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Deceleration and trapping of ammonia using time-varying electric fields
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A polar molecule experiences a force in an inhomogeneous electric field. Using this force, neutral molecules
can be decelerated and trapped. It is shown here that this can in principle be done without loss in phase-space
density. Using a series of 64 pulsed inhomogeneous electric fields a supersonic beam of ammonia molecules
(**NH;, ND3, °NDs) is decelerated. Subsequently, the decelerated molecules are loaded into an electro-
static quadrupole trap. Densities on the order df hAolecules/crhat a temperature of 25 mK are obtained for
ND; and '*ND; separately and simultaneously. This corresponds to a phase-space density in the trap of
2x10 13, 50 times less than the initial phase-space density in the beam.
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[. INTRODUCTION be used to change the longitudinal velocity of polar mol-
ecules[26—3(0. Molecules having their dipole-moment ori-
Currently there is great interest in the physics of coldented antiparallel to an electric field will gain Stark energy
molecules[1-5]. There are now three techniques that haveupon entering this field. The gain in Stark energyoten-
been able to produce samples of trapped cold molecules. kial” energy) is compensated by a loss in kinetic energy. If
the first technique, homonuclear diatomic molecules arehe electric field is greatly reduced before the molecule has
formed by photoassociation of cold atofis7]. In this way left the electric field the molecule will not fully regain the
ultracold H [8], He; [9], Li, [10], N& [11], K, [12,13, Ca  lost kinetic energy. This process may be repeated by letting
[14], Rb, [15,1€], and Cs [17] have been formed. The trans- the molecules pass through multiple pulsed electric fields.
lational temperature of the molecules can be as low as that dflolecules can thus be slowed down and eventually brought
the atoms from which they are formed. Recently, photoassao a standstill. In Ref[31] it was first experimentally dem-
ciation of atoms has been demonstrated in a Bose-Einstenstrated that the longitudinal velocity of polar molecules
condensatd18,19. In most cases, the formation of mol- can be changed using time-varying electric fields. A beam of
ecules is deduced from an observed reduction in the numbenetastable CO was decelerated from 225 m/s to 98 m/s using
of trapped atoms as a function of the wavelength of the phoan array of 63 pulsed electric fields. In R¢B2] time-
toassociation laser. In some cases, the produced moleculearying electric fields were used to manipulate the velocity
have also been detected direcili3,16,17. Formation of of Cs atoms in a fountain via the dipole polarizability. In Ref.
mixed-alkali species is also being pursy@®d,21], but has [33] a theoretical model was presented to describe the mo-
turned out to be considerably more difficult. Once formed,tion of molecules in an array of time-varying electric fields.
the molecules can be trapped in the focus of an intense lasér particular, it was shown that the phase-space density is
beam[22]. In their triplet state, the molecules can also beconstant during the deceleration process. This is nontrivial
trapped in an inhomogeneous magnetic field. Recently, magsince this is not generally true when a Hamiltonian is explic-
netic trapping of X 10° Cs, molecules at a temperature of itly dependent on tim¢34]. In Ref[35] “ND; molecules
50 uK has been reportel@3]. were decelerated and loaded in an electrostatic quadrupole
In the second technique molecules are cooled via collitrap at a density of %0 molecules/crh and a temperature
sions with a helium buffer gas in a cryogenic cell. Féte,  below 350 mK. In Ref[36] a prototype electrostatic storage
temperatures down to 250 mK can be reached at buffer gagng for neutral molecules has been demonstrated; bunches
densities that are still sufficiently high to allow for efficient of deuterated ammonia molecules with a forward velocity of
cooling. In this way, about 0 CaH molecules have been around 100 m/s at a translational temperature of 10 mK were
cooled and magnetically trapped at a temperature of 400 mkrapped in a hexapole torus. Here we report trapping of
[24]. This method is applicable to any paramagnetic mol-1*ND; and ®ND5; molecules in a quadrupole trap at a den-
ecule(or atom provided that a method is available to bring sity on the order of 10 molecules/crh The temperature is
the molecule into the cryogenic cell. In the case of CaHmeasured to be 25 mK. The phase-space density in the trap
laser ablation of a solid precursor mounted in the cell is useccorresponds to 2 10~ 3, about 50 times less than the phase-
In order to obtain a truly isolated sample of cold moleculesspace density of the initial beam.
the buffer gas needs to be rapidly pumped out. This has This paper is organized as follows. In Sec. Il a model
already been demonstrated to work for atdis]. describing the longitudinal and transverse motion in the de-
In this paper the third technique, in which time-varying celerator is outlined. From this model, the distribution of
electric fields are used to decelerate and trap polar moleculesiolecules in phase-space that is transmitted by the decelera-
is described in detail. Static electric fields have been used twr is derived. In Sec. lll matching of the phase-space distri-
deflect and focus polar molecules since the 1920s. Already ibution throughout the apparatus is described. Experiments on
the 1950s it was realized thaime-varyingelectric fields can the deceleration of a beam 6fND; molecules are presented
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switched on, the process will repeat itself. In Fig. 1 the po-
tential energy of the molecul&y(z), is depicted as a func-

D 6 oy tion of its positionz along the beam axis. The energy a mol-

aé 5 é
%@ :) C ecule loses per stage depends on its position at the time that
(P 9 (P the fields are being switched. In analogy with concepts used
1 in charged particle accelerators, this position is expressed in
2V “Hl terms of a “phase-angle’® that has a periodicity of I2.
Molecules that are in maximum electric field just prior to the
time at which the fields are being switched are assigned a
phase angle of=90°.

First the situation where the electric fields are switched at
ﬁqual time intervalQT, is discussed. Let us consider a mol-
ecule at a phas¢é=0° and with a velocity that matches the
frequency of the electric fields, i.e., a molecule that travels

exactly the distancé in a time mtervaIAT This molecule

in Sec. IV, supporting the model. In Sec. V simultaneous iy he'referred to as the “synchronous” molecule. Its phase
deceleration of different molecules is discussed and experiz 4 velocity are indicated as the equilibrium phasgand
14

mednEN%n S|multaneoust deceleration of Mejr?a’ ThNDg’ the equilibrium velocityv, respectively. It is readily seen
an 3 ammonia ISolopomers are presente € Propelgat (i) the phase and velocity of the synchronous molecule
ties of the electrostatic trap and the method used to load th mains unchanged, ar(d) that molecules with a slightly
tralp, are c:]lsclussded in fSerc]: \Q In|Sec (}/Itl) experl][nental r€ifferent phase or velocity will experience an automatic cor-
sults on the loading of the decelerated beam of ammonig, i, towards these equilibrium values. A molecule with a
molecules into the trap are presented. The actual trapping hase slightly larger thar, and a velocity equal to,, for

';he molt—:r(]:ulttes, |npludd|ng .ttt]ed(?ngr'm?}]tI?I étum; O.f OSC'II"’l"ns,tance, will lose more energy per stage than the synchro-
lons n the trap, 1S describéd I Sec. - LONCIUSIONS and, ;5 molecule. It will thus be slowed down relative to the

future prospects are given in Sec. IX. synchronous molecule and consequently its phase will get
smaller, until it lags behind. At this point, the situation is

Stark energy
W(z)

n %

o

FIG. 1. Scheme of the Stark decelerator, together with the Star!
energy of a molecule as a function of positioalong the molecular
beam axis.

Il. MOTION IN THE STARK DECELERATOR reversed and it will lose less energy than the synchronous
o ) molecule will, etc. This argument shows that molecules with
A. Longitudinal motion a slightly different phase frong, and/or a slightly different

There is a strong similarity between deceleration of polavelocity fromuv, will oscillate with both phase and velocity
molecules in a Stark decelerator and the acceleration cdround the equilibrium values; the molecules are trapped in a
charged particles in a linear accelerator. In a charged particleotential well travelling at the velocity of the synchronous
accelerator an electric field acts on the charge of a particlenolecule.
whereas in a neutral particle accelerator an electric field gra- In order to decelerate the molecules one has to lower the
dient acts on the dipole moment of a particle. With a suitablevelocity of the potential well, by gradually increasing the
translation all concepts that are used throughout for chargeldme intervalsAT after which the electric fields are being
particle accelerators can be used for neutral particle accelergawitched. The synchronous molecule will still travel a dis-
tors as well. In particular, the principle of “phase-stability,” tanceL in the intervalAT, but ¢, will now be different from
i.e., the principle that is used to keep a bunch of particlegero. By definition, the synchronous molecule is always at
together throughout the acceleration process, can be efhe same position when the fields are being switchég (
ploited. Phase stability was independently discovered byemains constajitit will achieve this by losing exactly the
Veksler[37] and McMillan [38] and forms the basis of all required kinetic energy per stage. Again, the phase and ve-
modern charged particle accelerators. In this section it willocity of a nonsynchronous molecule will oscillate around
be shown how phase stability can be applied to the decelerdhose of the decelerated synchronous molecule.
tion of polar molecules. The kinetic energy lost by the synchronous molecule per

Consider an array of electric field stages separated by atageAK(¢y), is given byW( o) —W( o+ 7). It is conve-
distanceL, as shown in Fig. 1. Each stage consists of twonient to expres$V(¢) as a Fourier series. In the expression
parallel cylindrical metal rods with radius centered a dis- for AK(¢) all the even terms cancel, yielding
tance 2 +d apart. One of the rods is connected to a positive ) )
and the other to a negative switchable high-voltage power AK(¢o)=2a;8in( o) +2a5siN(3o) +--- . (1)
supply. Alternating stages are connected to each other. When
a molecule in a quantum state with a positive Stark effact When adjacent electric field stages are not too far apart,
so-called low-field seekgmoves through the array of elec- i.e.,L~2r+d, AK(¢) is predominantly determined by the
tric field stages as indicated in Fig. 1, it will gain Stark first term. As mentioned above, the phase is only defined at
energy. This gain in potential energy is compensated by ¢he moment at which the fields are being switched. To be
loss in kinetic energy. If the electric field is abruptly able to mathematically describe the motion of the molecules
switched off, the molecule will keep its instantaneous velocthrough the Stark decelerator, a description in terms of con-
ity. If, simultaneously, the electric field of the next stage istinuous variables is needed. For a description of the motion
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of a nonsynchronous molecule relative to the motion of the
synchronous molecule, the instantaneous difference in phase,
Adp=¢p— o, and velocity,Av=v —vy, is introduced. One
can regard the lost kinetic energy per stage of the synchro-
nous molecule to originate from a continuously acting aver-

age forceF (¢g) = —AK(¢p)/L. This approximation can be
made provided that the deceleration rate, i.e., the amount by
which the velocity of the synchronous molecule is reduced in
a given stage relative tog, is small. WhenAv<v,, the
average force on a nonsynchronous molecule can be written
asF(ppot+A¢p)=—AK(¢po+Ag)/L. The equation describ-
ing the motion of the nonsynchronous molecule relative to
the motion of the synchronous molecule is thus given by

v (m/s)

v (m/s)

mLd?A¢ 2a; .
+[sin(¢o+A¢)—sin(¢)]=0, (2

T dt?

