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Abstract. Certain molecules, it seems, may be laser cooled by methods technically similar to those applied
with abundant success in atomic physics. We discuss the spectroscopic criteria molecules should meet to
make methods of Doppler cooling technically feasible and identify diatomic candidates. Some candidates,
such as the alkaline-earth monohydrides (e.g. BeH and CaH), are paramagnetic and amenable to magneto-
optical trapping. Our experimental study concentrates on CaH, and we present our recent high-resolution,
molecular-beam-based measurements of low-J rotational lines within the A—X(0,0) band of CaH. From
these measurements we report hyperfine separations in the A-state, as important to laser-cooling spec-
troscopy, and centroidal transition frequencies for comparison with existing values. We conclude with an

outline of a possible magneto-optical trap for CaH.

PACS. 33.80.Ps Optical cooling of molecules; trapping — 33.70.Fd Absolute and relative line and band

intensities — 33.15.Pw Fine and hyperfine structure

1 Introduction

The ITAMP Workshop on Ultracold Polar Molecules: For-
mation and Collisions held 8-10 January 2004 bore witness
to the diverse approaches in cooling molecules and their
rapid progress. We introduce here the possibility of ex-
tending the successful approach in atomic physics of laser
cooling through repeated cycles of absorption and spon-
taneous emission to certain molecules. In doing so, we
trade the generality of the laser-cooling scheme outlined
by Bahns et al. [1] for one of restricted applicability but
built from known and comparatively simpler technologies.
Thus while not a general approach, the method described
here might prove a feasible way of cooling select molecules
to sub-millikelvin translational temperatures in the low-
est rovibrational level of their ground electronic state. A
MOT-like dissipative trap in itself is conceivable, or one
could add the hallmark of laser cooling of phase-space
compression to an otherwise conservative-force trap or de-
celerator [2,3] (with note that conservative forces cannot
increase the phase-space density of an ensemble, methods
of stochastic cooling excepted [4]). Owing to molecular
structure, laser cooling as presented here through cycles
of electronic transitions cannot be as efficient as for atoms.
But perfect efficiency, where particles are never lost from
the cooling cycle, is not necessary to reap the benefits of
laser cooling. Techniques of Doppler cooling, for example,
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can increase the phase-space density of an atomic beam
by factors of >106 [5] and so can admit fairly low efficien-
cies while still providing significant gains in phase-space
density. We list later in Table 1 a collection of molecules
which, on application of a modest technical complexity
beyond that used for laser cooling atoms, can undergo
>1x10* cycles of absorption and emission through al-
lowed electronic transitions with efficiencies on the order
of 1-10%. For such molecules laser cooling then becomes,
along with the demonstrated method of buffer-gas cool-
ing [6] and possible adaptations of stochastic cooling [4,7],
a way of increasing the phase-space density of a molecu-
lar ensemble before recourse to evaporative cooling and
reliance on favorable rates of elastic self-collisions.

1.1 Laser-cooling criteria

As with atomic systems, molecules must meet certain cri-
teria to be considered candidates for laser cooling. Briefly,
these criteria include (1) a band system with strong (i.e.
large oscillator strength) one-photon transitions to ensure
the high photon-scattering rates needed for rapid laser
cooling, (2) a highly-diagonal Franck-Condon array for the
band system, and (3) no intervening electronic states to
which the upper state could radiate and terminate the
cycling transition. The second criterion acknowledges the
convenience if not the practical necessity of limiting the
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Fig. 1. Fluorescence cascade within a generic electronic band
system following the vibronic excitation v/ = 0 + v’ = 0.

