy,
which expressed approximately as [12]:

v(t) ~ — K

m(aeft — 70)?
where 7 is the effective range of the van der Waals po-
tential, m is the mass of a bosonic atom, and a.g de-

(26)

notes the effective scattering length driven by the exter-

nal magnetic field:
B 1 AB
Aeff = Obg B_ BO

Since Bmod < Bex, the binding energy can be expanded
into series to the first order of Boq:

(27)

V(t) = Ve + vy, sin(wt) (28)
where
h? Bex — Bo)?
Vo= (Bex ~ Bo) (29)

r—°> (Bex — By) — AB
Gbg

ma%g {(1 B
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and
K2 2(Bex — Bo)ABBuo
v = Mo ZB)BABBmed (g
mabg 70
1— — ) (Bex—By)—AB
Gbg

Then we have € = v+ v, sin(wt) with vy = ve + €, — 2¢,,
and the mean-field Heisenberg equations (18)—(20) be-
come

%u =7 [vo + Vi sin(wt)] v (31)
%u =-z [vo + v sin(wt)] v

S et ) (32)
d _n

To get the time-averaged value of the conversion varied
with different external field, we characterize each quan-
tum trajectory by its time-averaged imbalance

. 1 At
—(K.) = —— dt(K) (¢t 34
(Ko)e= 7 [ a&)0 (34)
employing the averaging interval At > h/vy. Fig-

ure 3 shows the results of such calculations by numer-
ically solving the differential equations (3) for N = 2,20
under periodic modulation with fixed scaled amplitude
Vm/Vo = 0.2 and frequencies w ranging from 0 to 1.251.
The solution of the mean-field equations (31)—(33) is also
presented. There are several clear spikes that indicate
the Shapiro-like resonance [22] in atom—molecule con-
version driven by the external magnetic field.

---=-N=2 | .

0.0 4l-.—.—. N=20 ‘{
1 Mean-field
-0.2 T T r : :
0.00 0.25 0.50 0.75 1.00 1.25
w/vy

Fig. 3 Time-averaged population imbalance —(K.); for the
driven system with different numbers of particles, tilt vo/n = 5,
and scaled driving amplitude vy, = 1.

These spikes indicate that the frequency of the modu-
lated field is commensurate with the intrinsic frequencies
of the atom—molecule conversion system in the absence
of the periodic modulation. Now we analyze the intrinsic
frequency. For N = 2, the commutators becomes

K., K, =2iK,, [K., L, =-2iK,
(K., K,] =iK.

From the Heisenberg equations, we get
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d?
a2 K"‘ﬁ(l/o‘i‘ﬁ)K =0

Then the intrinsic frequency is readily obtained from the

above equation as \/vg + n?/h. Thus, the center of res-

onance is expected to be \/v3 +n?/(hw) = p/q with p, q
as integers. In our case, the resonances corresponding to

(37)

p/q = 1,2,3 are more prominent. With N increasing,
we find that the resonance center shifts to the right due
to the many-body effect. We can obtain the intrinsic
frequency in the mean-field limit, i.e., N — oco. From
the mean-field Heisenberg equations (31-33), we readily
obtain
2

(;1 v—i—% (g +m*(1—3s)v=0
Initially all particles are in atom states, ie., s =
—1. Approximately substituting it into the above equa-
tion, we obtain the explicit expression of the frequency
Vg +4n?/h. This implies that, due to the many-body
effect, the resonance centers shifts to /13 + 4n?/(hw) =
1,2,3,.... The above theoretical analysis agrees with our
numerical results.

(38)

3.2 Comparison with experiment

The generation of cold dimers from a cold Bose gas us-
ing an oscillating magnetic field has been implemented
experimentally by the Wieman group at JILA [12]. It
has shown that the method.

The thermal effect that is totally ignored in our previ-
ous discussions is important in the practical experiment.
For a long time evolution, thermal particles scattering
off the single-mode mean-field will cause phase diffusion
at a rate proportional to the thermal cloud temperature,
ie., v = kgT/(2nh) [23]. To account for the experi-
mental data, we need to include the dephasing effect in
our model. Modeling dephasing by fully including the
quantum effects requires sophisticated theoretical stud-
ies. The standard approaches of quantum optics for open
systems involve quantum kinetic master equations. Here,
we adopt the simple mean-field treatment in our model.
From the mean-field viewpoint, the decoherence term in-
troduces a <y transversal relaxation term into the mean-
field Heisenberg equations of motion according to [18-20,
24]

d 1

U= TR (39)

d 1 73 1

Ev heu+ h4\/§(s 1) <S+ 3> Y (40)
n

g = 41

dts \/—v (41)

The imbalance of atom-pairs and molecules s is varied
in the range of [—1, 1] with the lower limit correspond-
ing to a pure atomic gas and s = 1 for a pure molecular
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gas. What we are concerned about is, after the conver-
sion process, how many atomic pairs are converted to
molecules.