with m the mass of the molecule. This is analogous to the
equation for a pendulum driven by a constant torque. When
A ¢ is small, singpy+Ap)=sin dpy+Adcosd, and the equa-
tion of motion becomes

v (m/s)

mLd?Ag 28, Y ,
= o +—(Adcosdy)=0. ()

In Fig. 2 a numerical integration of E@2) is shown for
various equilibrium phaseg,, with parameters as used in  FIG. 2. Phase-stability diagrams for various valuesggf ob-
the experiment on““NDs, to be described later. The solid tained via numerical integration of E(R) with parameters as used
curves are lines of constant energy, and indicate trajectoriga the experiment fo*NDs. In the experiment, a difference in the
that molecules will follow. The inner curves are nearly ellip- phase angle of 2 corresponds to a distance of 11 mm.

tical, corresponding to a nearly linear restoring force on the . . .
molecules, as can be seen from E8). For 24NDj the lon-  €N€rgy that is added depends on thmisition at that time.
gitudinal o’scillation frequency, given by Therefore, while in charged particle accelerators energy and

time are conjugate variables, in the Stark decelerator this role

a is played by velocity(energy divided by velocityand posi-
w,/27r=\| ——— cosdo, (4  tion (time multiplied by velocity. As a consequence, while
27mL? theenergyspread in the laboratory frame remains constant in
a charged particle accelerator, theocityspread in the labo-
is approximately 1 kHz forpy=70°. Further outward, the ratory frame remains constant in the Stark decelerator.
restoring force is less than linear and the oscillation fre- Phase stability ensures that the phase-space density re-
quency is lowered, approaching zero on the separétiigk  mains constant during the deceleration process. In addition,
curve. Beyond the separatrix the total energy of the mol-it makes the deceleration insensitive to small deviations from
ecules will be larger than the effective potential well and thethe designed electric field in the decelerator, caused by, for
trajectories of the molecules are unbound. The area inside thrstance, misalignments of the electrodes or fluctuations in
separatrix(“bucket”) is the longitudinal acceptance of the the applied voltages. Small deviations from the anticipated
decelerator. It is seen that this area is larger for smaller valelectric field will make the phas¢,, assumed to be constant
ues of . The deceleration per stage is given by Elg.and  throughout the decelerator, differ per stage. This will lead to
increases whewp, is increased from 0 tg 7. Since both a a slightly modified acceptance area, with some blurring in
large acceptance and efficient deceleration are desirable thetiee region of the separatrix. The final velocity, however, is
is a trade-off between the two. determined by the time sequence only and will not be
The phase-stability diagrams showing the longitudinal acaltered.

ceptance of the Stark decelerator are very similar to those In Ref.[33] this model was tested using metastable CO
used to describe charged particle acceleratse®, for in-  molecules. In this experiment the molecules were decelerated
stance, Fig. 2.20 of Ref39]). There is an important differ- to 200 m/s, such that the deceleration rate and the relative
ence, however. In a charged particle accelerator energy igelocity spread Av,/v,) was kept low. The model was
added to the particles at a certgiosition while the amount found to accurately describe the deceleration process. In this
of energy that is added depends on tlmee at which they article data are presented where a beam of ammonia mol-
arrive at this position. In the Stark decelerator energy iscules is decelerated to much lower velocities, where these
added to the molecules at a certtime, while the amount of approximations no longer hold. In addition, these experi-

- 0 n 2n 3n 4 51
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ments are sensitive to the effects of the transverse motion in
the decelerator.

B. Transverse motion

For the array of electrodes schematically depicted in Fig.
1 the electric field close to the electrodes is higher than that
on the molecular beam axis. Therefore, molecules in low-
field seeking states will experience a force focusing them
towards the molecular beam axis. This focusing occurs only
in the plane perpendicular to the electrodes, i.e., in the plane
of the figure. In order to focus the molecules in both trans-
verse directions, the electrode pairs that make up one decel-
eration stage are alternately positioned horizontally and ver-
tically.

In Fig. 3 the electric field in the decelerator is shown for
two mutually perpendicular planes. Both planes that are
shown have the molecular beam axis in common. The elec-
tric fields are calculated using a finite-element progfdoi,
with parameters as in the experiment. The two opposing rods
that make up one deceleration stage have a radiofs1.5
mm and are spaced a distarttef 2 mm apart. Two adjacent
deceleration stages are spaced a distanok5.5 mm apatrt.
With a maximum voltage of- 10 kV and—10 kV on the
electrodes the maximum electric field on the molecular beam
axis is 90 kV/cm. Close to the electrodes at high voltage the
electric field is 120 kV/cm. The electric fields shown in Fig.

3 are calculated for the situation with the vertical electrodes
(front par) at ground potential and with the horizontal elec-
trodes(partly hidden at high voltage. Therefore, molecules

in low-field-seeking states are focused in the plane perpen-
dicular to the electrodes at high voltage, as shown in the S
upper part of the figure. In the other direction the electric
field is (nearly constant and therefore there will be no fo-
cusing or defocusing in this direction. During the decelera-
tion process the molecules pass through electric field stages
that are alternately positioned horizontally and vertically, and FIG. 3. The electric field in two mutually perpendicular planes
are therefore focused in either direction. that have the molecular beam axis in common, together with a

As can be seen from Fig. 3, the force experienced by a&chematic view of two adjacent electric field stages. The two verti-
molecule depends on its positiarin the decelerator. In ad- cal rods are at ground potential, while the horizontal rods are at
dition, it depends on the time sequence of the high-voltage-10 kV and—10 kV.
pulses that are applied. The molecule is strongly focused

E (kV/cm)

E (kV/em)

when in between the electrodes at high voltage but much less _ (p+2mLinF(Z)
so further away from these electrodes. Therefore, the trajec- Fi )= S dz (5)
tories will generally be complicated. When the focusing is $LIm 2L

not too strong the dependence of this force can be elimi- Close to the molecular beam axis, the average force is
nated by introducing an averaged force. The transverse mdinearly dependent on the displacement from this axis. The
tion throughout the decelerator can then be described usirgplid curve in Fig. 4 shows the resulting force constant for
this averaged force, which will now depend on the phase®ND; (1 aN/m=0.05 cmi {/mn?). The dashed curve
angle ¢ only. The motion of the molecules in the transverseshows the maximum depth of the transverse potential well,
potential well is characterized by a transverse angular oscil-e., the depth 1 mm away from the molecular beam axis.
lation frequencyw,(¢). The condition that the focusing is Since the linear dependence of the force on the displacement
not too strong can be formulated as/20,>2L/v,, i.e., that  holds rather well throughout, the curves are almost identical.
the time of transverse oscillation is much larger than the timdor ¢=70° the transverse well is~0.014 cn!, or

it takes for the molecules to traverse one pefiveb stages  ~20 mK, deep. Molecules with a maximum transverse ve-
of the decelerator. Molecules with a longitudinal velocity locity of 4 m/s will, therefore, still be accepted in the decel-
close to the velocity of the synchronous molecules willeration process. The frequency of transverse oscillation,
traverse a distandeduring AT, the time interval after which /27, is approximately 800 Hz.

the voltages are being switched. The force needs to be aver- Generally a molecule will oscillate between a minimum
aged over 2 and a maximum phase and it will, therefore, experience a
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o 0 FIG. 5. Schematic view of the experimental setup. A beam of
2 o - = N, ammonia molecules is decelerated in a 35-cm-long decelerator and

loaded into an electrostatic trap. In order to detect the ammonia
molecules a pulsed laser is focused inside the trap. The resulting

FIG. 4. The average force constdalpse to the molecular beam 0ns are extracted and counted using an ion detector.

axis) for “ND; as a function of¢ (solid curve together with the _ ' _
maximum depth of the transverse potential welished curvei.e.,,  trap a molecular beam therefore consists of essentially five

the depth 1 mm away from the molecular beam axis. parts; (i) the molecular beam sourcgi) a device to match
the beam to the input of the deceleraf@r, the decelerator,
different (averagejitransverse force along its path. The cou- (iv) a device to match the beam exiting the decelerator to the
pling between the longitudinal motion and the transversdrap, and,v) the trap itself. In this way a 6D area in phase
motion may result in parametric amplification of the trans-space is imaged from the source region of the molecular
verse oscillation. This effect might be expected to be strongpeam onto the trap.
as the frequencies involved are rather similar. On the other
hand, as the deceleration process only lasts 2—3 oscillation IV. DECELERATION EXPERIMENTS
periods, parametric amplification is not expected to be im-
portant, as confirmed by Monte Carlo simulations. The maxi- The experimental setup, schematically depicted in Fig. 5,
mum transverse velocity that will be accepted is determinegonsists of a compact molecular beam machine, with two
by the minimum depth of the transverse potential well thatdifferentially pumped vacuum chambers. The source cham-
the molecules pass through. This implies that the maximun®er and decelerator chamber are pumped by a 300 /s and a
transverse acceptance is obtained for molecules with a phag40 /s turbo pump, respectively. A pulsed beam of ammonia
around that of the synchronous molecule. is formed by expanding a mixture of less than 1% ammonia
Since a maximum of the electric field strength cannot ben xenon through a modified solenoid valve with a 0.8 mm
produced in free spad@1], molecules in high-field-seeking diameter opening into vacuum. The solenoid val@eneral
states cannot be simultaneously focused in both transversé@lves series Pis modified such that it can be operated
directions. It is possible, however, to produce a field that haglown to liquid nitrogen temperatures. In these experiments
a maximum in one direction and a minimum in the otherthe valve housing is cooled to 200 K, such that the vapor
direction. By alternating the orientation of these fields it isPressure of ammonia remains sufficiently high. The stagna-
possible to obtain net focusingalternate gradient focus- tion pressure is typically about 1.5 atm. The valve opens for
ing”) for molecules in high-field-seeking states in either di-a duration of 80us. The experiments run at 10 Hz, and
rection[28]. When combined with the use of time varying under operating conditions the pressure in the source cham-

electric fields, an alternate gradient decelerator can be coler and the decelerator chamber is typically #0~° and 2
structed[42]. X 10"8 Torr, respectively. The peak intensity of the beam is

limited by the pumping capacity; at higher pressures in the
source chamber the beam collapses.