number of lasers required to keep the molecule in a closed-
loop cooling cycle. This point is emphasized through the
simple vibronic-structure diagram of Figure 1, which de-
picts the fluorescence (spontaneous emission) cascade of
an electronic-band system following excitation from the
zeroth vibrational level (v” = 0) of the ground electronic
state (X) to the zeroth vibrational level (v = 0) of an
electronically-excited state (A). The probability for fluo-
rescence decay from v = 0 to v = 0, 1, and 2 is in pro-
portion to the band spontaneous-emission rates of Aqg,
Ap1, and Age, respectively. So-called diagonal systems
have Agg > Aog1 > Ag2 > Ags..., meaning that the
ground-state disposition following radiative decay from
v’ = 0 is heavily weighted toward v" = 0, with populations
in higher vibrational levels vanishing quickly with v”. A
closed-loop absorption/emission cycle is then formed by
pumping transitions along A(v = 0) «— X(v = 0) and
then along A(v = 0) < X (v > 0) as necessary to limit the
inefficiency, or loss of molecules, in the cooling cycle.
The repeated cycles of absorption and emission de-
scribe a Bernoulli sequence, and we assign p as the proba-
bility the molecule will not absorb a photon to begin any
one cycle because it has been placed by spontaneous emis-
sion in a ground state outside those covered by the cooling
cycle. Essentially, p is the ratio of the fluorescence rate
to vibrational levels outside the range of cooling/repump
transitions to the total fluorescence rate. The probability
P that a molecule will undergo a sequence of N cool-
ing cycles is then (1 — p)N. When considering a collec-
tion of molecules, we interpret P to give the fraction of
molecules remaining through N absorption/emission cy-
cles, and (1 — P) the fraction of molecules lost.
Individual cases, of course, will dictate the accept-
able percentage of molecules that may be lost irretriev-
ably from the cooling cycle, and we offer the following
example of Doppler cooling for consideration. A represen-
tative molecule, perhaps jetted from the pulsed molecular
microbeam of Zhao et al. [8], has a terminal velocity of
V =100 m/s, a molecular weight of . = 30 amu, and a
nearly diagonal A—X system with absorption and emis-
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sion along A—X(0,0) at nominally A = 600 nm. We wish
to slow within a reasonable distance at least 10% of the
molecules (those that have an initial quantum state suit-
able for entering the cooling cycle) to a halt, a feat that
requires our molecule to undergo mV A/h = 4500 absorp-
tion/emission events. For ten percent or more (P > 0.10)
of the molecules to sustain 4500 such Bernoulli trials
(N = 4500), the probability of spontaneous emission to v”
outside those encompassed by the cooling cycle must be
<0.05% (or p < 5x 107%). As it turns out, molecular sys-
tems for which >99.95% of the spontaneous emission from
v’ = 0 is confined to vibronic branches v =0 — v” =0
and 0—1 are not so rare. Assuming it had the typical
upper-state lifetime of 100 ns, our representative molecule
could be brought from 100 m/s to rest within 5-10 cm.

1.2 Candidate molecules

Molecules and their associated band systems that reason-
ably meet the aforementioned criteria are listed in Table 1.
The emission probability Agg and nominal wavelength,
Ao, of the 0—0 band are given for estimating the maxi-
mum possible scattering rate and scattering force through
Ago/2 and hAgo/2Moo, respectively. The nominal wave-
length, A\p1 [nm], of the 0—1 band is also listed. The proba-
bility for emission to v” = 1 and v/ = 2 is given relative to
Ago by ratios Ag1/Aoo and Agz/Aoo, respectively. Values
are from measurements or theoretical calculations or both,
or otherwise omitted when neither was available. Refer-
ences pertinent to an entry are listed in square brackets.
The Agg, if not reported explicitly, were based on either
the upper-state (v' = 0) lifetime or the 00 absorption
oscillator strength as multiplied by an exact conversion
factor [31]. Ratios Ag1/Ago and A2/ Ago, if not explicitly
available, were based on (appropriately weighted [31]) ra-
tios of absorption oscillator strengths or Franck-Condon
factors; the first basis provides the emission-probability
ratio exactly while the latter yields a reasonable estimate
to the extent the transition dipole moment varies little
with internuclear separation. For the IT — ¥ bands of Ta-
ble 1, magnetic dipole transitions (wherein transitions of
AJ = 0, £1 terminate on states of the “wrong” parity)
occur at a rate of 1 transition or less in 105 [32] and would
also require attention when forming a highly-closed cool-
ing cycle.

