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Cold free-radical molecules in the laboratory frame
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A special class of molecules that are important to many subfields in molecular dynamics and chemical
physics, namely free-radical molecules, now enjoy a significant degree of center-of-mass motion control in the
laboratory frame. The example reported in this paper concerns the hydroxyl ré@idal which, after the
internal degrees of freedom are cooled in a supersonic expansion, has been bunched, accelerated, and slowed
using time-varying inhomogeneous electric fielbfssitu observations of laser-induced fluorescence along the
beam propagation path allows for detailed characterization of the longitudinal phase-space manipulation of OH
molecules by the electric fields. The creation of a pulse containidg I molecules possessing a longitu-
dinal velocity spread from 2 to 80 m/s around a mean laboratory velocity variable from 550 m/s to rest with
only a few mm spatial extent represents an exciting and useful experimental capability for exploring free-
radical dynamics.
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I. INTRODUCTION point of study in physical chemistrj27,28, astrophysics
[29,30, atmospheric[31] and combustion physid82-34,

Efforts to create, study, and utilize samples of cold mol-these chemically reactive molecules typically possess large
ecules are at the forefront of experimental atomic and mo€lectric and magnetic dipole moments, thus supporting a va-
lecular physicg1-5]. Scientific explorations of cold molecu- riety of interactions. In the low-temperature regime, these
lar samples will allow spectroscopy to be performed at thdnteractions may create interesting effects; for example, at
fundamental level where vibrational relaxation can be di-temperatures of-1 uK, the translational energy becomes
rectly revealed and extremely weak interactions can be inless than the ]ntermolecular electr!c dlpc_)le—dlpole mteractlon
vestigated. Metrological applications will surely follow. The €N€rgy. Considering that the relative orientation of these di-
long interrogation times that cold molecules will provide is poles determines whether the interaction is attractive or re-

critical to a number of precision measurement projects sucRU|S'Ve’ these polar molecules can easily influence each oth-

o er’s trajectory and lead to complex dynamics. In principle, an
%semefss%a;c: df?rrnthrivpeedrr?/glnueenst ilfe?:jrnogaﬁqlgﬁttgf S(')elosl,gmgexternal electric field can then be used to guide collisions
. 6, ; P . . and perhaps even to exert a different means for management
like the fine structurex. At low translational energies, mo-

: : ) . ; of chemical reactions. Interestingly, this mechanism repre-
lecular orientation will play an important role in novel cold ggnts 4 profoundly different type of control over collisions
collisions[8-12 and ultracold molecular dynami¢$3]. Ob-  {han the usual resonant scattering between cold atoms ex-

servations of cold atom-molecule interactions may also rearted by a magnetic field. The relatively strong dipolar inter-
veal different regimes in physical chemistf¥4]. Further, action should also open different analogies to condensed-
there has been a proposed application in quantum computingatter systems, particularly those systems that interact by
[15] for trapped ultracold polar molecules. strong spin-dependent forc¢35]. It may even be possible
Heteronuclear molecules possess permanent electric dikat the cold molecules could form a “dipolar crystal,” in
pole moments that create interesting opportunities for contréhnalogy with an ionic crystal formed in ion trap36]. Fi-
of intermolecular interactions. While a number of researchally, we note that experimental conditions under which both
groups are actively pursuing experiments to form ultracoldelectric and magnetic fields simultaneously interact with the
polar molecules utilizing photoassociation technigques to creeold molecules may naturally provide even more useful and
ate weakly bound, vibrationally excited molecules frominteresting dynamics to investigalg7].
double-species magneto-optical traps of cold atphés-19, Hence production of a large collection of neutral free-
some other groups have focused on ground-state moleculeadical molecules populating a single quantum state and hav-
that are manipulated by buffer gas cooliigl9,2Q or Stark  ing a small center-of-mass motion in the laboratory frame
deceleratior[21-29. In this paper we focus on a particular represents a critical first step towards realizing these poten-
species of stable molecules, namely the diatomic hydroxylial cold molecule experiments. We employ the technique of
radical(OH). We note that, as with most molecular systems,Stark deceleration to prepare cold packets of the OH mol-
at this time it is not technically practical to create cold OH ecules. Molecules produced at low temperatures by the Stark
samples using the above-mentioned cold atom approacBlowing process will be in their rovibrational ground states,
Nevertheless, while alternate techniques must be employeshd therefore do not suffer from rovibration-changing colli-
to produce the cooled sample, neutral free radicals remain aion losses. However, at low-temperature limit and under
extremely attractive and significant class of particles for coldcertain external electric fields and sufficient densities, the
molecule researchi26]. Historically important as a focal molecules in a weak-field seeking state can still experience
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non-negligible inelastic scattering losses to strong-field seek- OH energy structure Z
ing states[9]. The Stark deceleration approafhl—25,38

has worked effectively with molecules such as CO, ND excited state | 72 7 1 V=1
OH, and YbF, resulting in experimental observations of ground state | 2 ] —2
slowing and trapping. Our previous wofR4] demonstrated me-. L —2
deceleration of stable packets of OH, with a minimum trans- 3565 cm'! —1 V=1
lational velocity in the laboratory frame of 140 m/s and a 300cm! g5 ¢, —3 =0
velocity spread less than 2.7 m/s. In the present work, we SRe- — —3
report further progress along this research direction, culmi- 2 mer :‘3‘
nating with the present capability to produce phase stable s — — 3 Mme- o —4
packets of molecules with a molecular-frame temperature Me- — T2 z
from ~1 K to ~tens of mK around a mean laboratory ve- M. _(1) snf- 4— —>
locity variable from 550 m/s to essentially zero. We also Zed . —1 52 e+ }— :g
document detailed technical approaches at various stages Jep OF Wt e —2
our cold molecule machine. ¥ I
0cm 32 e —
The complex structure of the molecular states and the Jep F

associated energy levels of OH will be described in the next 11, M,
section. The Stark shift of the relevant molecular states due
to an external electric field is also introduced, along with the FIG. 1. Relevant energy-level structure of OH, showing the first
molecular detection scheme based on sensitive, laser-inducetgctronically excited state and the first two vibrational levels in the
fluorescencéLIF) measurement. Section Il gives a generalelectronic ground states indicates symmetry“e” and “f” stateg
description of the entire experimental setup, with a brief disfrom \ doubling andp indicates overall parity. The transitigsolid
cussion regarding construction of the supersonically coole@ow and decay(wavy, dotted arrow pathways used for laser
OH beam source, which combines an interesting discharg@duced fluorescence detection of OH are also indicated.
apparatus with a pulsed supersonic expansion valve. Armed
with the understanding of the Stark effect of OH, we de-ment. For low rotation levels, the angular momentum cou-
scribe in Sec. IV beam propagation into the acceptance apling of thelI electronic ground state of the OH molecule is
erture of the decelerator. This process is aided by an electrisufficiently described by Hund's cage) [39]. Under this
hexapole-based molecular lens that provides initial-state sénateraction scheme, both the electron orbital angular momen-
lection and focusing. Section V provides underlying prin-tum L and electron spii® are coupled to the intramolecular
ciples and mechanisms responsible for the Stark deceleratiaxis, leading to the definition of the total electron angular
process. Theoretical descriptions of the longitudinal phasemomentum a€l=A+3, where|A|=1 (2 =1/2) represents
space evolution and comprehensive numerical simulationghe projection ol (S) onto this axis. This coupling results in
using realistic molecular parameters and modeled spatial diswo spin-orbit states, where trﬁﬂm state lies~126 cm!
tributions of inhomogeneous electric fields are presentedhelow the2H3,2 state as shown in Fig. 1. Strong spin-orbit
Practical information concerning the design, fabrication,coupnng (Aso=—139 cm?) is responsible for the observed
construction, and preparation of the Stark decelerator ifgarge splitting between the twf branches. The molecular
given in Sec. VI. The simulation model presented in Sec. Vangular momentund in the laboratory frame is defined as
generates results that provide excellent agreement to the e¥=| +S+R, whereR represents the nuclear rotation angular
perimental observations reported in Sec. VII. ThaituLIF momentum. The allowed values &fin the laboratory frame
detection enables detailed characterization of the experimerye given as=Q, Q+1, Q+2,.... Therelatively large en-
tal phase-space evolution of the molecular packets at variousygy splitting betweed states is due to the small moment of
stages along the entire decelerator and within the quadrupolgertia of the molecule and subsequent large rotational con-
electrostatic trap region. These observations demonstrate gant. The coupling between the nuclear rotation and the
thorough understanding and control of the molecular slowing|ectron angular momentutprojection ofL along the inter-
process and reveal that the present experimental system dgiclear axig results in lambda-type splitting. doubling of
fully functional for ongoing research in molecular trapping each state, denoted dsand e states. In the figure, these
and cold molecule collisions. Finally, in Sec. VIIl we discuss energy separations are exaggerated for clarity*fdH with
future directions of the experiment involving improved elec- an intrinsic nuclear spihof 1/2, the free-radical molecule is
trostatic and magnetic trapping, limited laser cooling, as well poson. The total angular momentum is givenFbyl +J.
as collision experiments between trapped atomic and Mmogach\-doublet component is split into hyperfine states that
lecular samples. are characterized by a symmetry indpxthat defines the
state’s parity(+). The hyperfine energy separations have also
Il. STRUCTURE OF OH been egaggerated for (;Iarity 'of presentation.
The “3, first electronic excited state of the OH molecule
The neutral hydroxyl free-radicaDH), though extremely  has an electron spin of 1/2 but no electron angular momen-
chemically reactive, is a stable, diatomic molecule. Becauseum; thus the appropriate couplings are well described by
the basic molecular energy structure is well understood, herdund’s casgb). For this angular momentum configuration,
we will discuss only the states relevant to the current experithe only important interaction is between the nuclear rotation
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of the moleculeR and the electron spils— so-calledp
doubling. This coupling separates evergtate that has non
zeroR into two states of the same parity. Figure 1 shows the
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important energy levels and schematically depicts the exci- <
tation and detection pathways, as described in detail below. g 625