The various ammonia isotopomers have different possible

As shown in the preceding sections the area in phaseymmetries for the nuclear spin wave functions of the iden-
space remains constant throughout the deceleration procesisal H/D nuclei. For each rovibrational level of the ammonia
This in itself is not enough. When the phase-space distribumolecule a combination with a nuclear spin wave function of
tion of the molecular bearffemittance”) does not match the one specific symmetry is allowed. In the expansion, the mol-
phase-space acceptance of the decelefatioere acceptance ecules are adiabatically cooled, and only the lowest rota-
is used to designate trehapeof the curves of constant en- tional levels in the vibrational and electronic ground state are
ergy rather than the maximum curve of constant enetfgy ~ populated in the beam. In this cooling process the symmetry
area in phase-space sampled by the molecules will be muaf the nuclear spin wave function is preserved. Therefore, the
larger. (see for instance Fig. 3 in Ref33]). Although the ratio of the populations in the levels having different sym-
area remains constant in this case, the original distribution ismetries of the nuclear spin wave function is the same in the
in practice irretrievable, and the effective area in phase spao®olecular beam as in the original sample. For\Nitid ND;
is increased, i.e., the effectiv¢éime-averagedphase-space this implies that roughly 60% of the molecules in the beam
density is decreased. In order to avoid this, one needs teeside in the|J,K)=]|1,1) level, the ground-state level for
shape the emittance properly, a process known as “phasenolecules having a nuclear spin wave functiorEcgymme-
space matching{34]. The setup required to decelerate andtry. For historical reasons, levels Bfsymmetry in NH and

Ill. PHASE-SPACE MATCHING
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VK [45], indicating that the translational velocity of the ammonia
20 ::NHS _____ -1 molecules is not fully equilibrated with the carrier gas. The
E — s velocity spread of the bearffull width at half maximum
= o (FWHM)] is 20%, corresponding to a translational tempera-
s e ture of 1.6 K. The average velocity and the translational tem-
0 0 perature are averages over the 88 duration of the gas

pulse. The beam passes through a 1.0-mm-diameter skimmer
into a second vacuum chamber and then flies into a 5-cm-
long pulsed hexapole that acts as a positive lens for mol-
2l 1 ecules in low-field-seeking states. After exiting the hexapole
the molecules enter the 35-cm-long decelerator. The decel-
erator consists of an array of 64 deceleration stages. Each
deceleration stage is formed by two parallel 3-mm-diameter

FIG. 6. Stark shift of the|d,K)=|1,1) level of ““NH, and cylindrical rods, spaced 2 mm apart. The rods are made from
14ND, ammonia molecules in an electric field of up to 150 kv/cm. hardened steel and are highly polished. The two opposing
On this scale the Stark shifts fND; and **ND; (not shown are  rods are simultaneously switched by two independent high-
identical. voltage switches to a maximum af10 kV and—10 kV.

All horizontal and vertical stages are electronically con-
ND; are denoted as para levels. The only other possible synrected requiring a total of four independent high-voltage
metry of the nuclear spin wave function in ks A; sym-  switches (Behlke Electronic GmbH, HTS-151-03-GSM
metry, and levels having this symmetry are denoted as orth@he switches are triggered by a programmable delay genera-
levels. For NIQ bothA; andA, symmetry is possible; levels tor running at a clock frequency of 100 MHz. The time se-
having either one of this symmetry are denoted as orthguences that are used are generated by the same program that
levels. is used for the Monte Carlo simulatiogde infra).

In zero electric field, théJ,K)=|1,1) level of NH; and It is advantageous to operate the decelerator at the highest
ND; is split due to tunneling in a symmetric and in an anti- possible electric fields, since this will increase the acceptance
symmetric component. Each of these components is furthesf the decelerator. The maximum obtainable electric field
split due to hyperfine interactions. The hyperfine splitting isstrength is limited by field electron emission at the electrode
less than 2 MHz for*ND5 and less than 0.5 MHz foPND; ~ surfaces. It is assumed that this will take place at field
[43], and will be neglected in the following. Upon applying strengths over- 10*kV/cm [46], in principle allowing a volt-
an electric field, the symmetric and the antisymmetric com-age difference of 2000 kV over the 2 mm gap between the
ponents interact and repel each other, leading to four levelglectrodes. In practice, however, electrical breakdown will
as shown in Fig. 6. Throughout this work molecules in thetake place at much lower voltage differences due to field
|J,MK)=]|1,—1) state are used, which is the only low-field- enhancement at microfeatures associated with the intrinsic
seeking state populated in the molecular beam; roughly 20%nicroscopic roughness of the electrode surfaces. Breakdown
of the ammonia molecules in the beam are in this state. Aevents need not be disastrous as long as the energy that is
low electric fields the Stark shift of this state is quadratic.dissipated in the gap is kept low. In fact, since discharges
When the Stark interaction becomes large relative to thavill locally melt the surface, these events will reduce the
zero-field splitting, the Stark shift is linear. roughness of the surface, allowing the gap to withstand a

It is essential that the molecules remain in the low-field-higher voltage difference after the event. Since in the decel-
seeking state throughout the decelerator. If the moleculesrator the electric fields are switched rapi@hithin 200 ng,
would come in zero electric field, they might project onto thethe resistance between the switches and the electrodes needs
|J,MK)=]1,0) state, and they would be lost for the decel-to be small (1 K)). Under these conditions it is likely that a
eration process. These so-called Majorana transitions amdischarge will permanently damage the surface, instead of
avoided by assuring that the electric field never drops beloimproving it. Therefore, before operating the decelerator
a certain minimum value[44]. Furthermore, the rapid with time varying electric fields, a constant electric field is
switching of the electric fields generates rf radiation that carused for high-voltage conditioning. The voltage difference is
induce transitions between these states in nonzero fields. ®owly increased while the current of the induced discharges
avoid these transitions, the minimum electric field needs tds being limited. This procedure allows for an increase of the
be kept sufficiently high that the Stark splitting is larger thanmaximum attainable voltage difference between the elec-
that in the highest-frequency component of the rf radiationtrodes without sparking. Typically, the voltage difference is
Molecules moving through the decelerator never experiencicreased by 5 kV/h while the current is limited to LA.
an electric field below 300 V/cm, and no sign(tdfss due tp ~ This procedure is repeated every time the decelerator has
these transitions has been observed. It should be noted, holween exposed to air. After this treatment, the decelerator is
ever, that the rapid switching of electric fields is expected tooperated at a voltage difference 25% below the maximum
scramble the various hyperfine levels of the low-field-voltage difference sustainable during the high-voltage condi-
seeking component. tioning. In this way the decelerator could be operated rou-

The average velocity of the molecular beam is around 285%inely at +10 kV and —10 kV, corresponding to a maxi-
m/s (Eyin=68 cm 1). This is slightly higher than expected mum electric field of 120 kV/cm. It is believed that at

P
e

0 50 100 150
E (kV/em)

053416-6



DECELERATION AND TRAPPING OF AMMONIA USING . .. PHYSICAL REVIEW A65 053416

present the maximum electric field is limited by currents

running over the surface of the aluminum-oxide rings that
are used for suspension of the decelerator. By improving the
mounting of the decelerator, it is expected that the electric
fields can be increased to 200 kV/cm or more.

In all experiments presented here, the decelerator is oper-
ated at voltages of+10 kV and —10 kV, leading to a
maximum electric field on the molecular beam axis of 90
kV/cm. In this field, theJ,KM)=|1,— 1) state is shifted by

1.1 cm! relative to zero electric field for**ND; and X0.2
15ND,, and by 0.8 cm? for NHj; (see Fig. 6. In most of A
the experiments, a phase anglg=70° is used. With 64