Table 1 is not intended to be a comprehensive list
of candidate molecules for laser cooling. Absent, for ex-
ample, are tri- and polyatomics. The technique would
seem to be a technical challenge already for diatomics,
and polyatomics present the further complexity of having
to “track” in a pump/repump scheme additional vibra-
tional coordinates beyond the one of a diatomic. Among
other possible diatomic candidates are isotopic variants
of those listed in Table 1 (the fermionic “°Ca?H in-
stead of bosonic “°CalH) and the alkaline-earth mono-
halides (e.g., the A—X band of CaCl [33]). In cases where
very low scattering rates are suitable, one may also con-
sider cooling the lead monohalides, particularly PbCl,
through their (magnetic dipole) fine-structure transitions
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Table 1. Diagonal molecular band systems as candidates for laser cooling.

Molecule Band )\00 [nm] )\01[111“[1] Aoo X 10_6 [S_l] (A01 /Aoo) X 103 (AQQ/AO()) X 104
Bell AT X2t 499.2 554.2 12.3—15.3 5.4—6.0 0.75—5.8
" [9] [9] [10, 11] (10, 11] (10, 11]
Mo AL X2t 518.7 562.3 23.3-40.0 46—55 24-35
& v 12] 12] (10, 13] 10, 13 10, 13]
Call AP0 — X253+ 693.0 759.3 14.3 12-17 0.7-3
[14] [14] [15, 16] [15—18] [15—18]
Sl AL, — X250 739.4 815.0 29.6 15 —
[19] [19] [20] [20]
Bafl AL _ X2t 1034 1176 B 3.9 0.5
[12] [12] [18] [18]
NH AP, — XP5- 335.8 377.4 2.26 6-7 1.8
[12] [12] [21] [22, 23] [24]
BH AT Xt 433.2 482.6 7.8 5 B
[25] [25] [26] [26]
Al AT st 424.1 457.6 15 1.8 B
[27] [27] [28] [27]
AP AT st 227.5 231.8 529.3 <0.1 <0.1
[12] [12] [29] [29] [29]
AICT AT xIst 261.5 264.9 160—190 <0.1 <0.1
[12] [12] [29, 30] [29] [29]

(*II3/2—2I11 /) in the near infrared, or cooling heteronu-
clear diatomics through rovibrational transitions in the
near- to mid-infrared.

Experimental convenience aside, the aluminum mono-
halides appear very well suited for laser cooling with large
Apo (thus high scattering rates) and very low scatter-
ing probabilities into off-diagonal bands 0—1 and 0—2.
However, among the candidate molecules of Table 1, we
chose to study CaH first because techniques for generat-
ing CaH are known, commercial equipment can provide
the needed cw laser wavelengths and power, and spectro-
scopic information for this molecule of astrophysical im-
portance has become abundant since its “discovery” in
1908 when Olmsted concluded that a “compound of cal-
cium and hydrogen” within his calcium-arc discharge was
emitting bands of light coincident with those from sun
spots [34]. The measurements of the A—X(0,0) band pre-
sented here complement the CaH literature with improved
precision for line positions and hitherto unavailable hy-
perfine separations in the A-state, as integral to the laser-
cooling cycle.

2 Example laser-cooling cycle for CaH

Cooling cycles for the A2?IL,—X?2%+ system of CaH,
wherein the 2II state approximates an angular momen-
tum coupling of Hund’s case (a), can be based on tran-
sitions to either of the two upper-state spin-orbit com-