Because the\-doublet states possess opposite parity and =
small energy separations, adjacent levels of the ground-state i
OH readily mix under the interaction of the molecule’s per- 6 600
manent electric dipol€l.67 D[40]) with an external electric 5
field. The energy of these mixed states incregeesak-field 51.5 -
seeking statgsr decreasegstrong-field seeking stateas a F=1 mFl_ 5
function of the electric field strength, as shown for the rovi- 55.0 : . : L
brational ground state of OH in Fig(&. The Stark energy )5

shift evolves from quadratic to linear when the energy 0
change due to the applied field exceeds xhdoublet split-

ting value of 0.055 ciit. The ground-state shift is unaffected 0.0 fo——==mmmmmeeig e - S s
by the next higher rotational state due to the large energy 0
separation of~84 cni?. In the high electric-field regime, the 2
complex energy levels depicted in Figagemerge as four
distinct families. As shown in Fig.(®), for the Stark slowing
experiment discussed here, the weak-field seeking states are
most relevant, with théll F=2, |mg/=2, 1 states experienc-

ing approximately three times the Stark energy shift of the 731
[, F=2,|mg/=0, and’Il,, F=1,|mg =0,1 states. We note

molecules in strong-field seeking states do not survive the -10.0 . : . T .
first state-selection device, namely the hexapole acting as a 000 025 050 075 100 125 150
molecular focusing lens, and therefore do not contribute to (a) Electric Field Magnitude (kV/cm)

any observed signals thereafter.

Optical detection via fluorescence measurement is a pow-
erful tool in atomic and molecular physics experiments. A
relatively favorable branching ratio, a large difference be-
tween the excitation and decay wavelengths, and a reason-
able quantum efficiency in fluorescence detection make laser
induced fluorescenc@.IF) a versatile approach for measur-
ing the hydroxyl radical. The excitation source is tuned reso-
nant with theX ?I15, (v=0)—A23* (v=1) electronic tran-
sition at 282 nm for subsequent detection of the red-shifted
radiative decay around 313 nAZ3* (v=1)— X1y, (v :
=1), as shown in Fig. 1. The separation in wavelength allows F=2,|m|=2;
effective optical filtering to reduce the background scatter- . . F=lim/=1
ing, as discussed in detail in the next section. The character- 0 25 50 75 100 125 150
istic fluorescence 750-ns decay lifetime provides a distinc-  (b) Electric Field Magnitude (kV/em)
tive signature of the presence of OH molecules.

2.5

-5.01

Energy (107 em™)

2
X 1_[3/2 e state

F=2|m|=2, L}

Energy (cm™)

FIG. 2. (a) The Stark energy shift for ground-state OH mol-
ecules in low electric fields. The initia(f) state is shown in the
ll. OH BEAM SOURCE AND DETECTION lower (uppej panel, where the hyperfine levels are indicated next to
the traces(b) The Stark shift for ground state OH molecules in high

Supersonic expansion in molecular beam experiments is éa‘ectric fields. The vertical dotted line indicates the regime where

widely used technique. Under proper operating conditions

. : : LT the Stark decelerator operates; the dashed horizontal line denotes
rotational and vibrational temperatures are significantly low-

ered along with the benefit of a reduced translational velocityZero energy:
spread in the molecular frame. Within the present experiStark decelerator, a supersonic expansion provides a very
ment, collisions during the expansion represent the only trueseful initial source for creation and experimentation of cold
cooling mechanism. The maximum phase-space densitynolecules.

achievable in the experiment is determined at this stage since Figure 3 illustrates the overall experimental setup, show-
during the subsequent deceleration process the phase-spéweg the discharge and the pulsed valve configuration, along
distribution of the molecules undergoes conservative rotatiomith the subsequent skimmer, hexapole, decelerator stages,
without any enhancement in density. Therefore, as long aand the electrostatic quadrupole trap. The experiment utilizes
the relatively large translational speed of the molecular beara seeded, pulsed supersonic beam combined with electric
can be compensated for by the slowing capability of thedischarge to realize an efficient free-radical source. The
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FIG. 3. System schematic of Stark decelerator, displaying the pulsed valve, the molecular beam skimmer, the electric hexapole, the
electrode stages, and the trap region. The electrode stages alternate origmtationl-horizontal as shown in the figure. The spatial
locations indicated by arrows correspond to the measured data traces in Fig. 5.

source apparatus creates an intense OH molecular beam, pdignal temperature, narrower longitudinal velocity spread,
sessing both narrow initial temporal width and small longi-and reduced mean longitudinal velocity. Under normal oper-
tudinal velocity spread, primarily populating only the lowest ating conditions, the source produces a free-radical molecu-
rotational ground-state energy level. Xenofe), due to its  |ar pulse having a mean speed around 385 m/s with a full
large mass, is employed as an inert carrier gas to minimizgjidth at half maximum velocity spread of 16% at a rota-
the initial molecular velocity. At a stagnation pressure oftional temperature 0&25 K, corresponding te~98.5% of
~3 atm, Xe bubbles through a small reservoir of deionizetthe molecules in thd=3/2 lowest rotational state.
(>10 MQ cm), distilled water (H,0). When the valve The filament-assisted discharge can occur at virtually any
opens, the carrier gas-99%) and seeded 0 (~1%) ex-  molecular density during the supersonic expansion. Hence
pand supersonically into the vacuum chamber. Thehe narrow-pulsed HV discharge can selectively create OH
0.5-mm-diameter exit nozzle valve is operated at a 5-Hz repever a broad range in time within the 100-us-wide mo-
etition rate, creating a molecular supersonic beam with a fullecular pulse envelope. As the discharge duration is much
pulse width of<100 us. shorter than the molecular pulse, OH molecules generated at
We utilize an electric discharge to generate the hydroxyHifferent times within the pulse reflect the different instanta-
radical moleculesduring the supersonic expansion. Such neous characteristics of the supersonic expansion at the mo-
methods have been used previoupht—43. Our approach ment of their creation. This effect is most directly manifested
[44] contains several key ingredients, including the use of as the ability to tune the mean longitudinal velocity of the
hot filament to aid in discharge initiation, selected voltagemolecular pulse, as depicted in Fig. 4. In this figure, pulses
polarity for maximum discharge stability, geometry of the of rotationally cold OH are measured by LIF after they have
discharge electrodes to ensumbere the discharge creates propagated from the source to just in front of the molecular
molecules is well defined, as well as utilization ofia-scale  beam skimmer. The pulses were created using identical dis-
high voltage(HV) pulse to control preciselwhenthe dis- charge voltage amplitudes and pulse widths but varying the
charge occurs. These beneficial improvements over earligtischarge initiation time within the molecular pulse. This ini-
work lead to a dramatic reduction in the discharge heating ofial creation time difference has been normalized for the
the molecules, resulting in the production of a rotationally
and longitudinally colder radical beam, well suited for the 2.0 ——————————g

deceleration experiment.