Now we apply our theory to the experiment of 3> Rb in
Ref. [12]. The atoms are held in a purely magnetic trap
at a bias field of B,.. After evaporative cooling, the mag-
netic field B is linearly swept to a selected value at By,
and then a sinusoidal magnetic field pulse with peak-to-
peak amplitude Bp,,q and modulation frequency w for
a duration of the coupling time is applied. The swept
magnetic field can be expressed as:

B, — a,t, 0<t <ty
B ={ Bex + Bmoasin(wt), o <t <tg+te
Bex + ayt, to +tc <t < 2tg+te
(42)
where B, = 162 G, Bex = 156.5 G, Bjoq = 0.13 G,w

ranges from 2 kHz to 9 kHz, t( is the linear sweep time,
a, = (B, — Bex)/to is the linear sweep rate, and t. is
the coupling time. For the thermal cloud, with temper-
ature T, one molecule has 5 degrees of freedom while
two atoms have 6 degrees of freedom; according to the
equipartition theorem, we have (2¢, — €,) ~ kgT'/2. The
scaled parameters in Eq. (39)-(41) are

h? (B — By)?

t) = — 43
I/( ) ma%g ro 2 ( )
(1-2) -5y~ a5
Gbg
and
n= 2\/47Th2|abg,uCO\ABn/m (44)
The experimental parameters are ro = 185ag [25,26],

By = 155 G, the temperature T" = 20 nK, and density
n = 10Mem™3. At this location By, the difference of
magnetic moment is pico = Ov(t)/0B = 1.2 x 10 *ug,
which is extracted from the experimental data [27]. Fig-
ure 4 shows the conversion efficiency as a function of
modulation frequency for three different coupling times.
The resonance line width is broadened by the dephas-
ing term. There is a clear Lorentzian distribution res-
onance at frequency about 6.25 kHz, close to the ex-
periment. Except the fundamental frequency resonance
at w = 6.25 kHz, there is also a weakly (2 : 1) mode
resonance at about w = 3.1 kHz, which has not been
observed in an experiment. Our linewidth is approxi-
mately 0.3 kHz at the zero conversion limit, as shown in
the subfigure. In the experiment, it is about 0.2 kHz.
In Fig. 5, we show the conversion efficiency with re-
spect to coupling time. The squares with error bars
are experimental data in Ref. [12]. For temperature
T = 20 nK and density n = 10'em™3, our results are
close to the experimental data. We also show the cases
of different temperatures by considering the isobaric
condition, i.e., nT = const. The above calculation shows
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Fig. 4 Conversion efficiency of atoms converted to molecules as a
function of modulation frequency for three different coupling times.
For a fixed coupling time, the curve can be fitted by a Lorentzian

distribution I' = I'p + %W, e.g., for t = 38 ms, the

fitting parameters are I'p = 0.06, we = 6.2, A = 0.6, A = 0.23. In
the subfigure, by fitting the linewidth versus conversion data to a
straight line, we find the zero conversion limit to be 0.3 kHz.

that increasing the temperature will lessen the molecular
production because the dephasing term is proportional
to the temperature. On the other aspesct, the conver-
sion efficiency decreases with the increasing of temper-
ature. For different temperatures, a common feature is
that the conversion efficiency increases with the coupling
time until the conversion efficiency becomes saturated at
1/3. This can be explained from investigating Eq. (39)-
(41), where u = v = 0,w = —1/3 is the fixed point in
the absence of the dephasing term. The observed limit
in atom—molecule conversion efficiency has been exten-
sively discussed, including the Landau—Zener (LZ) model
of two-body molecular production [14], phase-space den-
sity model [21], equilibration model at finite tempera-
tures [28]. Our above investigation suggests a new mech-
anism for the observed maximum efficiency: The system
is found to relax into the mean-field fixed point due to

1/3 e
031 % A
!
'
!
'
= ]
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4 * . -
i — TI'=20nK
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0.0 T g T T T
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Coupling time /ms

Fig. 5 Conversion efficiency of atoms converted to molecules un-
der a periodic modulation with amplitude B;,,q = 0.13 G and
frequency w = 6.25 kHz with respect to coupling time for different
temperatures. The squares with error bars are from Fig. 4(a) of
Ref. [12]. The conversion of ultracold atoms to molecules increases
with the coupling time until it becomes saturated at 1/3.
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the dephasing effect.

4 Conclusion

In summary, we have thoroughly investigated the dy-
namics of ultracold molecule production from ultracold
bosonic atom gas via magnetically tunable Feshbach
resonance on the basis of a two-channel quantum micro-
scopic model. With the mean-field approach, we have
analysed the model theoretically and accounted for the
experiment for the linearly sweeping Feshbach resoance
as well as for the oscillating modulation Feshbach reso-
nance. It is shown that the picture of two-body molec-
ular production depicted by the Landau-Zener model
is significantly altered due to many-body effects. In
this paper, our review is confined to our works on the
bosonic systems [32, 33]. For the fermionic systems, we
also make thoroughly investigation, details refer to Ref.
[34].