ponents A2H1/2 or A2H3/2. Figure 2 shows a pair of al-
lowed transitions, designated by bold arrows, that effect
a main cooling cycle in connection with A%Il; /2. Hyper-
fine structure is omitted from the figure for diagrammatic
clarity and will be introduced later. The two transitions,
labeled (0,0)Q1(0.5) and (0,0)P12(1.5) by spectroscopic
convention [35], incorporate the lowest energy state of
CaH of X2X*(v = 0, N = 0, J = 0.5) and share the
same upper state of A2H1/2(v =0, J = 0.5, p7). Such
a A-type transition configuration has been used success-
fully to trap atoms (along the Dy line [36]) and to rec-
tify the optical dipole force for cooling, accelerating, or
deflecting atomic beams [37]. Dashed arrows indicate the
pair of repump transitions [(0,1)Q1(0.5) and (0,1) P12(1.5)]
that return rotational populations of J” = 0.5 and 1.5 in
v” = 1, as occupied once or twice every 100 events of
spontaneous emission from v' = 0 (see Ag1/Ago in Tab.
1), back to the main cooling cycle. With light stimulat-
ing the main (0+-0) and repump (0«1) transitions, the
cooling cycle becomes closed except for about one ab-
sorption event in 10* owing to chance spontaneous emis-
sion from v = 0 to v = 2 (see Aga/Ago in Tab. 1).
The presence of interference transitions, the thin arrows
in Figure 2, can also influence the degree to which the
cooling cycle is closed. Interference transitions have fre-
quencies close to that of the main and repump light and
stem from the same ground states as the main and re-
pump transitions. Their connection, however, with upper
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Fig. 2. Energy diagram (not to scale) showing one of several
cooling cycles possible for CaH, this one connecting X237+ and
AT, /2 and incorporating the lowest internal-energy state of
N" =0, J’ = 0.5. The pair of main (bold line) and repump
(dashed line) transitions of the cooling cycle stem from v" =0
and v’ = 1, respectively, and terminate at the same upper
state in v' = 0. From Table 1, the pairs of main and repump
transitions afford a cooling cycle that is closed to about 1 ab-
sorption event in 10*, owing to loss by spontaneous emission
to v = 2. The nearest interference transitions, indicated by
dashed lines, are sufficiently distant from the main/repump
pairs to cause little concern of spoiling the degree of cooling-
cycle closure (see text). Values in square brackets refer to the
average wavelengths of the associated main and repump transi-
tions. The e/ f parity assignments follow the recommendation
of Brown et al. [J. Mol. Spectrosc. 55, 500 (1975)].

states different from those of the main and repump tran-
sitions leads to molecular loss from the cooling cycle,
as spontaneous emission following their excitation pop-
ulates ground-state levels outside those covered by the
cooling cycle. In the case described here for CaH, and
based on spectroscopic constants from Berg and Klynning
[14], (0,0)R12(1.5) presents the closest interference at a
separation of § = 6.2 cm™! from (0,0)Q1(0.5), a sepa-
ration of 1.7x10° times the half-width-at-half-maximum
natural width (Aw,) of the A — X transitions of CaH
of 1.1 MHz. Because 6 > Av,, the probability of excit-
ing the interference transition over (0,0)Q1(0.5) scales as
(Avn/6)? ~ 3 x 107, which is insignificant compared
with the other probabilities in this case (e.g., Ag2/Aoo)
that limit the cooling-cycle efficiency. The repump tran-
sitions are similarly well isolated. The values 695.4 nm
and 762.1 nm in square brackets at the bottom of Fig-
ure 2 give the average wavelengths of the main and
repump transitions, respectively. Calculated [14] frequen-
cies in units of cm~! for the main and repump transi-
tions are: (0,0)Q1(0.5)/14393.63, (0,0)P12(1.5)/14368.19,
(0,1)Q1(0.5)/13133.44, (0,1)P12(1.5)/13108.72.

The European Physical Journal D

3 Measured hyperfine structure of CaH A-X
rotational lines

Knowledge of hyperfine structure, when present, is essen-
tial to the success of a laser-cooling scheme. For the com-
mon isotope “°Ca'H (designated simply CaH henceforth)
each rotational state (J) of the ground (X?¥*) and upper
(AZIL,.) electronic state harbors a twofold nuclear-spin de-
generacy that is split on the order of 1-100 MHz by mainly
the hyperfine interaction of the electron spin with the spin-
1/2 hydrogen nucleus. We assume the X2%+ and A?IL,
states of CaH have hyperfine coupling cases [38,39] (for
zero and weak external fields) of (b)g; and (a)g, respec-
tively, which lets us form in both states the total angular
momentum F' from J + I, where the nuclear spin [ = 1/2
for CaH. The rotational level J = 0.5 is thus split into to-
tal angular momentum states F' = 0 and 1, J = 1.5 divides
to F' =1 and 2, and so on. Because hyperfine splittings are
known (for low J) for the X-state [40,41], high-resolution
measurements of A—X rotational lines may then be used
to extract hyperfine splits in the A-state, which are thus
far unknown.