deceleration stage¥ND; and 1®ND; are then slowed down | ; s :
to 15 m/s, while'*NH, is decelerated te-100 m/s, when 05 1 15 2 25 3
starting from 255 m/s. With these settings, the 6D acceptance
area of the decelerator is approximately5 mmx8 m/g|
X[2 mmx8 m/g? The longitudinal emittance of the  FIG. 7. TOF profiles for“ND; molecules recorded 24.5 mm
beam, typically{25 mmXx60 m/d, is much larger than the behind the decelerator as a function of time after the start of the
longitudinal acceptance of the decelerator, and there is nothime sequence. Using (21)-REMPI with a pulsed laser around
ing to be gained by changing the shape of the emittance i817 nm,*ND; molecules in théJ,K)=]|1,1) upper inversion level
this direction. The transverse emittance of the beam, typiare selectively detected. The lower cuif®ld) shows the original
cally[1 mmXx20 m/g?, is better matched to the transverse beam when the decelerator is off. The upper cibad) shows the
acceptance of the decelerator when it is expanded spatialljme-of-flight (TOF) profile when the beam is decelerated from
while the Ve|ocity distribution is Compressed_ This is 271.5 m/s to 91.8 m/s. Bunches of slow molecules exit the decel-
achieved by using a short hexapole to make a 1:2 image drator at later times,_arriving in the detection region around 2.5 ms
the beam exiting the skimmer onto the entrance of the deceffter the start of the tlm'e sequence. Thg gray curves are the resqlt of
erator. a Monte Carlo simulation of the experiment. The signal intensity
The hexapole consists of 3-mm-diameter rods placeayplcally increases Wlth a fa}ctor of 14 due Fo transverse focusing
equidistantly on the outside of a circle wia 3 mmradius. when the decelerator is switched on; the signal of the slow mol-
The rods of the hexapole are alternatingly at ground potentia‘?
and at 10 kV, creating an electric field that is cylindrically
symmetric close to the molecular beam axis. Generally, théJsing a pulsed tunable UV lasetND; molecules in the
field in ann pole is proportional ta("2~1 [47], yielding a  |J,K)=]1,1) upper component of the inversion doublet are
qguadratic dependence of the electric field rom our case. selectively ionized in a (2 1) resonance-enhanced multi-
Molecules with a linear positive Stark effect will thus expe- photon ionization(REMPI) scheme. The laser radiation,
rience a linear force towards the molecular beam axis. In freabout 10 mJ of energy around 317 nm in a 5-ns-duration
flight from the skimmer to the hexapole the beam spreads oyiulse, is focused inside the trap using a lens with a focal
in the transverse spatial direction, while the transverse velodength of 75 cm. Mass-selective detection of the parent ions
ity remains unchanged. This creates an elongated distributiois performed using the trap electrodes as extraction elec-
in the corresponding phase space, tilted with respect to thigodes in a Wiley-McLaren-type mass spectrometer setup.
spatial coordinate. When switching on the field of the hexa+for this, a voltage of-300 V is applied to the exit endcap.
pole, this distribution will start to rotate in phase space.The field-free flight tube is kept at 1.2 kV and the ion
When the hexapole is switched off at the appropriate timesignal is recorded using a microchannel plate detector placed
the beam will refocus in free flight from the hexapole to thefurther downstream. The ion signal is proportional to the
decelerator, forming an image of the beéat the skimmer  density of neutral ammonia molecules at the center of the
onto (the entrance 9fthe decelerator. By placing the hexa- trap, and amounts to approximately 125 ion counts per laser
pole at the right position, or, alternatively, by using a longpulse for the decelerated molecular beam. The lower curve in
hexapole that is pulsed at the right time, a 1:2 image of thé=ig. 7 shows the time of flighfTOF) profile of the original
beam can be formed. Due to the zero-field splitting, mol-beam. The beam has an average velocity of 285 m/s and a
ecules close to the molecular beam axis will be less wellelocity spread of 60 m/s. The upper curmld) shows the
focused, and the image will not be perfdd8]. Almost a  TOF profile when the decelerator is used to slow down the
factor of 4 increase in phase-space density is expected at timeolecules from 271.5 m/s to 91.8 m/s. At the entrance of the
exit of the decelerator compared to the situation where thelecelerator the beam has an extension albofjaround 25
hexapole is not used. A clear increase has indeed been olwm (FWHM). This is more than twice as long as the peri-
served. In most of the data presented here the hexapole coubdicity 2L of the decelerator, and thus more than one bucket
not be used, however, due to problems with electrical diswill be filled (see Fig. 2 Three peaks are clearly observed in
charges. In Fig. 7 the density 3fND; molecules 24.5 mm the TOF profile around 2.5 ms. The central peak originates
behind the decelerator, i.e., at the center of the trap, is showflom molecules that were at the right position near the en-
as a function of time after the start of the time sequencetrance of the decelerator at the start of the time sequence, and

ion signal (arb. units)

x 0.2

TOF (ms)

cules is larger than that of the original beam.
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that passed through all 64 deceleration stages. These mol-
ecules entered the decelerator with a velocity of 271.5 m/s
and exit the decelerator with a velocity of 91.8 m/s. The
earlier peak originates from molecules that were already one
period further inside the decelerator at the start of the time
sequence. These molecules also entered the decelerator with
a velocity of 271.5 m/s, but since they missed the last two
deceleration stages they exit the decelerator with a slightly
higher velocity of 102 m/s. The peak appearing at a later
time in the TOF distribution originates from molecules en-
tering the decelerator with a lower initial velocity of 268 m/s,
catching up with the time sequence one period later.
Throughout the decelerator they trail the central group of
molecules by 11 mm, exiting the decelerator with the same
final velocity of 91.8 m/s. Due to transverse focusing of the

Vz
beam, the signal intensity typically increases with a factor of v, =36 m/s
14 when the decelerator is switched on; the signal of the

ion signal (arb. units)

decelerated beam is 1.4 times as large as the signal of the
original beam. It should be noted that the signal of the origi- !
nal beam is the signal to which all hyperfine structure levels 225 25 275 3 328 35 375
of the upper inversion component contribute whereas only
2/3 of the levelg48 of the 72 hyperfine levels, including
degeneracycontribute to the signal when the decelerator is
switched on. The gray curves show the result of a 3D Monte
Carlo simulation of the experiment using the calculated elec-
tric field and the Stark effect of'ND3 as input. The Gauss-
ian velocity distribution that has been used as input for the
Monte Carlo simulation has been adjusted to match the ob-
served TOF profile of the original beam. With this input, the
simulations are seen to quantitatively reproduce the TOF
profiles recorded with the decelerator on. | . ! . !

In Fig. 8 the density of*ND; molecules 24.5 mm behind 3 35 4 45 5 55 6
the decelerator is shown as a function of time after the start
of the time sequence. The TOF profiles are all recorded using 1OF (ms)

a time _5equence_(_:orrespond|n_g to a phase_) apgle 70°. FIG. 8. TOF profiles for'™ND; molecules recorded 24.5 mm
!-QWer fmal, yeloc-ltles are P,bta'”ed by starting from lower behind the decelerator as a function of time after the start of the
initial velocities; final velocities of 91.8 m/s, 73.5 m/s, 57.9 {jme sequence. The TOF profiles are all recorded using a time se-
m/s, 36 m/s, and 15 m/s are obtained by starting from 'n't'aguence for a phase angfe = 70°, but starting from different initial
velocities of 271.5 m/s, 265.9 m/s, 261.9 m/s, 258 m/s, andelocities. The gray curves show the result of a one-dimensional
256 mis, respectively. The gray curves show the result of &1onte Carlo simulation of the TOF profiles. For each TOF profile,
one-dimensional Monte Carlo simulation of the TOF pro-the results from the Monte Carlo simulation are shown as dots in a
files. For each TOF profile, the results from the Monte Carlophase-space diagram, together with some trajectories calculated us-
simulation are shown as dots in a phase-space diagram, tmg the model presented in Sec. Il A. The full scale of the phase-
gether with some trajectories calculated using the model prespace diagrams is 2 mm to 2 mm for thez axis and—8 mi/s to
sented in Sec. Il A. The dots represent the position and ve8 m/s for thev, axis.

locity of individual molecules along the molecular beam axis

at the exit of the decelerator, relative to those of the synchroecules in phase space are no longer closed and the phase-
nous molecule. In the lower graph, the initial velocity andspace area changes “from a fishlike to a golf-club-like
position at the entrance of the decelerator of the moleculeshape.” This is known to occur also in charged particle ac-
that are decelerated from 256 m/s to 15 m/s are shown aselerators when the acceleration rate is higke, for in-
well. The final kinetic energies of the bunches of moleculesstance, Refl49], p. 222. The phase-space distribution of the
for which the TOF profiles are shown are separatednyi- beam atv,= 15 m/s resembles a tilted ellipse, which cov-
tiples of) 0.8 cm 1. The phase-space distributions can there-ers the same area in phase space as the phase fish originating
fore be interpreted as the phase-space distribution inside tifeom the model.

decelerator at the 56th, 59th, 61st, 63rd, and 64th stage, for a Each data point in the measurements shown in Fig. 8
beam that is decelerated from an initial velocity of 256 m/srepresents the density of ammonia molecules at the laser fo-
to a final velocity of 15 m/s. It is seen that the shape of thecus at a certain time. This signal decreases with lower for-
phase-space distribution of the beam at low final velocitiesvard velocity due to spreading of the package both in longi-
starts to deviate from the model. The trajectories of the moltudinal and transverse directions. To eliminate the effect of

TOF (ms)

v2=256m/s

ion signal (arb. units)
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diameter of two times the waist of the laser focus and a

w
5 31 length of 2 mm(determined by the holes in the end cap of
g,g- the trap are ionized. Assuming a unit ion detection effi-
i<} Avr=2mie ciency, a density of 210" molecules/cr results. This is

8 5 34 the density 24.5 mm behind the decelerator, the density just
50 05 56 . . . . . .

ZE behind the decelerator is approximately five times higher.
£F The total number of molecules in the decelerated bunch is
E 0 10°. These numbers can be assumed to be a lower limit. By

combining the density in the beam with the emittance of the
_ beam, the phase-space density is found. The definition for
velocity (m/s) the phase-space density used herega® where A is the

FIG. 9. Time-integrated signal of the slow molecules exiting theth€rmal de Broglie wavelength = y27#°/mkT andn, is
decelerator times their forward velocity as a function of their for- the peak densit{50]. The phase-space density for the decel-
ward velocity, using the TOF profiles shown in Fig. 8. The mea-€rated beam is then found to bex40™ ' Similarly, the
surements are normalized to the signal at 91.8 m/s. The solid curvd¥1ase-space density of the ammonia moleculef) iMK)
show the expected dependence of the number of molecules passirg| 1,— 1) state in the source region of the beam is calculated
through the laser focus on the forward velocity using transversdéo be 2< 10~ 1% This is the phase-space density at the peak
velocity distributions with different widths, as indicated. velocity of the beam, the space density at the velocity of

271.5 m/s selected by the decelerator, will be slightly lower.
the spreading in the longitudinal direction, the signal is inte-Therefore, the phase-space density in the decelerator de-
grated over time. The time integrated signal is proportionakreases by about a factor of 4, attributed to the fact that the
to the number of molecules passing through the laser focu$iexapole has not been used during these experiments.
divided by their velocity; slow molecules contribute more to
thlS Slgnal than fast mOlecules.- InFIg 9, the time-inte_gratecl/_ SIMULTANEOUS DECELERATION OF AMMONIA
signal times the forward velocity is shown as a function of ISOTOPOMERS
the forward velocity. The measurements are corrected for the
intensity of the molecular beam at the initial velocity. Under  The deceleration process as employed here depends on
the assumption that the transverse temperature is indepethie Stark shift that the molecules experience in the applied
dent of the longitudinal velocitysee Sec. Il B the observed electric fields. In the model used to describe this process, as
decrease in these measurements is modeled. The solid curygigsented in Sec. Il A, the dependence on the exact shape of
shown in Fig. 9 are the result of a simulation for transverséhe electric field along the molecular beam axis is removed,
velocity distributions with different widths. The observed de-and the motion is determined only by the difference in Stark
crease is best described by a transverse velocity distributiodnergy before and after switching of the field. One can won-
with a width of around 5 m/§FWHM) in good agreement der, therefore, if it would be possible to simultaneously de-
with the 3D Monte Carlo simulations. The measurements aréelerate bunches of molecules having different masses and/or
very sensitive to the average velocity of the molecular beandlifferent Stark shifts. Let us consider the situation where
that is used for correction. The transverse velocity distribumolecules with a massn and experiencing a Stark shift
tion that is found can therefore be considered as a consis¥(z) are decelerated using a time sequence for a phase angle
tency check only. However, the fact that the measured pointgo. The question now is whether for molecules with a dif-
follow the calculated curvesirrespectively of the average ferent massn’ and/or a different Stark shiftv’'(z) a syn-
velocity that is takenindicates that the transverse velocity chronous molecule exists for this time sequence, i.e.,
distribution is indeed independent of the final velocity of thewhether a molecule with a phase anglg that is constant
decelerated beam. throughout the decelerator exists. If this synchronous mol-