For the most stable discharge operation, the voltage po- 1 v, AVIV
larity is selected such that electrons are accelerated agains. ——465mfs  16%
the propagation direction of the expanding supersonic jet. 5 154 —=—390m/s 17% | ]
Application of sufficiently high voltage to the electrodes dur- ; ——323m/s  19%
ing the molecular supersonic expansion enables self-£

initiating of an electric discharge that produces the hydroxyl
radical (OH) by disassociating the 40 [45]. When the OH
creation occurs spatially near to the nozzle in the expansio
region, the diatomic molecule is subsequently cooled by col-=
lisions with the more abundant Xe atoms, resulting in rota- £ 9-51
tionally cold free-radicals. Empirically, we learned that oper-
ating the discharge voltage in a short duration, pulsed
manner significantly reduces undesirable heating of the mo- 0.04 m— .
lecular beam by the discharge. Moreover, employing a 0.08 0.12 0.16 0.20 0.24 0.28 0.32
current-driven filament within the vacuum chamber in addi- 0.12
tion to the pulsed high voltage ignites the discharge at a

significantly lower voltage level, further minimizing heating  FIG. 4. Controlled tuning of the initial mean molecular speed:;
to molecules during the supersonic expansion. We utilize &arying the discharge initiation time creates OH pulses with differ-
fast switch to pulse the high voltageypically, for 2 us at  ing mean speedsV,), FWHM velocity widths (AV), and
-1.4 kV), resulting in increased OH production, lower rota- amplitudes.

1.0+

o?ecules a

Time (ms)
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three data traces where time zero represents the discharge20% transmission coefficientWe also utilize aswitched
initiation; the subsequent change in arrival time demonstrateBMT whose dynode voltages are quickly arranged during the
the differences in pulse mean velocity. As the discharge inifaser pulse so as to actively repel photoelectrons liberated by
tiation time is varied from earlier to later within the overall the scattered UV light on the cathode material. The first,
molecular pulse envelope, the amplitude and mean speed tfird, and fifth dynodes are used rather than the photocathode
the OH signal decreases while the velocity width increasestself for improved switching speed, while the rest of the
consistent with sampling OH production within the diminish- elements in the dynode chain remain at their normal volt-
ing supersonic expansion. ages. The usual state of the PMT is “interrupted;” in order to
Potentially, background-free resonance fluorescence is @bserve the OH molecular decay signal an externally applied
highly sensitive technique for detecting small numbers ofcontrol pulse rapidly turns the detector “on” fer5 us with
molecules. In analytical chemistry and biology, resonancehe appropriate dynode voltage levels for normal PMT op-
fluorescence is used extensively for efficient detection aneration. In this manner, &10* suppression of the measured
identification of single moleculel6]. The sensitivity of the laser intensity is achieved, at a small expense of a fast noise
fluorescence detection technique depends upon the charactepike generated by the switching currents. This repeatable
istics of the decay channels of the excited states, namely thabise feature caused by the PMT switching is subtracted off
the radiative branching ratios are favorable and quenchings a background signal. We note additionally, this system
processes are not significant. Further, for maximum detectealso works well using fewer switched dynodes. For example,
signal, the decay photons should be collected over as largeudilizing only two dynodege.g., the first and fourth dynogle
solid angle as possible; in our experiment, intravacuum opprovides attenuation of laser scatter 0%,
tics provide solid angle efficiencies of 0.5—4.5%, depending The OH molecular signal is measured as a function of
on the specific spatial location. With quantum efficiencies intime at a particular spatial location in the following manner.
the range of 10% for the cathode surfaces of modern photd-irst, immediately prior to the measuremenrtl us), all
multipliers, one then expects a photoelectron event for everftigh voltage electrodes within the vacuum chamber are
~200 fluorescent decays. The dark current of the quanturgrounded to avoid Stark shifting of the OH transition fre-
detector is a few to a few tens of counts per second. Howguency. Subsequently, before the molecules have had an op-
ever, various phenomena may degrade the signal-to-noise rpertunity to exit the specific detection region, the excitation
tio. Even with careful baffling and shielding, the most severdaser pulse fires, generating the OH fluorescence signal. The
limitation on the detection sensitivity in the present experi-detected photoelectrons from the PMT are amplified, aver-
ment is due to scattered excitation laser photons, whiclaged 300 times, and displayed on a digital oscilloscope over
dominate stray background light. a ~5-us time window to fully encompass the appropriate
A key benefit of utilizing fluorescence detection as op-state decay lifetime. Next, a background spectrum consisting
posed to a spatially fixed ionization-based scheme is the abibf an equal number of averaged traces with the source dis-
ity to detectin situ molecules at multiple locations, greatly charge voltage ofiand thereby, solely consisting of laser
increasing the experimental flexibility and level of under-scatter, switching, and other intrinsic noise contributjass
standing. OH signals are measuredthin the decelerator subtracted from the measured signal, resulting in the cor-
during the actual slowing process, giving insight into the rected molecular fluorescence spectrum. This spectrum is
active longitudinal phase-space manipulation of the molthen integrated by the oscilloscope, giving a value directly
ecules by the pulsed, inhomogeneous electric fields. Specifproportional to the number of OH molecules present in the
cally, in the experiment we employ LIF detection to monitor detection area at that time. The laser is stepped later in time
the hydroxyl radicals after the discharge, observe the focuselative to when the valve opens, and the entire measurement
ing effects of the hexapole on the molecules, measure thig repeated. In this iterative manner, a spectrum consisting of
molecular packet spectra at various positions within thehe OH signal as a function of time is generated.

Stark decelerator, and finally, detect the molecules within the Figure 5 shows time-of-flighffOF) LIF measurements of
electrostatic trap region. OH molecules at different spatial locations in the experiment
Using a beta barium borai@BO) crystal to frequency as indicated in Fig. 3. Figure 5 tra¢e) shows OH signals

double a 564-nm dye laser outplit 10 ns pulse duration detected just before the skimmét.58 cm in height, 1.5-
creates the ultraviolelUV) excitation light at 282 nm with  mm-diameter central apertyréip. The peak amplitude of
high peak intensity. The excitation laser is counterpropagateHig. 5a) corresponds~3x 10° molecules at a density of

to the molecular pulse traveling down the central axis of the~10° cm3, with an total pulse population-3x 10" mol-
Stark decelerator. The spectrally broad light sourceecules. With no voltages present on the molecular focuser,
(~2 GH2 encompasses any Doppler-induced frequencythe OH packet traverses the skimmer and hexapole region as
shifts in the OH resonance as the molecular longitudinal veshown in Fig. 5 tracgb). The approximate two orders of
locity changes during the deceleration process. Reduction ahagnitude signal loss is due to transverse spreading of the
the laser scatter is paramount for optimized signal collectionOH beam. Operating the pulsed hexapole with high voltages
First, due to the separation of the excitation and fluorescengerovides state selection and transverse focusing, leading to
wavelengths, the carefully selected photomultiplier tubeenhanced signal sizes after the hexapole. Measurements are
(PMT) has a photocathode responsivity that is severely remade further downstream when the hexapole is in operation,
duced at the laser wavelength versus the fluorescence wavas well as with constant voltages applied to all electrode
length. Next, an interference filter selectively inhibits the la-stages. These unswitched voltages result in no net longitudi-
ser light (10° suppressionversus the fluorescent photons nal velocity change but provide transverse confinement to
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FIG. 5. TOF LIF measurements of the propagation of an OH FIG. 6. Hexapole focusing curve for different OH molecular
molecular pulsga) before skimmer(b) after hexapole(c) before veloc!t!es. The symbols represent the dat_a points for molecules with
the 23rd stage(d) before the 51st stage, axe) in the trap region. ~ Velocities of 350 m/gsquarey 385 m/s(diamonds, and 415 m/s
Traces(c), (d), and(e) are taken with the hexapole energized and (triangles, while the solid lines represent the corresponding simu-

constant, transverse guidance voltages applied to the slower.  lation result. The inset depicts the contributior; of fhiey, F=2,
Img/=2, 1 states and th8l1,, F=2, |mg/=0 and?ll,, F=1, |mg|

the molecular pulse as it propagates down the slower; we0, 1 states to the observed signals for the 385 m/s trace.
refer to this mode of operation as “transverse guidance.” Fig-
ure 5, tracegc)—(e) are observed OH signals as the pulse

bef h d h ] f the hexapolgfrom the center of the hexapole to the inner
propagates before the 23rd stage, the S1st stage, and into fgq6 of the rods andr is the radial spatial coordinate. A
center of the electrostatic trap region. The increase in mo-

lecular pulse width corresponds to the expected “stretchingweal(_fie'd seeking molecule will thus experience Stark po-
in the longitudinal direction that occurs under free flight astentlal energy at, =|e((E|. We define an *effective” dipole

faster molecules move ahead and slower molecules lag bgjome:-nt of the molecule_: a@eﬁ—u<cos 0), whereu is the
hind. Integration of measured peak areas at different obseff@gnitude of the electric dipole momerit,the angle be-
vation points reveal transverse loss of molecules within théween the moment and the electric-field direction, and
slower, as discussed in more detail in Sec. Ydee Fig. (COs6) represents quantum-angular mechanical averaging