3.1 Rotational-line hyperfine structure

The P, @, and R rotational lines within the A—X band
of CaH comprise 3 or 4 hyperfine transitions, as dictated
by the usual selection rules of AF = 0 and £1 but 0<A0.
The intensities of hyperfine transitions within a rotational
line may be compared through the appropriate 6-j coef-
ficients [42] when, as is the case in our experiment, the
thermal energy greatly exceeds the ground-state hyper-
fine separation. In Figure 3, lines @Q1(0.5) and P;2(2.5)
are shown separated into their constituent hyperfine tran-
sitions. Parenthetical values give the expected relative in-
tensities of the hyperfine transitions within the rotational
line. The separation and ordering of hyperfine-level pairs
for the X-state rotational levels of Figure 3 is from the
microwave measurements of Barclay et al. [40] and Frum
et al. [41]. Hyperfine separations are expected in the up-
per state as well, and in Figure 3 the symbols 619 and do1
are placeholders for the anticipated energy difference be-
tween F/ =1 and F' =0of |[J' =0.5, Q=1/2, p~) and
between F/ = 2 and F' = 1 of |J' =15, Q=1/2, p*),
respectively. The hyperfine splits d19 and d21 were then ex-
tracted from our high-resolution measurements of Q1(0.5)
and Pj2(2.5), obtained in the following manner.

3.2 Description of experiment

Our molecular-beam machine comprises a source cham-
ber (where CaH is generated continuously and issues in
a jet) followed by three differentially-pumped chambers
separated by skimmers. An oven within the source cham-
ber reacts Ca(g) + Hy in an Ar buffer at ~1300 K and
~100 Torr to form several mTorr of CaH, which, along
with the total mixture, is jetted, adiabatically cooled to
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Fig. 3. Hyperfine composition of (some) low-J rotational lines
within the A—X(0,0) band of CaH. Arrows within the en-
ergy diagram (not drawn to scale) show the hyperfine struc-
ture underlying rotational lines (0,0)Q1(0.5) (solid arrows) and
(0,0)P12(2.5) (dashed arrows). The relative strength of a hy-
perfine transition within its parent rotational line is given by
a parenthetical value. The hyperfine separations in v” = 0 are
from references [40,41]. The hyperfine separations indicated
in v = 0 were measured here to be §;0 = 17+1 MHz and
621 = 1+1 MHz.

~200 K, and collimated by skimmers on approach to the fi-
nal diagnostics chamber, where at a distance of 1.3 m from
the jet orifice the estimated flux of CaH is 5x 107 ecm =2 s~ !
per quantum state (at low J”). The diagnostics chamber
is equipped with a quadrupole mass spectrometer and the
optical ports necessary for measuring the rotational lines
of CaH through laser-induced fluorescence (LIF). The
molecular beam, a cw laser beam, and the fluorescence-
collection axis intersect at mutually orthogonal angles at
the center of the diagnostics chamber. A red-sensitive and
cooled (to —30 °C) photomultiplier tube (PMT) measures
the essentially resonant fluorescence of CaH induced by
laser excitation of A«X(0,0) transitions. A single lens
collects the LIF with f/2 efficiency and focuses the fluo-
rescence onto a @1 mm field stop at the PMT.

The cw laser is a commercial ring dye laser operating
with LD 688 laser dye (from Exciton) at a concentration
of 0.5 g in 1 liter of 2-phenoxyethanol and pumped with
5 W of 532 nm light from a cw Nd:YVO4 laser. The dye
laser is actively stabilized and has a line width of ~1 MHz.
At the probe volume, located at the center of the diagnos-
tics chamber, the laser power is steady and typically 1 to
3 mW, the beam waist is about 0.5 mm, and the laser
polarization is linear and aligned orthogonal to the axis of
fluorescence collection.