From the simulations the emittance of the decelerate@cule with massn’ exists, it will, by definition, traverse a
beam is found to be[1.1 mmx6.5 m/dX[1 mm distancel in the time interval between subsequent switching
x5 m/g?, where the position and velocity spread indicatetimes of the time sequence, just as the synchronous molecule
the FWHM of the fitted Gaussian distributions. These velocwith massm does. Therefore, the synchronous molecules
ity distributions correspond to a translational temperature ofvith massmandm’ will have the same average velocity and
18 mK and 11 mK in the longitudinal and transverse direc-the same change in average velocity per deceleration stage.
tion, respectively. The ion signal is proportional to the den-This implies that
sity at the center of the trap. Typically, 125 ions/pulse are
detected for the decelerated beam yx(lth a velocity of 9_1.8 AK' () AK(dbo)
m/s. As both the strength of the transition used for detection, = )
and the exact size of the laser focus is not known, it is not
possible to calculate a reliable number for the absolute den-
sity. However, a rough estimate can be made. TheA synchronous molecule with mass’ can therefore be
diffraction-limited waist of the laser focus is 3gm. Using  found, provided that [AK'(¢()]ma (M /m)AK (o),

10 mJ/pulse of laser radiation the transition is seen to satuwhich is always fulfiled when the time sequence used is
rate. It is assumed that all molecules within a cylinder with acalculated for the molecule that can be least well decelerated.

0 20 40 60 80 100

(6)

m’ m
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< 005F T monia. The measurements are performed using a time se-
— 3
E ooa | =~ 159D, =] quence that has been calculated t8KH; at a phase angle
e | —- "NDg r ¢o="70°. The various ammonia isotopomers are decelerated
2 003" 2 from 256 m/s to 96 m/s. It is evident from the measurements
g A that the time integrated signal is larger ffND; and 1°ND,
< 002} 7% than for 1*NH;. This is the combined effect of a larger spa-
001 | ,,/ tial extent together with a larger longitudinal velocity spread
: P/ of the decelerated beam, as indicated in the phase-space dia-
0 gram in the inset. The smal0.5 mm) shift in the average
0 30 60 90 position of the decelerated beam as seen in the phase-space
phase (degrees) diagram results in a smal5 us) increase in the overall

time of flight for the deuterated ammonia molecules. The
FIG. 10. The kinetic energy lost per stage divided by the masseculiar TOF profile observed fdfND5 and *NDj reflects
for ¥NHz, **ND3, and “ND; molecules in thdJ,MK)=|1—1)  the phase-angle dependence of the transverse acceptance.
state, as a function of the phase anglg The horizontal line shows  \jplecules contributing to the signal in the wings of the TOF
AK()/m=0.032 cm*/amu. profile have experienced large excursions in phase angle
while traversing the decelerator. These molecules have,
Obviously, molecules with different masses and/or differentherefore, experienced widely varying transverse focusing
Stark shifts will have different values of the phase angife  forces(see Fig. 4 As explained in Sec. Il B, this leads to a
and will thus have a different acceptance. reduced transverse acceptance for these molecules. The re-
In Fig. 10,AK(¢o)/mis shown as a function of the phase sults of 3D Monte Carlo simulations, shown underneath the
angle for 1“NH;, ®ND;, and *ND; molecules. The hori- experimental TOF profiles, are seen to reproduce the obser-
zontal line showsAK(¢o)/m=0.032 cmY/amu corre- vations. The TOF profile fot*NH, is more symmetric, and
sponding to a phase angle gf,=70°, 56°, and 53° for effects due to transverse focusing are almost absent; the ob-
¥NH;, ™ND,, and ¥“NDj, respectively. served TOF profile can be reproduced equally well in a 1D
In Fig. 11, TOF profiles recorded 24.5 mm behind theMonte Carlo simulation.
decelerator as a function of time after the start of the time Experiments have been performed on other ammonia iso-
sequence are shown for three different isotopomers of antopomers like*NHD, and “NDH, as well. For these iso-
topomers the molecular symmetry is reduced, allowing these
" molecules to cool down to the absolute ground state. No
)

low-field-seeking states were found to be populated in the
beam.
-2 2
sinm 10 VI. ELECTROSTATIC TRAP
Vi) Electrostatic trapping of atoms and molecules was first
considered by Wing51]. The trap used here is very similar
14D, to the trap proposed in that original work. A cut through the
trap along thez axis is shown in Fig. 12. The geometry of the
trap is the same as that of a Paul trap for charged particles

[52]. However, instead of using rf fields as used for trapping
charged particles, static electric fields are used for trapping

ion signal (arb. units)

15ND
: neutral molecules. The trap consists of two end caps and a
ring electrode. The inner radiu of the ring electrode is 5
14NH, mm. The end cap half-spacing R/ /2. In the end caps 2

mm diameter holes are made to enable the molecular beam
s . s . . to pass through. In the ring electrode 2 mm diameter holes
248 25 252 254 256 258 26 are made to allow for laser detection of the trapped mol-

ecules at the center of the trap. The electric field in the trap

has a quadrupole symmetry and is given by

TOF (ms)

FIG. 11. Time-of-flight profiles for'*NH;, 1*NDj, and 1*ND,
molecules recorded 24.5 mm behind the decelerator as a function of E=V(xX’+y?+472%)Y?’IR?, (7)
time after the start of the time sequence. All TOF profiles are re-

corded using the time sequence calculated ftH; at a phase . . . )
angle ¢,=70°. The gray curves show the results of 3D Monte With V the voltage difference applied between the ring elec-

Carlo simulations of the deceleration process. The area in phadéode and the end caps and with they(,z) coordinates rela-
space at the exit of the decelerator is indicated in the inset fofive to the center of the trap. The absolute value of the elec-
1NH, (inner curve, >ND; (middle curve, and “ND; (outer  tric field in the center is zero, and larger elsewhere. In weak
curve. electric fields the Stark shift of*ND; and **NDj; is qua-
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o FIG. 14. A cut through the trap with the ring electrode, with

FIG. 12. Configuration of the electrostatic trap with the voltagesvoltages as applied for bunching and loading of the trap. The solid
as applied during trapping. In the trap, lines of equal electric fieldcurves are lines of equal electric field. In the lower part of the figure
strength are shown. The lower curve shows the potential energghe potential energy along the molecular beam axisfiD; in the
along the molecular beam axis éxis) for 1“ND; molecules in the |3,Ky=]1,1) low-field-seeking state is shown.
|JK)=|11) low-field-seeking state.

beam must be matched to the acceptance of the trap. This is
dratic and the restoring force close to the center is linear iflone in two steps. First, the molecules are focused both in
the displacement. In higher electric fields the Stark shift bethe transverse and longitudinal directions onto the entrance
comes linear, and the force becomes constant. With a voltagef the trap. Second, the molecules are decelerated upon en-
difference of 12 kV between the ring electrode and the endering the trap by applying the voltages asymmetrically to the
caps the maximum electric field of a closed contour of equalrap electrodes. The average velocity of the beam is thereby
electric field is approximately 20 kV/cm. The maximum reduced to zero at the center of the trap.
electric field that occurs on the electrodes, which limits the By using a phase angle @f,=70° to decelerate*ND,
voltage difference that can be applied, is about three times awgolecules, the emittance of the beam exiting the decelerator
high. For ND; the trap depth is about 0.24 ¢rh or 350 is [1.1 mmx6.5 m/gx[1 mmx5 m/g?. The absolute
mK, as can be seen in the lower curve of Fig. 12. Near the/elocity spread of the beam remains constant throughout the
center of the trap the motion is harmonic with an oscillationdecelerator. Therefore, by decelerating the beam the relative
frequency(),/[27m=20,/27=2Q [27=2 kHz. velocity spread and the divergence of the beam increase. To

The maximum velocity of**ND; molecules, which can load the trap, the beam is decelerated down to 15 m/s. Over
be confined in the trap with these settings, is approximatelyhe 24.5 mm flight path from the decelerator to the trap, the
17 m/s. In Fig. 13 lines of equal energy f8IND; molecules ~ density will decrease by more than two orders of magnitude.
are shown in phase space, representing the acceptance of theorder to focus the beam both in the longitudinal and trans-
trap along the molecular beam direction. The phase-spacdéerse directions, a ring electrode with an inner diameter of 4
diagrams of the trap in theandy direction are the same as mm is mounted in front of the entrance end cap of the trap.
that in thez direction, but with a two-times larger spatial By applying a voltage difference between this ring electrode
acceptance i andy. In order to load the molecules into the and the entrance end cap, an electric field is generated with a
trap without loss in phase-space density, the emittance of th@inimum on the molecular beam axis, focusing molecules in
low-field-seeking states in the transverse direction. Unlike in
a hexapole, this minimum electric field will be nonzero. This
nonzero field on the molecular beam axis can be used to
focus the molecules in the longitudinal directi¢tbunch-
ing”).