10(d)]. over all angles. The radial forde is written as
IV. ELECTRIC HEXAPOLE AS A MOLECULAR FOCUSER N 6Vl et \ -
Electrostatic hexapoles have been widely used in beam |:=_< rg (2)

experiments to perform state-selected focugig-51 and
spatial orientation[52-5§ of weak-field seeking, Stark- This linear restoring force results in radial harmonic motion
sensitive molecules. In contrast to those experiments, thef the weak-field seeking molecules inside the hexapole field
hexapole utilized here is quite short in length and functiongegion. Thus, in analogy to ray tracing in optics, it is possible
to increase the OH beam flux by matching molecules fromo define the focal lengtfi of the hexapole in the thin-lens

the source into the acceptance aperture of the Stark decelefignit (for | —0 as V6V uer/mri(l/v) remains constapas
tor. The hexapole is formed by six, hardened steel, 3.175- °

mm-diameter, 50-mm-long cylindrical shaped rods, set every rg mu?
60° at a center-to-center radius of 4.39 mm, mounted to an f= 6 Vi)
insulated macor support disk. The rods are mechanically pol- Heff 0
ished and the ends_are rounded to a smooth curvature. Altefzhere| is the longitudinal length of the hexapole,is the
nate rods are electrically connected, thus forming two sets gf,jecule’s longitudinal velocity, andn is the molecular
three rods. E"’.‘Ch set is charged to equal ”ﬁagn'F“d_e bl_ﬂ OPPass. Equationi3) demonstrates the focusing strength of a
site polarity high voltage. The hexap(_)lar field _d|str|but|on in siven hexapole linearly increasedecreaseswith applied
the transverse plane allows a weak-field-seeking molecule oltage (molecule kinetic energy For a “real world” hexa-

be confined and even focused in this plane, leading to trans; le, the finite size of the rods can lead to deviation from Eq.

verse phase-space ‘mode matching” between the supersorﬁg [58]. Accounting for this effect, as well as the full Stark

nozzle and the Stark decelerator. . . A, . X .
R i . shift as illustrated in Fig. @), detailed numerical simula-
The electric fieldE| of an ideal hexapole is given #57]  {jons of the hexapole focusing effect are shown in Fig. 6. The

3

- 3Vr? trajectory simulations deterministically map an initial vol-
|E|= I (1) ume in phase space to a final volume, which is then matched
° to the corresponding experimental data by proper weighting

whereV, is the absolute value of the symmetric, oppositeof initial molecular numbers. The figure shows three sets of
polarity voltages applied to each set of rodgis the radius focusing curves consisting of OH signals measured directly
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after the hexapole, under conditions where the applied hexdhe end of deceleration can be determined from a detailed
pole voltage has been pulsed to match to the correspondingnderstanding of the deceleration process and the related ex-
input molecules’ velocity. Operating the hexapole in such gperimental conditions.
switched manner is designed to give maximum benefit to a To understand the decelerator, it is necessary to examine
particular velocity class, wherein the hexapole voltages aréhe electric-field distribution produced by the spatially
controlled by fast switches that rapidly charge the rods whemlternating-oriented electrode stagese Fig. 3. First, con-
the selected molecules enter—and then terminate the volsidering the plane perpendicular to the molecular propaga-
ages to ground when the molecules exit—the hexapole reion direction, there is a local minimum of the transverse
gion. Thus molecules with speeds significantly different tharelectric field in between a pair of slowing electrodes. Since
the targeted velocity class experience less focusing power afeighboring stages alternate in their respective orientations,
the hexapole, minimizing the aberration effect from the dis-the transverse minimum similarly alternates. Thus the elec-
tribution of velocities in the molecular pulse. From compari-trode geometry results in a stage-to-stage, transverse guiding
son of the simulations to the hexapole focusing data, thef weak-field seeking molecules, simultaneously as their lon-
transverse temperature of the OH beam is determined to lgitudinal velocity is modified by interaction with the inho-
~4 K, consistent with a supersonically cooled molecularmogeneous electric fields. Second, in order to minimize the
beam. The upper inset in the figure depicts the contributionsequired number of expensive, fast high voltage switches, all
from the two weak-field seeking states to the 385 m/s tracéhe horizontal(vertical) electrodes of the same polarity are
[see Fig. 2b)], where molecules in thél'[3,2 F=2, |mg=0| connected to a single switch, thus allowing four switches in
and?Il,, F=1, |mg| =0,1 states are marginally focused by total to operate the entire 69 stages of the slower. A conse-
the hexapole fields, in contrast to the strong effect experiguence of this practical switch minimization is that when the
enced by molecules populating tﬁE[3,2 F=2, |mg/=2,1 high voltage at a particular slowing stage is removed and
states. The two weak-field seeking states are included in th&multaneously turned on at the followin@nd preceding
simulations with equal weighting. stage, the local electric field does not go to zero but rather to
This figure demonstrates the powerful molecular-focusinga value generated by the now active set of electrodes. While
capability of the electric hexapole, as the OH molecules ar¢his effect reduces the amount of energy per stage that can be
observed only a few millimeters past the end of the hexapolextracted by the decelerator, it beneficially maintains the
rods. However, for the deceleration experiment, the hexapolguantum-mechanical state identity of the molecules, as the
is operated only to provide efficient molecular coupling intohydroxyl radicals are phase-stably slowed.
the physical opening of the slower. This task requires simply Figure {&) shows the longitudinal potential energy distri-
matching the transverse velocity and spatial spreads with thieution experienced by OH molecules with our present ex-
decelerator cross-sectional acceptance and the subsequeetimental electrode geometry, generated under normal op-
requisite focal length is thus longer than that needed to bringrating conditions of *12.5 kV. Figure(ly) demonstrates
the molecules to a sharp spatial focus. Experimentally, wdéow switching the electric field between the successive
find utilizing ~7-9 kV applied voltages results in sufficient stages leads to a change in the molecular kinetic energy per
transverse coupling. This empirical result agrees well withslowing stage that depends critically on the position of the
computer simulations of the process. Unless otherwise spedinolecules at the switching time. This dependence is conve-
fied, all subsequent data traces shown in this paper are takeently characterized by utilizing a spatial coordinage
with operating the hexapole in this pulsed manner. called the phase angle, which is defined at the instant of
electric-field switching and written as

V. THEORY AND SIMULATIONS OF THE STARK z
DECELERATOR o= ElSO °, (4)

An initial, well characterized, and relatively high phase-
space density source of molecules in the ground state is critiwherez is the longitudinal position of the molecule ahds
cal for the most efficient use of Stark deceleration. Superthe stage-to-stage separation. We defir® (¢=0°) as the
sonic expansion provides a direct and convenient approaghoint midway between two adjacent stages. To analyze the
to meeting this goal. The conservative reduction of thenet effect of deceleration on a spatially distributed pulse of
pulse’s mean velocity is accomplished by exploiting themolecules, it is useful to define tlsynchronous moleculas
Stark effect associated with weak-field-seeking moleculesone that is aexactlythe same phase anglg at the moment
As such a polar molecule moves from a low electric-fieldof each switching of the electric fields; thus losing an iden-
into a high electric-field region, its internal energy increasegical amount of energy per stagg9,6q. While the region
at the expense of its kinetic energy; thuslibws dowmas it  0<¢y<<180° does lead to deceleration of the synchronous
climbs the potential energy hill created by the increasingmolecule, only operating in the range<Q,<<90° results in
electric field. If the electric field is rapidly extinguished, the phasestabledeceleration of a molecular packet. This can be
molecule will lose this Stark potential energy. This procedureseen in Fig. {b), that on the positive slope of the potential
may be repeated as many times as necessary to lower mdil do molecules which are slightly ahedde., fastey or
ecule’s speed to any arbitrary final velocity. Critical param-behind(i.e., slowe) the synchronous molecules experience a
eters associated with the deceleration process, such as thet restoring force towards the synchronous molecule posi-
number of molecules and the associated velocity spread &ibn. Detrimentally, operating on the negative slope of the
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FIG. 7. Phase stable operation of the decelerépitongitudi-
P I & grtuat e%ngles ofeg=0°, 30°, and 60°.