The low fluorescence signal warrants the use of photon-
counting techniques and electronics. Peak photoelectron
count rates are typically 1—2x103 s~! and occur when
the laser frequency coincides with resonances of the low-J"”
absorption features recorded here. The background signal
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Fig. 4. Rotational line Q1(0.5) within the A—X(0,0) band of
CaH measured in laser-induced fluorescence from a continu-
ous molecular beam. The cw laser beam was linearly polarized
orthogonal to the fluorescence-collection axis and had an ir-
radiance of ~500 mW /cm?. The measured profile was fitted
to three equal-width Lorentzian profiles (dashed lines), repre-
senting the constituent hyperfine transitions (see Fig. 3). The
relative areas (heights) of the profiles are close to theoretical
expectations. A best-fit separation of 17+1 MHz between the
profiles representing transitions 1«1 and 0«1 gave the upper-
state hyperfine separation d1¢ of Figure 3.

from laser scatter (off walls and surfaces) was diminished
to 10% or less of the peak count rate through the use of
light baffles and optically-black chamber surfaces.

Spectra are recorded under computer control. The
laser frequency is stepped in increments of ~3 MHz and is
paused between steps to collect and record the number of
PMT counts for a particular duration (typically 1 s). The
laser frequency at each pause is recorded as measured by
a commercial wavemeter (a Burleigh/Exfo WA-1500).

3.3 Example measurement and analysis

A laser power of 1 mW, a fluorescence counting interval
of 1 s, and a steady sequence of ~3MHz steps in laser
frequency produced the measured trace of Q1(0.5) shown
in Figure 4. The frequency axis was linearized and placed
on an absolute scale by the recorded sequence of waveme-
ter readings. The roughly 30 MHz width (FWHM) of the
features is consistent with power-broadened widths ow-
ing to the laser-beam irradiance of 500 mW /cm?. The
two prominent features were fitted by least-squares mini-
mization to three equal-width Lorentzian profiles (dashed
lines), representing the three hyperfine transitions — F’ =
0O—F'=1,F=1«F'=1l,and FF=1«—F'=0—
composing (1(0.5). The fitting process was additionally
constrained by a fixed separation between transitions 1+0
and 11 at the known ground-state hyperfine splitting
of 157 MHz (refer to Fig. 3). The remaining variables
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Table 2. Measured transition frequencies in the A-X(0,0) band of CaH.

Line Measured frequency [cm™!]

This work®  Berg and Klynning [14] Pereira et al. [44]
Pra(25)  14354.555(4) 14354.54 14356.57
Pi(L5)  14385.830(4) 14385.83 14387.66
@1(0.5)  14393.359(4) — 14395.36
P(2.5) 14428.475(4) 14428.44 14430.48
Q2(1.5) 14453.873(4) 14453.88 14455.76

*Centroidal frequencies are given. Parenthetical value is the uncertainty (plus or minus) of the last digit.

in the fit were the center frequencies of the Lorentzian
profiles, their shared width, and their areas (as propor-
tional to the line strength). The best-fit separation be-
tween 1+—1 and 0«1 yielded an upper-state hyperfine split
of 010 = 17+ 1 MHz. A visual inspection of peak heights
among the (equal width) constituent Lorentzians shows
the fitted areas to have relative proportions in close agree-
ment with the theoretical line-strength ratios of Figure 4.
A second measurement of Q1(0.5) gave identical results.
The rotational line P13(2.5) was similarly measured twice
and yielded at our present resolution a barely discernible
upper-state hyperfine split of d3; = 1+ 1 MHz.