In Fig. 14 a cut through the trap with the ring electrode in
front is shown. Contours of equal electric field are drawn for
an applied voltage difference of 10 kV between the ring elec-
trode and the entrance end cap of the trap. In the lower part
of Fig. 14 the potential energy of'ND; molecules in the
|3,K)=]1,1) low-field-seeking state along the molecular
beam axis is shown. For the transverse and longitudinal fo-

FIG. 13. Phase-space diagram fofND; molecules in the cusing of the beam, the electric field distribution near the exit
|[JK)=]11) low-field-seeking state. Lines of equal energy, repre-Of the ring electrode, particularly the rising edge of the field
senting the acceptance of the trap alongzleis, are shown. inthez=—-16 mmto—11 mm region, is important. In this
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region the potential energy along the molecular beam axis is
nearly quadratically dependent anThe molecules will ex- buncher off
. . = . " AT = 850 ps
perience a linear forc& = —k(z—2zp) with z, the position ‘l’
where the quadratic potential startgy€—16 mm) andk
the force constant. This force can be written in terms of the
position zg of the synchronous molecule &= —k(z—z,)
—k(zs—zy). The force is thereby separated in a restoring
force towards the synchronous molecules and a force that
lowers the velocity of the synchronous molecule. The restor-
ing force leads to a rotation of the longitudinal phase-space
distribution of the beam around the position of the synchro-
nous molecule in phase space. In order for the molecules to
rotate over the same angle in phase space, the potential must AT =700 ps
be switched orfand off) when all molecules are in the qua- »l
dratic part of the potential. In our case, the range over which
the potential is quadratic allows only the central part of the MM\M
beam to be focused. When the potential is on during the
appropriate time interval, this central part of the beam will a5 4 4'5 5 e
refocus in free flight from the buncher to the trap, forming an ’ ' ’
image of the beam exiting the decelerator onto the entrance TOF (ms)
of the trap. The magnification of the image is determined by
the ratio of the time of flight from the decelerator to the ring
electrode to the time of flight from the ring electrode to the
trap.

lAT =750 ps

ion signal (arb. units)

vz (m/s)

lo2g
3

VII. TRAP-LOADING EXPERIMENTS lo1<

In the upper part of Fig. 15, the TOF profiles f&iND;
molecules recorded in the trap are shown for four different
times, indicated by arrows, at which the electric field of the 2 (paimiy
b_uncher IS SW't,Ched off. The time mte_rvaksT given in the FIG. 15. Time-of-flight profiles for“ND5; molecules recorded at
figure are the intervals between the time at which the synge center of the trap for four different times, indicated by arrows, at
chronous molecule exits the decelera@830 ms after start yhich the buncher is switched off. The time intervalg between
of the time sequeng¢eand the times at which the buncher is the time at which the synchronous molecule exits the decelerator
switched off. The lower curve shows the TOF profile when(2.830 ms on the horizontal aisand the times at which the
the buncher is not used. These measurements reflect the spamcher is switched off, are given. The lower curve shows the time-
tial distribution of the beam inside the trap, which is consid-of-flight profile of the beam when the buncher is not used. The gray
erably narrowed by using the buncher. When the electricurves show the results of 3D Monte Carlo simulations of the ex-
field of the buncher is switched off at later times, the mol-periment. In the lower part of the figure the phase-space diagrams
ecules are decelerated more and are seen to arrive later at tbfethe beam are shown for different times after exiting the decel-
center of the trap. In addition, the signal is increased due terator, together with the potential eneid(z) (right axig along the
transverse focusing of the beam, which is optimal at latemolecular beam axis for“ND; in the |J,K)=|1,1) low-field-
times. The gray curves underneath the measurements sh@geking state.
the results of 3D Monte Carlo simulations of the experiment.

The simulations are seen to qualitatively reproduce both the In order to bring the average velocity of the beam down to
longitudinal and transverse focusing of the beam. Since theero, the voltages to the trap electrodes are applied asym-
outer shape of the entrance end cap electrode, and thus theetrically, as shown in Fig. 14. With a voltage of 10 kV on
electric field in front of the electrostatic trap, is rather poorly the entrance end cap and 12 kV on the ring electrode, the
defined in our case, a better agreement would not be exlectric field will be small at the entrance of the trap and will
pected. In the lower part of Fig. 15, the evolution of theincrease towards the center of the trap. The potential energy
beam in phase space is shown for the situation where thef “ND; molecules in the|JK)=]|11) low-field-seeking
buncher is switched off 80Qus after the synchronous mol- state along the molecular beam axis is shown in the lower
ecule exits the decelerator. In this case the central part of thgart of Fig. 14. The synchronous molecule entering the trap
beam is spatially bunched at the entrance of the trap. Thwith a velocity of 12 m/s Ey;,=0.12 cm'!) will come to a
bunched part of the beam occupies a phase-space area sténdstill at the center of the trap. The potential energy is
[2 mmX4 m/g in the forward direction, and has an aver- nearly quadratically dependent on the position along the mo-
age velocity of 12 m/s. In the transverse direction the imagdecular beam axis. Therefore, in the time that the synchro-
is less well-defined and is in practice determined by the sizeaous molecule is slowed down to zero the whole beam is
of the hole in the entrance end cap of the trap. rotated over an angle &fr in phase space. This is identical
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ion signal (arb. units)

| lbuncher off

FIG. 17. The phase-space distribution of the beamAat

=1830 ws at the position of the trap together with the acceptance

35 4 45 5 55

diagram of the trap.
TOF (ms)
molecular beam axis fotND; in the |J,K)=]1,1) low-
20 | o field-seeking state. The phase-space diagram at 1.830 ms
- T W shows the beam when the synchronous molecule, entering
E 10l the trap with 12 m/s, has come to a standstill. The central
S part of the beam occupies a phase-space arged.8mm
03 -10m/9 in the forward direction. This phase-space distribu-
G ' < tion is shown enlarged in Fig. 17, with the longitudinal ac-
1022 ceptance diagram of the trap as an overlay.
10 013
o VIIl. TRAPPING EXPERIMENTS
-30 10
z (mm) In order to trap the molecules the voltage on the entrance

end cap is switched off once the synchronous molecule has
FIG. 16. Time-of-flight profiles for*ND; molecules recorded at  come to a standstill. In Fig. 18 the density YND; mol-

the center of the trap with the buncher switched off BT  ecules at the center of the trap is shown as a function of time.
= 800 us. The upper curve is recorded with voltages appliedThe trap is switched on 1.830 ms after the synchronous mol-
asymmetrically to the trap electrodes. The lower curve is recordegcyle exits the decelerator, i.e., 4.660 ms after the start of the
without deceleration of the molecules upon enteri_ng th(_e trap. Thgjme sequence. Shortly after the trap is switched on the den-
gray curves show the results of 3D Monte Carlo simulations of thegjry 4t the center of the trap is seen to oscillate. These oscil-
experiment. In the lower part of the figure the phase-space diagrani§sions have faded away after several milliseconds and a
Of_ the beam are shown, together with t_he potent_lal endify) steady signal from the trapped ammonia molecules remains.
(right axig along the molecular beam axis f8fND in the J,K) The inset in the figure shows the ammonia density on a
=[1.3) low-field-seeking state. longer time scale. The ammonia signal intensity is seen to

to keeping the original phase-space distribution and Simpb(;xponentlally decay with a &/time of 0.3 s, although at
interchanging the velocity and position axes, with the appro-
priate scaling.

In Fig. 16 the TOF profiles fot“ND5; molecules are re-
corded at the center of the trap with the buncher switched off
800 us after the synchronous molecule has exited the decel-
erator. The lower curve is recorded without deceleration of
the molecules inside the trap, and is the same as the curve
shown in Fig. 15. In the upper curve, the molecules are de-
celerated upon entering the trap. When the voltages on the
trap electrodes are kept on, the trap will act as a concave
mirror for the ammonia molecules. The upper curve shows
the density of ammonia molecules at the center of the trap . . . . .
while the molecules are reflected from the electrostatic mir- 35 4 45 5 55 6 65 7 75
ror. The increased signal of the upper curve relative to the
lower one is due to bunching and transverse focusing when
the electric field is on. The gray curves show the results of giG. 18. Density of““ND; molecules recorded at the center of
3D Monte Carlo simulations of the experiment. In the lowertne trap as a function of time. The time at which the trap is switched
part of Fig. 16 the phase-space diagrams of the beam ai is indicated with an arrow. The inset shows the densit{NDs;
shown for different times after exiting the decelerator, to-molecules on a longer time scale, and an exponential fit to the data
gether with the potential enerdf/(z) (right axis along the (solid line) with a 1k decay time of 0.3 s.

pry

1
o

ion signal
(arb. units)

Trap on 0
AT = 1830 ps 0 02040608 1
time (s)
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short times the decay appears to be slightly faster. The ob-
served trap loss is attributed to collisions with background
gas in the vacuum chamber; the background pressure of typi-
cally 2x10°8 Torr is consistent with the observed trap loss
rate.

The oscillations that are observed shortly after the trap is

Trap on
AT = 1910 p.sl

switched on, indicate that the emittance of the beam is not £

perfectly matched to the acceptance of the trap. Two situa-

tions can be distinguishedi) the emittance and the accep- s

tance are not centered around the same point in phase space, € Trap on

i.e., the average position of the beam is not at the center of g AT = 1830 uSl 2=+0.35mm
=]

the trap and/or the average velocity of the beam is nonzero
when the trap is switched on, artil) the emittance of the
beam and the acceptance of the trap do not have the same
shape in phase space, i.e., the ratio of the spatial distribution
to the velocity distribution of the beam is different from that
of the acceptance diagram of the trap. These two situations Trap on
lead to different types of oscillations. In the first situation, AT=1750ps
the whole beam will oscillate back and forth in the trap. In
the second situation, the beam will perform a breathing mo-
tion in the trap. The oscillations will decay due to the anhar-
monicity of the trap potential.

In order to experimentally study these oscillations, the

density of ““ND; molecules is measured at two positions on 35 4 4.'5 5 5,;-, 6 65 7 7.5
the molecular beam axis, symmetrically located around the
center of the trap. In the observed oscillation pattern at these time (ms)