nal Stark energy potentials generated by the two sets of electrod
where the soliddotted line represents the potential from the active
(groundedl set of electrodes(b) Kinetic energy loss per stage €nergy per stage, it is straightforward to write the time evo-
(AKE) experienced by molecules from switching between the twolution of A¢, as

potentials given above. Sol{dashedglline corresponds to a numeri-

cal calculation(sine function fij. d2A<p + Wiax™

dt? mL2

[sin(Ag + @) —sin(e,)]=0, (5

hill (i.e., in the range 9& ¢;<<180° results in faster
(slowen molecules becoming progressively fastestowen — whereW,,,is the maximum work done by a slowing stage
relative to the synchronous molecule. By similar argumentspn a molecule andh is the molecular mass. This equation is
phase stablaccelerationof a molecular packet is only pos- the same as the one describing an oscillating pendulum, with
sible on the positive slope of the potential hill in the rangean offset equilibrium positioriey). The longitudinal phase-
0> ¢y>-90°. The phase stable ranges are indicated by thepace distribution of the nonsynchronous molecules will thus
shaded portions in Fig.(B). This restoring force experienced rotate inside an asymmetric oscillator potential. From nu-
by nonsynchronous molecules when the slower is operated imerical integrations of Eq(5), solutions for the stable re-
the proper regime is the underlying mechanism for the phasgions of phase space are shown as a function of the synchro-
stability of the molecular packet trapped in moving potentialnous molecule phase angjg in Fig. 8a). The most relevant
wells. For example, given that the spacing between the sudeature of this figure is the rapidly decreasing area of stable
cessive stages is uniform in the decelerator, if the electricevolution, defined as the area inside the separatrix. This de-
field switching time is also uniform, then the position of the crease in phase stable area is easily understood by analogy to
synchronous molecule will be,=0°, leading to the so- a pendulum driven by a constant torque. As the torque in-
called “bunched” molecular packet traveling at a constantreases, the amplitude of stable oscillation decreases. This
speed down the slower. Far,>0°, the proper switching effect results in an asymmetric oscillator potential for non-
period of the electrodes systematically lengthens from at theynchronous molecules as shown in Fign)8As the original
beginning of the slower to at the end of the slower. phase-space distribution of the molecular source before the
Defining the excursion of a nonsynchronous moleculedecelerator populates the phase stable areagdo0, then as
from the synchronous molecule position A¢=¢p—-¢, and  ¢g increases, the stable phase-space area decreases, which
with the help of a sine function fit to the change of kinetic translates into a decrease in the velocity spread of the mo-
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1.00- 1.0 stable bucketN(¢g), normalized to that for the bunching
' case, is shown to be
N
o7 T7° erf< Avmam)vln(a)
< = %o Avpwm/2
] {20 E N(¢)~<1——> , (8)
< 0.50 20 = 0 /2 erf( 2 \/Wmaxln(Z))
> Avpym/2 mar
0.25 J10 j FWHM
where erf is the error function. In the above derivation, the
0.00 o area inside the separatrix is approximated as square since we
r r r r r r . are only concerned with variation relative to molecular
0 15 30 45 60 75 90 bunching. Also, we assume that at the input of the decelera-
synchronous phase angle ¢, (degrees) tor there is no spatial variation of the molecular packet over

the dimension of one slowing stage separation, as well as
FIG. 9. Phase stable areseparatrix areaA vs slowing phase ignore any convolution of the input distribution due to free
anglesg,, normalized to the phase stable area under bunching OMight from the creation region. A more limiting assumption
erationAp. The subsequent maximum allowed velocity spread ofyaqe for the sake of a closed-form solution is that the lower
the phase stable packAmay is shown with respect to the right  genaratrix bound relative tg, varies in the same manner as
axis. the upper boundi.e., Agmay -=—Amax.,)- Nonetheless, the
results of Eq(8) are in good agreement with the measured
lecular packet as well as the number of slowed moleculesnolecule number as seen in Fig. 15, where a more detailed
setting a practical, observable limit to the ultimate temperanumerical solution for Eq(8) that accounts for the proper
ture of the molecular packet. variation of A, is also shown, along with the results of
From Fig. 7b), it is seen that for molecules ahead of the a full Monte Carlo simulation of the slowing process.
synchronous molecule the maximum stable excursion, i.e., The Monte Carlo simulations are performed not only for

the separatrix upper spatial bound, is given as comparison of the expected stable molecule number, but also
for assessment of the detailed TOF spectra observed, and to
A@max,+= 180 ° = 2p,, (6)  aid in the understanding of the deceleration process. From