3.4 Centroid-frequency comparison

Measurements of the A—X(0,0) band of CaH succeeding
the first systematic study by Hulthen [43] in 1927 are
provided by Berg and Klynning [14] and by Pereira and
coworkers [44]. A new study of the A—X and B—X band
systems of CaH by Steimle’s group at Arizona State Uni-
versity will soon be published [45]. To this collection we
add our hyperfine-resolved measurements of several ro-
tational lines in the A—X(0,0) band, performed in the
manner described for Q1(0.5). Our measured frequencies
of rotational lines are listed in Table 2 as the mean, cen-
troidal frequency of the hyperfine-resolved line. Each re-
ported frequency was determined from the average of two
to four measurements of a rotational line. No dependence
of centroidal frequency on laser power ranging from 0.7
to 3 mW was observed; ac Stark shifts were thus indis-
cernible at the laser irradiances used. Our uncertainty of
+0.004 cm~! combines the manufacturer-specified accu-
racy of the wavemeter (£2.9x1073 cm~! at 695 nm) and

allowance for a Doppler shift (proportional to k- ¥) of
+1.7x1073 cm™! stemming from a possible £2° deviation
from perfect orthogonality between the laser wavevector
(k) and the velocity vector (@) of the molecular beam.
Included in Table 2 for comparison are measured val-
ues from the two most recently published studies of CaH
line frequencies. Overall, our measurements offer an im-
proved accuracy over those reported earlier and agree well
with those of Berg and Klynning [14] and also the vin-
tage work of Hulthen [43], who could only give single fre-
quencies for main/satellite pairs because of instrument-
resolution blending (e.g. denoting P;(2.5) + Q12(1.5) as
Pi(N" = 2) at 14385.88 cm™!). When corrected for what

seems to be mistyped line labels, the measurements of
Pereira et al. [44] appear to be displaced ~1.9 cm™! from
our and others measurements.

4 Trapping spectroscopy

Owing to the paramagnetic property of its ground elec-
tronic state, CaH can be confined at low temperatures
to a purely magnetic trap, as demonstrated by Doyle’s
group at Harvard [46,47]. By this same property, CaH can
conceivably be captured by and cooled within a magneto-
optical trap (MOT) [48] fashioned after those used rou-
tinely to trap alkali atoms. Figure 5 shows the energy-
level diagram for trapping in one dimension along F’ =
0— F” =1 of the Q1(0.5) transition shown in Figure 4.
The diagram applies to @Q1(0.5) in either the set of main
or repump transitions (see Fig. 2). Along an axis (z) of
the usual spherical magnetic quadrupole used in a MOT,
the weak (from zero to tens of Gauss) magnetic field of
form B(z) = bz shifts a Zeeman sublevel m g, within the
X2¥T ground state by energy AE”(z) [MHz| according
to [39)

AEU(Z) ~ 1o 9J B(Z) mepgn
F(F+1)+J(J+1)—I(I+1)
2F (F + 1)

[MHz),

where po = 1.4 MHz/G is the Bohr magneton, I = 1/2,
B is in units of Gauss, and g; is a molecular g factor
particular to the electronic and rotational state and is of
order unity [49,50]. The upper state A%II;5(J" = 0.5)
is essentially diamagnetic for our purposes [49,51], and
the transitions nonetheless terminate on the magnetically
unresponsive F/ = 0 of J' = 0.5.

To produce the signature optical molasses and restor-
ing force of a MOT, light tuned slightly below resonance
from the three transitions of Amp = 0, £1 connecting
F" =0« F” =1 is needed. Along an axis of the MOT,
three co-propagating beams of distinct frequency and po-
larization stimulate the three Zeeman-sublevel transitions.
The three beams shown directed from right-to-left along
the z-axis of Figure 5 are distinguished by the frequency
labels wqg, wp+, and wp—. The same beams retrace the
z-axis in the opposite direction, by retroreflection for ex-
ample. Frequency wy is nearly resonant with the Amp =0
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Fig. 5. Energy-level diagram (in 1-D) of a proposed MOT for
CaH as produced through excitation of the hyperfine transition
F' =0« F"” =1, a constituent transition of both Q1(0.5) and
Pi2(1.5). The Zeeman response of the upper and lower states
along an axis of the quadrupole field of a MOT is shown; the
indicated laser frequencies, beam directions, and polarizations
(o for circular, w for linear) are arranged to produce the sig-
nature damping and restoring forces of a MOT. Signs for the
magnetic hyperfine levels (mpr = +1) and circular polarizations
(0F) are referenced to the space-fixed axis.