two positions, the two types of oscillation will appear in a
different manner. The oscillation of the whole beam back anqUIn
forth in the trap results -|n an oscillation at the IOmJHUdmalsets of measurements show the dependence of the oscillation pat-
t_rap frequency of 2 kHz; the measurements at the two POSkarn on the time at which the trap is switched on.
tions will have a phase difference of 180°. The breathing
motion in the trap results in an oscillation at twice the lon-ible, the oscillation back and forth is less pronounced in the
gitudinal trap frequency, with the same phase at both locaeurve recorded at=—0.35 mm. This indicates that also a
tions. breathing motion is present, which can be recognized as such
In Fig. 19 the density of“ND; molecules in the trap is at twice the longitudinal trap frequency. The measurements
shown as a function of time. Pairs of measurements are takehat are taken when the trap is switched on 86 too early,
under identical experimental conditions but with the detecare similar to the ones that are taken when the trap is
tion laser focused azt= +0.35 mm andz=-—0.35 mm. switched on too late; the measurements takenzat
The middle set of measurements are recorded when the trap0.35 mm ¢=+0.35 mm) when the trap is switched on
is switched on at 1.830 ms after the synchronous moleculeo early have to be compared to the measurements taken at
has exited the decelerator. This is the time at which, accordz=+0.35 mm ¢=—0.35 mm) when the trap is switched
ing to the calculations, the synchronous molecule has comen too late. In the measurements taken at 1.830 ms the os-
to a standstill at the center of the trapee Fig. 17. The cillation back and forth in the trap is largely absent. The only
upper and lower measurements are recorded when the trapdscillation expected to be present in this case is due to the
switched on 80us later and earlier, respectively. Although breathing motion in the trap. Although frequencies around
oscillations can be recognized in all three sets of measurawice the trap frequency are observed in both curves, the
ments, it is evident that these oscillations are least proeurves are less similar than expected. This is probably caused
nounced when the trap is switched on at 1.830 ms, whiclby the anisotropic phase-space distribution of the beam when
thus experimentally appears to be the right time indeed. Inhe trap is switched on, as seen in Fig. 17.
this case the signal intensity away from the center of the trap The transverse oscillations back and forth and the trans-
is slightly less than in the other measurements, as expectederse breathing motion in the trap are expected at 1 kHz and
Under these conditions, the signal intensity at the center o2 kHz, respectively. In order to study these oscillations mea-
the trap, shown in Fig. 18, is optimal. When the trap issurements need to be performed with the laser beam focused
switched on too late, as for the upper curves, the moleculesymmetrically above and below the molecular beam axis.
are already reflected by the mirror and the signal intensity iSuch measurements are more complicated in the current set-
minimum (maximur) downstrearm(upstream from the cen-  up, as the detection efficiency is strongly position dependent
ter of the trap. In the upper curve takenzat +0.35 mm, off axis, and have not been performed. In the measurements
the oscillation back and forth in the trap with a period of shown in Fig. 19 it is not clear if transverse oscillations are
approximately 0.5 ms is clearly visible. Although still vis- present at all. However, it might be that the remaining 2 kHz

FIG. 19. Density of'ND; molecules recorded in the trap as a
ction of time, at two different positions on tleaxis. The three
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oscillation in the measurement shown in Fig. 18, taken at the
center of the trap when the trap is switched on at the right
time, is due to the transverse breathing motion in the trap.
The longitudinal and transverse distributions generally do
not have the same temperature, even when the phase-space
distribution of the decelerated beam perfectly matches the
acceptance of the trap. In the absence of collisions, redistri-
bution of molecules in the trap will lead to a change in tem-
perature due to a coupling of the longitudinal and transverse
motion. This can be an alternative explanation for the ob-
served faster trap loss during the first 20 ms of trapping, as

ion signal (arb. units)

seen in Fig. 18. 1 05 o 0.5 1
In order to determine the temperature of the trapped am- ' ’
monia molecules, the spatial distribution of the molecules in z (mm)

the trap is measured along thexis. This is done by scan-

ning the position of the focused detection laser through the %Jnction of the position along theaxis. The solid curves show the

mm diameter holes in t_he fing electrode of the trap. For thISfesults of a Monte Carlo simulation for thermal distributions with
measurement the trap is switched on at 1.830 ms. The det€§gserent temperatures.

tion laser is fired after the molecules have been trapped for

50 ms, long compared to the oscillation periods in the trapos 2% 10723 This can be compared to the phase-space den-
Since the density in the trap is low, no collisions betweensi,[y of the. original beam, which is calculated to be 2

trapped mole_cules will take place durin_g thi_s “”?e interv_al_.x 10" L. For the trapping experiment the beam is decelerated
Strictly speaking, temperature is not defined in this case; it '§tarting from an initial velocity of 256 m/s, where the phase-

useld hgrehas a m;asurg ththe average ener.g)l/?gnf\lgw m%lf)ace density is about a factor of 2 lower than at the peak
ecules in the trap. Knowing the trapping potentia 3 velocity. The overall loss in phase-space density from the

._beam to the trap is therefore approximately 50. As discussed
Harlier, there is a factor of 4 loss in phase-space density from

a cerFain temperatu{éO]. To ma_ke suré that ion deFection is .the matching of the molecular beam onto the decelerator. The
not disturbed by residual electric fields, the detection laser ISemaining factor of 12 loss results from theonideal load-
actually fired 20 us after the voltages on the trap eIectrodesing of the decelerated beam into the trap.

are switched off. During this 2Qus time interval the mo- In Fig. 21 the ion signal resulting from the trapped sample
Ie_cular _cloud will slightly expand, which is included in the of “ND, molecules is shown together with the signal ob-
S|mulat!ons. ) " _ tained at the center of the trap for ammonia molecules in the
In Fig. 20 the density of trapped NDs; molecules is  jginal molecular beam at the central velocity of 285 mis,
shown as a function of the position along theaxis. The ;.4 in the decelerated beam at a velocity of 92 m/s.
detection efficiency is constant over the range aovered in Identical measurements have been performedD;
these measurements. Each data point is averaged over t Qing the same time sequence as in the experiment on
trapping cycles. The error bar indicates the statistical spreal ND;. Although it has been detailed in Sec. V that the same

II\?l the rgea}surgmtalnts. The solid curvis arel tg,e r_%su.lts Off e sequence can be used for deceleration of both the iso-
onte Carlo simulation, assuming a thermal distribution oty ners it is noa priori clear that this holds for bunching

molecules in the trapping potential. Detection of molecules, 4 a5 j0ading as well. One might expect that in the present
in a 70um-diameter, 2-mm-long cylinder is assumgd..Thgsetup an optimum is found fot°ND; at different settings
measurements are best described using a thermal distribution

with a temperature of 25 mK. In principle, similar measure-

FIG. 20. Density of trapped*ND; molecules recorded as a

ments could be performed to determine the spatial distribu- 92 m/s
tion in the transverse direction as well. As discussed, these & 15|
measurements are more complicated and have not been per- § 285 m/s
formed. g 1
The maximum number of ammonia ions detected per laser = Trap
pulse is approximately 45. Assuming a unit ionization effi- 5 05}
ciency of the ammonia molecules in a 2-mm-long, c background
70-um-diameter volume of the laser focus and with a unit 20

ion detection efficiency, a lower limit for the peak density of
trapped*ND; of no=1.3x 10" molecules/cr results. The
total number of molecules in the trap is then approximately
10"—a factor of 10 less than the number of molecules that FiG. 21. The density of*ND, molecules recorded at the center
exited the decelerator. Together with the measured temperaf the trap for the original molecular beam at the central velocity of
ture of 25 mK, corresponding to a thermal de Broglie wave-285 m/s, for the decelerated beam at a velocity of 92 m/s and for the
length of A=2.5 nm, this yields a phase-space densipx®  trapped molecules. Each data point is averaged over 20 laser shots.

0 800 1600 2400 3200
No. laser shots
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FIG. 22. Density of trapped®ND; molecules as a function of
the position along the axis. The solid curves show the results of a 14
Monte Carlo simulation for thermal distributions with different tem- 1 ] 14ND3
peratures. 0 B(5) <- X(0)

4 . . . 1 anti-symmetric levels
than used for'*NDs. This has not been investigated further. !

The measurements for the spatial extent®D; in the trap
is shown in Fig. 22. The measurements are well reproduceca

Beam

gnal (arb. units)

when a temperature of 25 mK is assumed. Within the experi-& Trap
mental accuracy the absolute signal is the same for both thi L ' ; !
isotopomers of ammonia. Both isotopomers have also beer 31480 31500 81520 31540
trapped simultaneously at a factor of 2 lower peak density frequency (cm™")
for each species.

In Fig. 23, (2+ 1)-REMPI spectra of'*ND; are shown, FIG. 23. (2+1)-REMPI spectra recorded via tHe'E”, v}

recorded via intermediate states of different vibrational sym-=4 (upper pangland »,=5 (lower panel state in*“NDs. In each
metry. The spectra are recorded under conditions close teanel, the upper curves are from measurements on the molecular
saturation, and the width of the lines is determined by powebeam, whereas the lower curves are recorded on the trapped mol-
broadening. All spectra are recorded on the same intensit§cules.

scale, and are averaged over 40 shots. In the upper panel, the

v,=4 vibrational level in théB'E” state is used as interme- loss. Different molecules and isotopomers can be trapped
diate. Via this level, only molecules in the lower inversion simultaneously. On the order of 40*ND3; molecules are
doublet levelgvibrationals symmetry in the electronic and trapped at a density of over A0molecules/crh and at a
vibrational ground state are detected. Measurements atemperature of 25 mK. The corresponding phase-space den-
shown for the molecular beafapper traceand for trapped ~ sity in the trap is 210 3 50 times less than the initial
molecules(lower trace. TheJi rotational quantum numbers phase-space density in the beam. This loss can be reduced
of the ground-state levels are indicated in the fig&®. In  with a better matching of the decelerated beam to the trap.
the lower panel, the,=5 vibrational level is used as inter-  Ultimately, the phase-space density in the trap is limited
mediate, only allowing detection of molecules in the uppey the phase-space density that can be obtained in the beam.
inversion doublet level¢vibrationala symmetry. In a pulsed supersonic expansion, densities of
In the beam, botls anda components of theq) 1,, and 10" molecules/crhat a translational temperaturé bK are
1, levels are observed. Theyland 1; level are located routinely obtained45]. Phase-space densities on the order of
10 cm! and 8 cm! above the rotational ground-state 10°8 appear feasible. Compared to this, the measured phase-
level, respectively. Thellevel is the only para level that is space density in our beam is rather low, apparently due to the
populated in the beam, indicating a rotational temperaturémall pumping capacity in the current setup. Furthermore,
below 3 K. The spectra recorded on the trapped moleculeX€ is used as a carrier gas to start with a low velocity of the
only show the five allowed transitions originating from the initial beam. Due to its large polarizability, Xe readily forms

upper inversion doublet level of the btate. clusters and is therefore not considered to be the ideal carrier
gas. The use of Kr or Ar as a carrier gas may lead to a more
IX. CONCLUSIONS AND EUTURE PROSPECTS intense initial beam, requiring a longer decelerator, however.