] ) ) the geometrical and electrical properti€szes, distances,
since molecules withp, < ¢<180°-2p, will be slovyed and applied voltageof the decelerator, a three-dimensional
more than the synchronous molecule. A molecule with zergectric field map of the slower is constructed, which when
velocity at this positior(i.e., ate= o+ A¢ma) Will have the  coypled with an understanding of the OH energy structure,
maximum stable velocity at the, position, thus the longi-  gives complete information on the forces experienced by
tudinal acceptance of the slower in velocity as a function ofragical molecules within the decelerator. The initial input
®o IS gIvVén as distribution parameters are determined from both experimen-
W tal dimensions(spatial parameteysand measurements on
_ Winax (7 . hexapole-focused, transversely guided molecular puises
Avma¢o) = 2\/ mmr cod¢o) ( 2 ¢°>Sln(¢°)' ™ locity parametens The trajector?/eg of four-million m(?lgcules
(with equal weighting of the two weak-field seeking states
Figure 9 usefully summarizes the results of the calculatiorsampled from the initial distribution are calculated for the
given above, giving an intuitive expectation of performanceappropriate Stark manipulation procéss., bunching, slow-
under different modes of slower operation. The solid squaréng, or accelerating starting from the skimmer entrance,
symbols represent stable areAsjn phase space, plotted as then traversing the focusing hexapole and decelerator, and
a function of slowing phase anglg, and normalized to that finally reaching the appropriate detection region. All simula-
of the bunching cas@!,). The open circles are plotted along tion curves displayed in this paper are generated with input
the right axis and depict the maximum longitudinal velocity parameters of an initial velocity of 385+50 m/s, a transverse
spread of the phase stable packet. As seen in the figure, oppread of +32 m/s, and a longitudinal spatial extent of
eration at increasing phase angles results in fewer but alsb25 cm at the input of the skimmer. We point out the impor-
cooler molecules in the phase stable packet. Hence, with aance of including the lower weak-field seeking stétd ),
eye toward experimental goals, a careful balance between tie=2, |mg| =0 and2H3,2 F=1, |mg| =0,1 level$ to properly
required number of molecules in the phase stable packet arréproduce the measured spectra. While its contribution to the
the desired longitudinal temperature must be consideredignal observed after the hexapole is sniladicause the mo-
when using the Stark decelerator. While E@) allows for  lecular focuser more dominantly affects radicals in g,
the estimation of the longitudinal temperature of the stablé==2, [mg|=2,1 states; i.e., see Fig),6as molecules with
molecular packet, the dependence of the transported molarge transverse velocities are progressively lost from the
ecule number orp, must be determined. For an initial ve- phase stable packet during propagation down the slower, the
locity distribution of Avgywim (full width at half maximum, percentage contribution of the lower weak-field seeking state
the number of molecules successfully loaded into the phas® the observed signals increases since the molecules in this
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level entering the decelerator have smaller transverse veloc- Successful operation of the Stark decelerator relies on
ity spread. thorough knowledge of the initial position and velocity dis-
tribution of the OH, and temporally accurate control of the
VI. PRACTICAL CONSTRUCTION AND OPERATION OF inhomogeneous electric fields in order to ensure stable ma-
THE SLOWER nipulation. We rely on machining precision in the manufac-
A particularly important practical issue is the stable op-ture of slower components<+50 um stated tolerangeto
eration of high voltages(~25 kV) between electrodes ensure that any physical discrepancies from the specified di-
spaced only a couple of millimeters apart inside the decelmensions are minimized. The applied electric fields are
erator and the electrostatic trap. Discharge between ele@ulsed using commercially available, fast high voltage
trodes will not only disrupt normal operations of the decel-switches with a specifieet 1078-s rise time. External current
erator, but could also inflict permanent damage to thdimiting resistors are used both to protect the switches from
electrodes. A high vacuum system is helpful in terms of enexcessive current and to slow down the rise time-ous to
hancing the threshold for unwanted discharges in the appdninimize the generated electromagnetic interferecd!).
ratus. Additionally, high vacuum is also useful for reducing The molecules are insensitive to the switching speed reduc-
OH background collision events. The skimmer acts as afion, as even on th@s-time scale, the fastest-moving mol-
effective differential pumping hole that separates the superecules in the system are almost stationary. We note the im-
sonic expansion source chamber from the decelerator charfortance of reduction of the overall EMI from the system
ber. During quiescence, the soulséowel) chamber reaches When high voltages are being switched actively.
~108 Torr (~107° Torr) (1 Torr=13.3 Pa Under active Two HV power suppliegone devoted to each polarjty
conditions, the sourcéslowen chamber is at~1074 Torr ~ generate the requisite high voltage for the slowing stages.
(~107 Torr). Each individual power supply output is coupled in parallel
High voltage components are fabricated from 304L stainWith & ~2-uF high voltage capacitor on the input side of the
less steel, or hardened steel, and subsequently mechanicalgt switch in order to provide the large curre(@d-A peak
polished and then electropolishetbr 304L) for the best curreny required for the rapid charging of the slowing elec-
possible surface finish. These high voltage elements aréodes. A similar arrangement generates the slightly lower
mounted on insulating materiaisnacor, alumina, or boron high voltage and current used for the pulsed electric hexa-
nitride) in such a manner to avoid close proximity to ground Pole operation and for the electrostatic trap. A digital delay
or opposite high voltage polarities. When opposite polaritygeneratoxDDG) acts as the master clock for the experiment,
voltage elements are attached to the same insulating suppof@ntrolling the firing of the pulsed laser, and triggering a
grooves were fabricated into the insulating surface in ordefOmputer-based timing board. The timing board repetitively
to create longer surface path lengths to minimize currenfenerates user-defined timing signals to subsequently drive
leakage between the components. Once under vacuum, tHee fast HV switches that control the OH-generating dis-
electrodes are subject to a sequence of high voltage condiharge, hexapole, slowing stages, and trap elements. The
tioning sessions to ensure stable operation. The conditioningMing pattern incorporated into the timing board is derived
consists of two related but distinct methods: dc current andfom computer simulations of the deceleration process as
glow-discharge modef$1], both of which essentially create discussed in Sec. V.
“microdischarge” events that help clean the surfaces and pre-
pare the electrodes for HV operation. Under dc current con-
ditioning, all electrodes are gradually brought up to 1.2-2
times their nominal operating level in incremental voltage
steps. A limiting resisto~0.1 GQ0) in series with the HV In situ experimental observations of OH molecules under-
power supplies limits the possible discharging current togoing longitudinal phase-space manipulation inside the prop-
small values. The series current can be actively monitored bgrly timed decelerator provide firm confirmation to the theo-
a floating digital voltmeter and also via the chamber vacuunretical understanding. TOF spectra from three representative
pressure where higher pressure indicates increased dischaapd distinct spatial locations — before 23 stages, before 51
ing. It was empirically discovered that the Bayard-Alpert- stages, and in the electrostatic quadrupole trap region — are
type ionization gauge that actively monitored the chambeselected to demonstrate the evolving character of the phase
pressure was also inducing low-level discharging during thestable molecular packet. Where present in all data figures
conditioning process. UV lamps have also been utilized tdhat follow, a downward-pointing arrow indicates the loca-
purposefully create these beneficial microdischarges durintion of the phase stable molecular packet.
the current conditioning process. When the apparatus fails to Figure 10 depicts the OH TOF spectra when the decelera-
dc current condition to satisfaction, we utilize a sparkingtor is operated under a phase anglg=0°; i.e., the net lon-
glow discharge technique. The chamber is backfilled with agitudinal velocity of phase stable molecules is not changed
few tens of milliTorr of helium gas, and a Tesla coil is usedbut the molecular packet maintains tight spatial confinement
to spark a discharge between the relevant electrodes for ague to bunching. Unlike the transverse guiding effect shown
proximately ten minutes. The system is then vented and thig Fig. 5, spectra generated under properly timed and pulsed
procedure repeated with a backfill of nitrogen gas. Subseelectric fields exhibit peak and valley structures, demonstrat-
guently, the system is dc current conditioned with significanting the velocity and spatial selectivity of the inhomogeneous
improvements. electric fields acting on the evolving molecular packet. Fig-

VIl. PHASE-SPACE MANIPULATIONS OF THE OH
MOLECULES: EXPERIMENTAL RESULTS
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ure 1@a) shows the spectra before 23 stages of bunchingesults provide excellent agreement with the observed spec-
(po=0°). With such few stages of interaction, longitudinally tra, confirming good understanding and control of the decel-
phase unstable molecules are still dominantly present anerator.
detected by the LIF technique, generating the side peak fea- We gain more insight into the slowing process by exam-
tures and contributing to the broad pedestal that the centréing in detail the TOF spectra obtained at a single specific
peak sits on. By the time the molecular pulse has propagategpatial location as the phase angle is varied. Figure 11 fo-
in front of the 51st stage under the same experimental corsuses on LIF measurements made before the 23rd stage. Fig-
ditions, the phase stable packet has become the only distingte 1%a) shows the expected broad, basically featureless
feature remaining, as shown in Fig. (b The molecules peak as the packet spreads longitudinally while being trans-
that correspond to untrapped orbits in phase space generatersely guided down the central axis of decelerator under
the small, broad background on top of which the phase stablgteady-state high voltages applied to all slowing stages. Fig-
peak sits. Similarly, the bunched, phase stable packet domisre 1Xb) depicts the spectra under bunching operatipg
nates the spectrum in Fig. @), where the molecules have =0°), creating the multipeaked structure, as also shown in
exited the slower, propagated a short free-flight distance, anig. 10a), wherein the spatial periodicity of the high voltage
passed through the center of the electrostatic trap regiostages is imprinted onto the OH pulse. The phase apgis
where they are detected. then increased to 20°, 40°, 60°, 67°, and 80° in Figs.
In principle, all molecules within the selected phase stablel1(c)-11(g), respectively.
packet are transported without loss down the decelerator; the Careful examination of the data traces reveals small
difference in peak amplitude between Figs(i)0and 1@c)  changes in amplitudes and subtle time shifts in the location
is a result of molecular loss due to molecules with too highof the peaks ag, increases. However, the basic structure of
transverse velocities being progressively removed from théhe spectrum at this spatial location is mostly unchanged, as
molecular pulse, inefficient coupling between the deceleratothe signals from phase unstable molecules dominate the
and trap region, and scattering from background gas. Figurspectra. The downward-pointing arrow indicates the location
10(d) depicts the bunched packet peak areas at different spaf the phase stable packet—however, its presence is substan-
tial locations from both experimental data and simulationstially masked by the signal from unstable molecules. This
normalized to the peak before the 23rd stage. This figuregffect is expected and clearly seen in Fig. 12, where the
along with the understanding gained from simulations, demresults of a 3D Monte Carlo simulation after 22 stages of
onstrates that the apparent loss of signal is primarily due tdeceleration(i.e., in front of the 23rd stageare shown for
the “boiling” away of longitudinal phase unstable moleculesbunching and slowing withpy=60°. Figure 12 represents a
as they propagate down the slower, as well as moleculesnapshot of the longitudinal phase-space distribution of the
possessing transverse velocities5 m/s slowly escapes molecular packet, with each dot corresponding to the longi-
from the phase stable packet throughout the deceleration praddinal position and velocity of a simulated molecule. Along
cess. Essentially, the focusing power of the hexapole ishe horizontal(vertical) axis is shown the spatidlelocity)
boosting the initial total number of molecules coupled intoprojection of the distribution, and a horizontalertical)
the slower. However, many of these molecules are ultimatelglashed line represents the expected positietocity) of the
not useful because they do not enhance the population of thghase stable pulse at this instant. Figuréalzhows the
phase stable packet and are subsequently lost. The simulatioesult of bunching to the 23rd stage, revealing that phase
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unstable molecules are “boiling” away symmetrically around