transition while frequencies wo+ > wp and wog— < wop
drive transitions of Ampg # 0. The beams of frequency
wo+ and wo— are both circularly polarized but with op-
posite senses, as indicated in Figure 5. When propagating
in the +z-direction, the beam with frequency wo+ (wp—)
has circular polarization o* (0F) to drive Amp = +1
(Amp = F1) transitions (the directions, or signs, of o
and mp» in Figure 5 are referenced to the +z-axis). The
beam with frequency wy is linearly () polarized, provides
no restoring force, but contributes to an optical-molasses-
like friction and is essential for pumping the ground-state
population out of F” = 0, mp» = 0. By this arrange-
ment in total, the scattering force on the molecule has
a net direction toward z = 0 for all the mp/ popu-
lated by radiative decay from F' = 0 to F” = 1. A di-
agram similar to Figure 5 can be sketched for trapping
along F' = 0« F” =1 of Pi3(1.5). The MOT would of
course require main and repump light along both Q1(0.5)
and Pi2(1.5), as emphasized in Figure 3. Once molecules
are trapped, the ensemble may be optically pumped into
v’ =0, J” = 0.5 — the lowest internal energy state — by
leaving on all light except that exciting (0,0)Q1(0.5).

The lifetime (71,.) of molecules within the MOT is
limited by the extent of repump light along non-diagonal
bands. In the case described here for CaH where repump
light is provided along the (0,1) band, 7/, is <1 ms,
a time sufficient to measure the presence of each cap-
tured molecule through its scattering of ~10% photons.
The MOT would thus fluoresce brightly for as long as
molecules were supplied. To the extent that analogies
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with atomic MOTs are permissible, we might anticipate
loading rates (R [s7!]) of a room-temperature molecu-
lar vapor into a MOT to be R =~ 40nf [52], where the
numerical factor is a rate constant [em3 s71], n [cm ™3]
is the total density of molecules, and f is the fraction
of molecules in quantum states connected to the cooling
cycle. For the specific case of CaH, f = 0.05 assuming
Boltzmann equilibrium at 300 K. Thus, were a density of
CaH of n ~ 108 em™2 (a pressure of 1072 Torr) main-
tained in and equilibrated to a cell at 300 K, one could
expect to see a bright and steady MOT holding on aver-
age R7y/o ~ 10° molecules (neglecting the collision loss of
molecules during their 1 ms stay in the trap). Lower cell-
wall temperatures would increase f and also the rate con-
stant for loading molecules into the MOT [53], the latter
increase owing to an increased fraction of molecules having
a velocity equal to or less than the capture velocity of the
MOT (of typically 10-30 m/s for an atomic MOT [54]).
The storage of molecules for periods longer and in numbers
greater than possible by the MOT could be accomplished
by multiple transfers of the MOT-captured ensembles into
a spatially separate optical dipole trap, as demonstrated
with atoms in a novel procedure by Davies et al. [55].

5 Conclusions

Diatomic molecules that meet certain criteria for laser
cooling, such as possessing a strong and highly diagonal
band system, are not all that rare. Among those can-
didates are also paramagnetic molecules, such as CaH,
the focus of our experimental study, that seem suitable
for magneto-optical trapping. As might be the case for
other candidate molecules, we found the spectroscopic
literature on CaH to be abundant but understandably
lacking in some details important to laser cooling. Our
molecular-beam machine was thus built to help comple-
ment the literature with the needed precision measure-
ments, as reported here, and will later be configured to
test our concepts in laser cooling.
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ment freely lent to the experiments by Johnny Anderson,
Steven Buelow, Jeanne Robinson, Robert Sander, and David
Viera of Los Alamos National Laboratory. This work is sup-
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tal funding from the Office of Nonproliferation Research and
Engineering of the National Nuclear Security Administration.
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