To increase the number of trapped molecules the area in
In this paper a method to decelerate and trap polar molphase space that is imaged from the beam source to the trap
ecules using time varying electric fields is demonstrated. It ishould be increased. Currently, the area in phase space that
shown that the high phase-space density of molecules that can be imaged is limited by the buncher. By using a buncher
present in the moving frame of a pulsed molecular beam cargonsisting out of multiple ring electrodes and a hexapole
in principle, be transferred to the laboratory frame withoutfocuser, this can be largely improved. The acceptance of the
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decelerator can be increased by using higher electric fields dhe search for violation of time reversal symmeftig@] and
by using a larger spacing between the electrodes, at the saritethe study of weak interactions in chiral molecul&6]. By
value of the electric field. By using more deceleration stagesaccurately measuring the ratio of the transition frequencies of
the decelerator can be operated at a lower phase angle. Oyarious types of optical transitions in molecules, the tempo-
timization of the overall deceleration and trapping processal variation of the fine-structure constant might be deter-
will be performed via feedback control optimization of the mined in a laboratory experimef81]. The use of cold mol-
time sequence, using genetic learning algorithms. For @cules is expected to increase the precision of these studies
given experimental geometry and molecule, this optimizatiorby orders of magnitude.
needs to be performed only once. The long storage time in traps makes it possible to study
Another possibility to increase the number of trappedthe lifetimes of vibrationally or electronically excited meta-
molecules would be to accumulate molecules from successtable states. Molecules can be prepared in these states either
sive deceleration cycles in the trap. An increase of phasen the trap or prior to deceleration. Closed rovibrational tran-
space density via this accumulation is only possible in spesitions might actually be used to cool the trapped molecules
cific cases, e.g., for the NH radical, where laser-inducedurther via laser cooling.
spontaneous decay provides a unidirectional path to reload a The study of ultracold collisions and reactions forms an
trap[54]. It is always possible to increase the total number ofinteresting research topic. At low temperatures the associated
molecules while keeping the phase-space density constarte Broglie wavelength of the molecules becomes of the same
This process is known as phase-space stacking in acceleratgize as the collision complexes, dramatically changing the
physics[49]. interactions at these temperatuf@$ Besides studying col-
With the scheme outlined in this article, any polar mol- lisions among trapped species, interesting effects are pre-
ecule can be decelerated and trapped provided that it hasdicted for collisions at nonzero collision energies. Calcula-
sufficiently large positive Stark shift in experimentally at- tions show that elastic and inelastic cross-sections show
tainable electric fields. In Tabll a selection of polar mol- sharp resonances at low collision energies, increasing by two
ecules suited for deceleration and trapping is given. The amrders of magnitude at these energj88]. Measuring the
celeration experienced by the molecules in the beam dependgdth and position of these resonances can be performed by
on the ratio of their(positive Stark shift to their mass. This sending a velocity tuneable molecular beam through the
is given as a “figure of merit” in Table I, scaled relative to sample of trapped molecules loaded from a previous cycle.
1ND,. Unless noted otherwise the Stark shift has been calScattering resonances occur, for instance, when colliding
culated at an electric field of 200 kV/cm. The number ofmolecules begin to rotate, leaving them with insufficient
stages that would be required to bring the molecules to &anslational kinetic energy to overcome their van der Waals
standstill in the present setup, i.e., with electric fields on theattraction. The formation of long-lived, transiently bound,
axis of the decelerator of 90 kV/cm, is given. For this, themolecular complexes might enable reactions to occur via
molecules are assumed to have an initial velocity determinetlinneling through reaction barriers, opening up novel routes
by the Xe carrier gas at a temperature determined by théor low-temperature chemistry.
vapor pressure of the molecules. For stable molecules, the With a sufficiently high density of trapped molecules, the
temperature at which the vapor pressure is 0.1 atm is takemegime of evaporative cooling might be reaci&3]. The
for radicals a room-temperature expansion is assumed. Mosticcess of evaporative cooling depends on the ratio of the
of the molecules that have been listed have been used exteelastic to inelastic collision rate of the trapped molecules.
sively in hexapole focusing experiments, in which case arhis ratio depends critically on molecular properties such as
reference to these experiments is given. Both the productiothe magnitude of the dipole moment and of the zero-field
(in a molecular beaimand the detection methods for the splitting [84]. As the trapping scheme presented here can be
molecules listed in Table | are well known. For radicals suchused for a large number of different molecules, one can hope
as OH, production of intense pulsed beams with densitieto find a suitable candidate molecule. Alternatively, polar
above 16 molecules/cr per quantum state have been re- molecules can be trapped in their lowest-energy quantum
ported[70]. state in an ac trap, by which inelastic collisions can be
The use of electrostatic fields to trap molecules, offersavoided. In this case additional heating due to the rf fields
many possibilities. Electric fields can be made in a widewill take place. It is expected, however, that under certain
variety of shapes, and can be ramped and switched rapidlgonditions evaporative cooling will dominate over this heat-
Molecules can be trapped around a charged Wite-74. ing [85].
With a hexapole bent into a torus, a storage ring for polar Another viable method to cool the molecules further
molecules can be constructg86,75. ac traps can be con- might be sympathetic cooling with laser-cooled atoms. Re-
structed to trap molecules in high-field-seeking statesently, Bose-Einstein condensation K atoms has been
[76,77). It should be possible to produce microcircuits to achieved via sympathetic cooling with®Rb gas[86].
manipulate and trap molecules on a chip. Electrostatic trap- When further cooling of the trapped molecules proves to
ping fields can easily be superimposed with magnetic trapbe feasible, collective effects can be studied in these
[54], optical trapq 22], or high-Q optical cavitied 78]. samples. If a molecular Bose-Einstein condensate is formed,
Ultrahigh resolution spectroscopy will greatly benefit there is the possibility to study its behavior for molecules in
from the increased interaction time and the reduced thermalelected vibrational an@end-over-engrotational states. Ar-
broadening offered by cold molecules. Molecules are used iguably the most interesting aspect of molecules compared to
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TABLE I. A selection of polar molecules suited for deceleration and trapping experiments, with their relevant properties.

Number
Molecule State Number Stark shift at Shift/mass of stages Dipole
of hyperfine 200 kV/cm (relative required in moment
level$ (cm 1P to ND,) present (D)
setup
CH [56,55 [X20,,d=12MQ = —1/4) 4 1.54 1.03 90 na=1.46
[X 2T g,d=3/2MQ = —9/4) 4 1.88 1.50 71
CF [57] [X 21 y,,d=112MQ = —1/4) 4 0.44 0.13 533 ta=0.65
[X 21 y,,d=32MQ = —3/4) 4 0.32 0.09 845
CH,F, [58] [J,M)=1]2_,0) 1.52(184 kV/cm 0.25 168 wp=1.96
CHsF [44,59 |JKM)=]100 0.54 (128 kVicm 0.13 217 1a=1.86
[IKM)Y=|1+1%1) 1.05(118 kv/cm 0.27 99
CO[48] [as,_,,J=1MQ=—-1) 2 1.71 0.53 89 wa=1.37
la®l,_,,J=2MQ=—4) 2 2.87 0.89 63
H,CO [61,58,6Q [3,M)=1]1,1) 6 1.44(144 kVicm 0.42 130 wa=2.34
D,CO [61] |3,M)y=]1,1) 6 1.11(112 kV/cm 0.30 155 a=2.34
H,0 |3,M)y=1]1,1) 6 0.45 0.22 1081  u,=1.82
D,0 |3,M)y=]1,1) 6 0.72 0.31 667 u,=1.85
HDO |3,M)y=]1,1) 12 0.73 0.36 558 w,=0.66
wp=1.73
HCN |(v1,05,03),3,M)=[(0,0,0),1,0 6 0.92(144 kvicm 0.29 177 wa=3.01
|(v1,05,03),3,M1)=](0,1},0),1- 1) 12 1.80(136 kv/cm) 0.59 79
|(v1,05,03),3,M1)=](0,1},0),2,- 1) 12 2.58 0.83 150
|(v1,05,03),3,M1)=](0,1},0),2- 2) 12 1.66(200 kv/cm 0.53 109
LiH X2+, J=1M=0) 8 3.11 3.42 45 1,=5.88
LiD X2+, J=1M=0) 12 2.67 2.62 34
NH lalA,J=2M=2) 12 3.34 1.94 48 wa=1.49
1NH; [62,63 [IKM)Y=|1+1%1) 12 2.11 1.09 79 we=1.47
15NH, [IKM)Y=|1=1%1) 8 2.11 1.03 84 me=1.47
1ND, [62] [JKM)Y=|1=1%1) 48 2.29 1.00 65 me=1.50
15ND, [JKM)=|1=1%1) 32 2.29 0.95 68 me=1.50
NO [59,64 [X 2 y,,d=12MQ = —1/4) 6 0.17 0.05 1179 1,=0.16
N,O [59,65 |(v1,0h,03),3,M1)=](0,1},0),1- 1) 18 0.26 0.05 1041  u,=0.17
0CS|[63,66 |(v1,05,03),3,M)=(0,0,0),1,0 1 0.13(82 kv/cm) 0.02 1172 wa=0.72
|(v1,05,03),3,M)=](0,0,0),2,0 1 0.43 0.06 1407
|(v1,05,03),3,M1)=](0,1},0),1- 1) 2 0.25(84 kVi/cm) 0.04 647 1,=0.70
|(v1,05,05),3,M1)=](0,1},0),2,~ 1) 2 0.56 0.08 759
|(v1,05,03),3,M1)=](0,1},0),2,— 2) 2 0.24(120 kV/icm 0.04 779
OH [67,68 [X 2T g,d=3/2MQ = —9/4) 4 3.22 1.66 56 =167
oD [68] [X 2 g,d=3/2MQ = —9/4) 6 3.22 1.57 58 wa=1.65
SH[57,69 [X 2 g,d=3/2MQ = —9/4) 4 1.51 0.40 227 1,=0.76
SD [X 2M4,d=3/2MQ=—9/4) 6 1.49 0.38 235 1,=0.76
SO, (60,62 |3, M)=|1,0) 1 1.47 0.21 343 wp=1.59

4ncluding m degeneracy.

PWhen the Stark shift reaches a maximum at lower values of the electric field, this maximum shift is given, together with the value of the
electric field(in brackets.

atoms is that many molecules have a permanent electric dstates. It has been predicted that cold dipolar gases of fermi-
pole moment. The anisotropic interaction between the diens are excellent candidates for achieving the superfluid tran-
poles will give rise to rich and new physics in the cold di- sition [89]. At ultracold temperatures dipolar molecules are
polar gase$87]. The mean-field interparticle interaction, and expected to form crystalline structures, similar to the forma-
hence the occurrence of molecular Bose-Einstein condens#en of Wigner crystals in ion trag®0]. Another challenging
tion, will depend strongly on, and can therefore be manipuprospect is that trapped polar molecules might be used for
lated by, the trapping geometf88]. This offers new possi- guantum computation; in this design, the qubits would be the
bilities for controlling and engineering macroscopic quantumelectric dipole moments of ultracold molecules, oriented
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