500 . the stable molecule bunch. On the other hand, wign
"] 400 =60°, Fig. 12b) demonstrates that unstable molecules are
' lost in only one direction as the phase stable packet is pulled
300 300 to lower velocitieq consistent with the nonsynchronous mol-

ecule potentials shown in Fig(l®]. These phase unstable
molecules lead to dramatic effects in the observed TOF spec-
tra of Fig. 11. In the bunching ca$Eig. 11(b)], because the
unstable molecules are lost symmetrically the bunched peak
FIG. 12. 3D Monte Carlo simulation of the OH packet in front iS only broadened. However, in the case of slowing or accel-
of the 23rd stage under the bunching and slow@@°) conditions.  eration[Figs. 11c) through(h)], the molecular loss is direc-
Molecules are shown in longitudinal phase space as dots. Projetional and the center of the observed peak is shifted and
tions along the longitudinal spatial and velocity coordinates arébroadened from the expected location. From the projection
both shown. onto the horizontal axis it is evident that a peak does indeed
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occur at the spatial location expected for the phase stablgerimental technique, phase stablecelerationis depicted
molecule packet. However, because of convolution with then Fig. 11(h), where a negative phase angle is utiliZeg=
detection window this peak is unresolved in the large centrat45°). The OH molecules have been accelerated from 385 to
peak in the TOF data. Also in Fig. (1 the manipulation of 424 m/s. However, similar to the slowing data traces, the
the input velocity distribution (V,,=385 m/s, Avewum acceleration spectrum is complicated by signals from mol-
~75 m/s is beginning to become evident as molecules areecules with open trajectorigsot contained inside the sepa-
moved from the central regiof885 m/9 towards smaller ratrix) in longitudinal phase space.

velocities. The stable moleculgsave been incrementally We next observe molecular packets after 50 stages of op-
slowed from the initial 385 m/gFig. 11(b)] to 309 m/s eration. Similar to above, Fig. & shows the TOF spectrum
[Fig. 1Xg)], although this corresponds to only a40-us  solely under continuous, transverse guidance fields. From
shift in the peak location at this position. We point out thatFig. 14 it is clear that after 50 stages of operatioa., ob-

the spectrum is simpler than previously obsergiesl, Fig. 2 served in front of the 51st stagessentially all of the phase

in Ref.[24]) at this spatial location, when only 14 stages of unstable molecules have boiled out of the phase stable re-
slowing were utilized, coupled with an additional 9 stages ofgion. This simplifies the interpretation of TOF spectra since
transverse guidance. Generally speaking, the more stagesly the well-characterized stable molecules remain in the
used, the more straightforward the interpretation of the spegeak of interest. Indeed, under bunching operation experi-
trum will be, as contributions from the interesting thoughmentally (i.e., ¢,=0), Fig. 13b) shows a single tall central
complicated dynamics of the longitudinally phase unstablgeak representing the phase stable molecules that are main-
molecules will be reduced. For display purposes, Figgjll tained together with their net longitudinal velocity un-
shows similar characteristics as we selegt80°. At this  changed. The much smaller, lower-lying broad feature again
aggressive slowing phase angle, the selected molecules wakises from the phase unstable molecules. As the slowing
actually come to rest before the end of the 69-stage Starfghase angle is further increased, the behavior of the deceler-
decelerator. Finally, demonstrating the flexibility of this ex- ated packet becomes manifestly clear in the data at this spa-
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7 500 ® o —leoe ] element surfaces — the inner ring and inner end-cap sides—
g P ¢ are machined to a specific curvature from 304L stainless
=y 400 steel and held in precise orientation and separation by insu-
S lating support rods. The three pieces are electrically isolated
] ¥ .
> M 300 A both from earth ground and each other, enabling voltages to
3 300 4 Ny be applied independently for user-defined, precisely timed,
3 | 200 e ' molecular loading and trapping sequences. In order to pro-
= ppg—— Ml 100l T vide high-efficiency molecular fluorescence detection within
0.2 03 04 05 02 03 04 05 06 the trap region, an in-vacuum, 25.4-mm-diameter lens is
Distance from Skimmer (m) Distance from Skimmer (m) mounted one focal length away=35 mm from the trap

center, axially aligned to one pair of the ring element aper-
tures. A second identical relay lens is mounted &vay
~ (70 mm to transport the fluorescence photons, forming an
?mage of the trap central region at the photocathode of an
external PMT for molecular detection. While the back end
cap is always grounded, high voltage of -12-9.0 kV is
applied to the central ringront end cap during the loading
tial location unlike after 22 stages. The slowed peak corresequence. Subsequently, the front end cap is terminated to
sponding to the phase stable packet evolves towards latground, resulting in an eventual trap volume confinement of
arrival times, demonstrating its steadily decreasing velocity~1 mm?
In Figs. 13c)-13g), the slowed peak appears at later time While we have recently observed signatures indicating
positions as the velocity of the OH molecules is reduced tdhat OH radicals slowed te-27+3 m/s are successfully
337, 283, 220, 198, and 168 m/s, respectively. As expectedipaded into the trap, and spatially confined by the high elec-
the peak amplitude decreases as the phase angle gets larggg fields, this topic is beyond the scope of the present paper
reflecting the reduced stable area in phase space. Again, froamd will be presented in a future publication. We present here
Fig. 14b) for ¢;=60°, we see this expected behavior in theadditional TOF spectra of OH molecules observed moving
snapshot projections of the longitudinal phase space distribwith varying velocities through the trap region after the de-
tion. In the horizontal projection we observe a single phase&elerator, which is operated under various conditions. Where
stable peak that has been moved towards the rear of thappropriate, the simulation results are plotted as lines that
molecule pulse, while in the velocity projection we see thathave been offset vertically from the data trace for viewing
the input velocity has been significantly modified, resultingclarity. Figure 1%a) shows the transversely guided pulse of
in a single packet of decelerated molecules traversing th®H molecules in the trap region with a mean pulse velocity
slower. of 385 m/s. Under bunching conditions selected for this
Interestingly, there are distinctly different spectra featuresnean velocity, the expected narrow, single, phase stable
generated under bunching versus slowing conditions at thipacket shows up as a single large peak depicted in Fit),15
spatial location. In contrast to in front of the 23rd stagearriving at 1.37 ms. In Fig. 18) at a phase anglg,=45°,
where the spectra maintain essentially the same characterithe slowed peak arrives later in time as the molecular speed
tics at all operating phase angles, after the 50th stage at any further slowed to 210 m/s. In fact, the peak has been
nonzero phase angle, the spectrum changes from a singheoved completely off of the residual signals from phase un-
peak to a distinct triplet of peaks, where one of these strucstable molecules that form the broad pedestal in Figh)15
tures corresponds to the phase stable packet of moleculddis complete separation occurs at a smaller valugydhan
that shifts to lateearlien times for stable deceleratigiac-  that for 51 stages since the entire 69 stages of decelerator are
celeration in the TOF observation. Within the presented da-utilized for kinetic energy extraction. Finally, phase stable
ta’s time resolution, the other two peaks remain essentially acceleration is shown in Fig. (&. Here the molecular
the same temporal locations for the same sign of phase anglpacket is accelerated to 541 m/s, arrives correspondingly
but these positions undergo a large time shift for oppositearlier in the TOF spectrum and creates the narrow peak at
sign phase angles, as seen by comparison with Figh)13 1.19 ms. Interestingly, similar to the observations after the
These structures may result from phase unstable moleculédst stage, at nonzero phase angles, the double peak structure
hopping around neighboring traveling potential wells. appears to persist in the data even after an additional 18
We now examine OH signals observed beyond the finastages of high electric-field manipulation. Above the data
(69th) stage of the decelerator and moving within the traptraces, simulation spectra with higher temporal resolution are
region. The electrostatic trap consists of three elementplotted. Consistency between simulation and measurement is
which produce a quadrupole-configuration confinement fieldjuite good, with locations of the phase stable packet and
in order to spatially contain sufficiently slowed, Stark- relative peak heights demonstrating excellent agreement.
sensitive molecules in three dimensions. A stainless steel ring We now focus with higher temporal resolution on measur-
with two pairs of orthogonally oriented 3-mm holes for fluo- ing solely the phase stable packets generated by the decel-
rescence detection forms the central axis of the trap, locategrator moving through the trap region. Successful operation
~14 mm from the middle of the final slowing stage. Two of the decelerator relies on precise knowledge of the molecu-
identical end cups with 2-mm apertures along the deceleratdar packet’s velocity and location in order to be able to stably
beam axis create the symmetric end caps of the trap. The tragbow the packet. Hence we can easily predict when the pulse