Acknowledgements We thank Prof. Gang Hu for his Kind
invitation of writting this review.

References

1. M. Greiner, C. A. Regal, and D. S. Jin, Nature (London),
2003, 426: 537

2. M. W. Zwierlein, C. A. Stan, C. H. Schunck, S. M. F. Rau-
pach, S. Gupta, Z. Hadzibabic, and W. Ketterle, Phys. Rev.
Lett., 2003, 91: 250401

3. S. Jochim, M. Bartenstein, A. Altmeyer, G. Hendl, S. Ried],
C. Chin, J. Hecker Denschlag, and R. Grimm, Science, 2003,
302: 2101

4. M. Bartenstein, A. Altmeyer, S. Riedl, S. Jochim, C. Chin,
J. Hecker Denschlag, and R. Grimm, Phys. Rev. Lett.,
2004, 92: 120401

5. E. A. Donley, N. R. Claussen, S. T. Thompson, and C. E.
Wieman, Nature (London), 2002, 417: 529

6. M. Holland, S. J. J. M. F. Kokkelmans, M. L. Chiofalo, and
R. Walser, Phys. Rev. Lett., 2001, 87: 120406

7. E. Timmermans, K. Furuya, P. W. Milloni, and A. K. Ker-
man, Phys. Lett. A, 2001, 285: 228

8. M. W. Zwierlein, C. A. Stan, C. H. Schunck, S. M. F. Rau-
pach, A. J. Kerman, and W. Ketterle, Phys. Rev. Lett.,
2004, 92: 120403

9. M. Greiner, C. A. Regal, and D. S. Jin, Phys. Rev. Lett.,
2005, 94: 070403

10. L. D. Landau, Phys. Z. Sowjetunion, 1932, 2: 46

11. G. Zener, Proc. R. Soc. London, Ser. A, 1932, 137: 696

12. S. T. Thompson, E. Hodby, and C. E. Wieman, Phys. Rev.
Lett., 2005, 95: 190404

13. T. Kohler and K. Géral, Rev. Mod. Phys., 2006, 78: 1311

14. K. Géral, T. Kohler, S. A. Gardiner, E. Tiesinga, and P. S.
Julienne, J. Phys. B, 2004, 37: 3457

15. J. Liu, L. B. Fu, B. Y. Ou, S. G. Chen, D. I. Choi, B. Wu,
and Q. Niu, Phys. Rev. A, 2002, 66: 023404



130

16

17

18.
19.

20.

21.

22.
23.

24
25
26

Jie LIU and Bin LIU, Front. Phys. China, 2010, 5(2)

. J. Liu, B. Wu, and Q. Niu, Phys.
170404

. A. Vardi, V. A. Yurovsky, and J. R. Anglin, Phys. Rev. A,

2001, 64: 063611

J. R. Anglin, Phys. Rev. A, 2003, 67: 051601

J. Liu, C. W. Zhang, M. G. Raizen, and Q. Niu, Phys. Rev.

A, 2006, 73: 013601

G. F. Wang, D. F. Ye, L. B. Fu, X. Z. Chen, and J. Liu,

Phys. Rev. A, 2006, 74: 033414

E. Hodby, S. T. Thompson, C. A. Regal, M. Greiner, A. C.

Wilson, D. S. Jin, E. A. Cornell, and C. E. Wieman, Phys.

Rev. Lett., 2005, 94: 120402

S. Shapiro, Phys. Rev. Lett., 1963, 11: 80

See, for example, E. Eisenberg, K. Held, and B. L. Altshuler,

Phys. Rev. Lett., 2002, 88: 136801

. J. R. Anglin and A. Vardi, Phys. Rev. A, 2001, 64: 013605

. R. A. Duine and H. T. C. Stoof, New J. Phys., 2003, 5: 69

. G. F. Gribakin and V. V. Flambaum, Phys. Rev. A, 1993,

Rev. Lett., 2003, 90:

27.

28.

29.
30.

31.

32.

33.

34.

48: 546

N. R. Claussen, S. J. J. M. F. Kokkelmans, S. T. Thompson,
E. A. Donley, E. Hodby, and C. E. Wieman, Phys. Rev. A,
2003, 67: 060701(R)

J. E. Williams, N. Nygaard, and C. W. Clark, New J. Phys.,
2006, 8: 150

A. Sinatra and Y. Castin, Phys. Rev. A, 2008, 78: 053615
A. Sinatra, Y. Castin, and E. Witkowska, Phys. Rev. A,
2009, 80: 033614

A. A. Norrie, R. J. Ballagh, and C. W. Gardiner, Phys.
Rev. A, 2006, 73: 043617

J. Liu, B. Liu, and L. B. Fu, Phys. Rev. A, 2008, 78:
013618
B. Liu, L. B. Fu, and J. Liu, Phys. Rev. A, 2010, 81:
013602

J. Liu, L. B. Fu, B. Liu, and B. Wu, New J. Phys., 2008,
10: 123018