FIG. 14. 3D Monte Carlo simulation of the OH packet in front
of the 51st stage under the bunching and slow®@f) conditions.

tions along the longitudinal spatial and velocity coordlnates are
both shown.
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of molecules will arrive in the trap region after it exits the stable molecules. In contrast to the accelerated molecules,
decelerator. We note that at low phase angles, when the véhe slowed, stable molecular packets broaden as the phase
locity change of the molecules is not that large, the analyti@angle increases, due the reduced molecular speed.
expressiori.e., sine fij to the potential energy hill presented  As the molecules slow down towards rest, there is an
in Fig. 7(b) enables sufficient accuracy to predict the peakartifact in estimating molecular numbers due to the finite
arrival times. However, at higher phase angles, the deviatiogpatial size of the detection window. Basically, slow mol-
between the analytical calculation and the actual shape of thecules are counted multiple times as they move through the
potential becomes a significant factor such that a numericaletection region where the LIF light pulses are shifted in fine
determination of the potential must be used to generate thééme steps to obtain high-resolution TOF spectra. When this
proper time sequence to operate the decelerator. In fact, bot#ffect is properly deconvolved from the actual underlying
simulations and measurements demonstrate that the molecsignal size, the numbefN) of OH molecules in a phase

lar packet actually becomes phase unstable gpdgecomes  stable packet as a function of phase angle can be determined.
greater than 40°, unless the more accurate calculation of thEhe measured results, normalized to the bunching peak num-
time sequence is used. Finally, as a minor detail, when theer N, are plotted in Fig. 17. In addition, points generated
molecules are exiting the decelerator through the last stage,

the voltage on the last electrodes is switched off, while the T @70 a5

voltage on the preceding stage is turned on. The presence of . 1.6+ ‘(e) Ot e
this nonzero electric field results in a small accelerating force § @t @ -20° 437 wis
to the molecules. This effect needs to be taken into account - &0 s
to determine accurately how the molecules propagate from £ (@) ® 20° 318 mis
the last decelerator stage through the essentially field-free 7 © ® D e
region into the trap. 2081 (M G s0° 182 mfs
In Fig. 16, we detect the molecules with 25- timing é (a) 0) o e
resolution per point. Phase stable packets are measured over = 04l ) e 58 ms |
a broad range of operating parameters, both in acceleration, i 1 W
bunching, and slowing for -7 ¢,<65°. Figure 16 traces ) ‘h (m)
(a)—(d) represent OH radicals that have been accelerated 0.0 . ) at'li'»
from an initial velocity of 385 m/s to a maximum speed of 10 L5 2.0 25

545 m/s. The phase stable molecules arrive earlier in time Time (ms)

relative to the bunched pegkig. 16 tracg(e)] and create the FIG. 16. Slowed, accelerated, and bunched molecular packages
observed increasingly narrow structures. The bunched packﬁgversing the trap region at varying phase angles. Here, the
corresponds te~10* molecules at a density of 10° Qm_s- downward-pointing arrow indicates solely the position of the
Traces(f){m) show phase stable OH packets which havepunched|trace (e) ¢,=0°] packet, as all observed peaks are the
been decelerated to correspondingly lower velocities, as inesult of phase stable packets. Molecular peaks arriving earlier in
dicated in the figure. As the molecular packet is increasingltime result from accelerated OH packets with corresponding nega-
slowed, the molecules arrive progressively later in time. Fotive phase angles as denoted in the figure. Peaks arriving later in
¢@o=>40°, the slowed peak is completely separated from theime are similarly the result of slowed molecules, generated by
broad background signals produced by residual phase umsing positive phase angles.
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1o

analylical approximation o ] the number and phase-space density of the initial supersonic

numerical calculation

o daa : beam expansion source. Since a Stark decelerator cannot en-

¢ Monte Carlo simulation

0.8+ hance the phase-space density, progress along this line will
be particularly important to push the low-temperature limit
of the cold molecular samples. We will explore improve-
ments to the existing system as well as alternative techniques
such as photolysis to attempt to produce colder and more
intense OH beams.

Of course, one of the most effective, demonstrated ap-
proaches to enhance the phase-space density is to laser cool

_ 0.6
Z
Z

0.4

0.2

001 : : . : ; : the sample, especially when the sample density is not suffi-
90 60 30 0 30 60 90 ciently high or the ratio of elastic versus inelastic collision
synchronous phase angle ¢, (degrees) rates is not favorable to afford direct evaporative cooling.

For OH radicals, it will be interesting to explore laser cool-
ing effects through specific, relatively radiatively closed
electronically excited pathways. For example, due to the
large Franck-Condon overlapping factor, OH molecules ex-
cited from thev” =0 level in the ground electronic state to the
v’ =0 level in the first electronic state will return to the same
ground state at-99.3% branching ratio. The cooling force
associated with this electronically allowed transition is com-
parable to laser cooling of alkali-metal atoms. Within this
0-0 transition band, with strict selection rul@sJ=0, *1;

FIG. 17. Observations within the trap region: numbers of mol-
ecules in the phase stable packetelative to the number in the
bunched packel,, for varying slowing and accelerating phase
angles. Data pointgsolid circleg and three-dimensional Monte
Carlo simulations(open diamondsare shown. For comparison,
theory traces generated from the simple analytic expreg$ton
(8), solid line] and the numerical calculatiqotted ling for stable
areas in phase space are shown.

under Monte Carlo simulations and theory curves from theAJ:O, +1; and +— for parity operation the slowed and
simple analytic expression of E¢B) and the more accurate

ical calculati h Th b trapped molecules in thé)J=3/2, “f”, F=2) state would
nhumerical calculation are shown. The agreement between e, q only two independent repumping lasers, in addition to

perimental results and simulation is quite good. The maif,e cooling laser, to close the cooling cycle. There are actu-
IéLIIy five leakage states, however, small frequency gaps be-

S . . ween hyperfine levels can be bridged using electro-optical
porally coincident with signals from phase unstable mol- yp 9 9 b

les. Di t bet th d dat int modulators. Although we still have a 0.7% unrepumped leak-
ecules. Lisagreement between the measured data points 3Q§e to other vibration levels, when the molecules are already
the simulation results are within experimental error. Devia-

. ; ; o repared at a few tens of mK temperature, noticeable coolin
tion of the data points under acceleration Condltlonsp P P ¢

~0° imarilv due to insufficient & \ution i effects should take place.
(0 ) are primarily due to insutticient time resoiution in Because of the existence of an unpaired electron, the OH
the data points, making peak area estimates difficult.

molecule also possesses a large magnetic moment

(~1.4 ug) and is suitable for magnetic trapping. We are ex-

ViIl. CONCLUSIONS, FUTURE DIRECTIONS, AND ploring a hybrid trap configuration combining both electro-
OTHER DISCUSSIONS static and magnetic fields for trapping of cold OH. Such a

The work reported in this paper has centered on creatinf@P Wil provide an ideal environment to study cold, inter-
cold hydroxyl radicals through the use of the Stark deceleramolecular mteractlons_Wlth a varying electric f|eld_t9 influ-
tion of a supersonic beam. Specifically, our work from both€1C€ the m_olecular dipoles, as well as cold collisions be-
experimental and modeling perspectives has been focused &{€€n atomic and molecular samples.
uncovering the complex dynamics, that govern the evolution
of the molecules within the decelerator, and efficiently pro-
duce molecules for trapping and subsequent study. In our ACKNOWLEDGMENTS
current experiments we accelerate/decelerate a supersonic
beam of free radicals to a mean speed that is adjustable be- We are grateful to H. L. Bethlem and Gerard Meijer for
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mation of the peak area of the bunched packet as it is te
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