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High-power frequency-stabilized laser for laser cooling of metastable
helium at 389 nm

J. C. J. Koelemeij, W. Hogervorst, and W. Vassena!

Laser Centre Vrije Universiteit, De Boelelaan 1081, 1081 HV Amsterdam, The Netherlands

sReceived 29 October 2004; accepted 25 December 2004; published online 22 February 2005d

A high-power, frequency-stabilized laser for cooling of metastable helium atoms using the 23S1
→3 3P2 transition at 389 nm has been developed. The 389 nm light is generated by frequency
doubling of a titanium:sapphire laser in an external enhancement cavity containing a lithium–
triborate nonlinear crystal. With a maximum conversion efficiency of 75%, 1 W of useful 389 nm
power is produced out of 2 W at 778 nm. While being stabilized to the 23S1→3 3P2 transition, the
389 nm frequency is tunable over ±150 MHz with respect to the field-free atomic resonance
frequency. This is accomplished by Zeeman tuning of the absorption lines used in the
frequency-stabilization scheme. The setup for saturated absorption spectroscopy in an rf discharge
cell, used to stabilize the 389 nm laser to the atomic transition, is described in detail. ©2005
American Institute of Physics.fDOI: 10.1063/1.1865752g

I. INTRODUCTION

In the past decade, laser cooling and trapping of meta-
stables2 3S1d helium sHe* d atoms has been the key to suc-
cess in many cold-atom experiments. Examples of such ex-
periments include Bose–Einstein condensation1,2 and
photoassociation spectroscopy of metastable helium.3 Until
recently, all magneto-optical traps of He* employed the
2 3S1→2 3P2 transition at 1083 nm. Although laser cooling
of He* at 1083 nm on itself may be considered successful, it
performs rather poorly as compared to laser cooling transi-
tions in other atoms. Intrinsic limitations are the long wave-
length s1083 nm photons carry relatively little momentumd
and the smalls1.6 MHzd natural linewidth, which does not
allow for a large cycling rate.

An interesting alternative to laser cooling at 1083 nm is
offered by the 23S1→3 3P2 transition at 389 nm. This tran-
sition involves photons with a 2.8 times larger momentum,
whereas the linewidths of the two transitions are almost
equal. The 389 nm laser-cooling force is therefore nearly
three times larger than the 1083 nm laser-cooling force. A
disadvantage is the 3.3 mW/cm2 saturation intensity, which
requires a relatively powerful laser source at 389 nm. In
order to achieve efficient laser cooling and trapping in a 389
nm magneto-optical trapsMOTd, a few-hundred mW of
power at 389 nm is desirable. This can be obtained by
second-harmonic generationsSHGd in an external enhance-
ment cavity containing a nonlinear crystal, where a cw tita-
nium:sapphire sTi:Sd laser provides the fundamental
frequency.4,5 SHG in an external enhancement cavity forms
the basis of the laser setup used in our laboratoryssee Ref. 6
and references thereind. The design and details of this setup
will be discussed in the remainder of this article.

II. EXPERIMENTAL SETUP

A. Laser system for second-harmonic generation

The laser system is based on a Coherent 899-21 Ti:S ring
laser, which is pumped by 10.0 W from a frequency-doubled
Nd:YVO4 laser at 532 nmsMillennia X, Spectra-Physicsd.
The Ti:S produced maximally 2.1 W of single-mode narrow-
band 778 nm light. The linearly polarized output of the Ti:S
is sent through a perpendicular periscope to rotate the polar-
ization by 90°, after which the horizontally polarized light is
directed towards the enhancement cavity.

Figure 1 shows a schematic overview of the setup for
frequency doubling. The waist of the Gaussian infrared beam
is matched to the waist halfway betweenM3 andM4 of the
TEM00 mode of the ring cavity by the thin spherical lensL1

smode matchingd to ensure optimum incoupling. The 778 nm
light is coupled into the ring cavity through mirrorM3,
which has a specified reflectivityR=99.0% at 778 nm. Inside
the cavity, a 10.5 mm long lithium–triboratesLBOd crystal,
Brewster cut for 778 nm, is placed in the focus of the curved
mirrors M1 andM2. These mirrors have a radius of curva-
ture of 75 mm, which results in a minimum beam waistw0 of
30 µm inside the LBO crystal. MirrorM4 sdiameter 6 mmd is
mounted on a piezo-ceramic tube and is controlled by a
servo loop to stabilize the cavity length. The dispersive sig-
nal for the servo loop is obtained using the Hänsch–
Couillaud scheme7 ssee Fig. 1d.

All cavity mirrors except the input couplerM3 have a
coating which is highly reflectives.99.9%d for the funda-
mental wavelength. The second-harmonic radiation is pro-
duced in the focus inside the LBO crystal, after which it
leaves the crystal through the end face. Due to the orthogonal
polarizationstype I phase matchingd, the end face is not at
Brewster’s angle for the 389 nm beam, which results in
19.6% Fresnel losses. The second-harmonic beam is coupled
out of the cavity throughM2, which transmits 98% of the
389 nm light.
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Special care was given to the mechanical design of the
cavity to make it robust against acoustical noise.8 This re-
sulted in relative output power noise of about 1.8%srmsd for
noise frequencies up to 5 kHz, decreasing to slightly below
0.7% for frequencies larger than 12 kHz.

The LBO crystal is covered by a small perspex cap, with
two holes to give access to the laser beams, and a third hole
at the bottom which is used for flushing the crystal with
oxygen gas. Flushing with oxygen at,5 cm3/s increases a
typical output power of 800 mW by about 8%. A possible
explanation for this is that the high-intensity second har-
monic removes oxygen from the crystal surface. In this re-
versible process color centers are created which absorb fun-
damental light and therefore contribute to the round-trip
losses. Flushing with pure oxygen would then decrease the
steady-state number of color centers and, thus, the absorp-
tion. To exclude an explanation in terms of thermal or optical
effects inside or near the crystal, the crystal was also flushed
with pure nitrogenswhich has a similar index of refraction
and heat capacityd and helium. Indeed, both nitrogen and
helium did not noticeably improve the output power. In the
setup described here, the same LBO crystal has been used for
1.5 years, showing no sign of degradation.

B. rf discharge cell and setup for saturated
absorption spectroscopy

For the stabilization of the laser on the 23S1→3 3P2
transition, a small setup for saturated absorption spectros-
copy in an rf discharge cell was constructed. A glass cylinder,
with a length of 10 cm and a diameter of 2 cm, contains
helium gas at a typical pressure of 0.2 mbar. The rf dis-
charge, which operates at a frequency of,22 MHz, pro-
duces metastable helium atoms which absorb 389 nm light.
However, as the cross section for resonant absorption scales
inversely with the squared wavelength, the cross section for
389 nm light is nearly eight times smaller than for 1083 nm.
To compensate the smaller absorption at 389 nm, the inten-
sity of the rf discharge must be increased; the rms power
required to drive the discharge needs to be increased from
less than 1 Wsused for 1083 nm absorption spectroscopyd to
about 4 W. This results in a smaller signal-to-noisesS/Nd
ratio, which is probably due to increased noise from tempo-
ral and local fluctuations in the discharge intensity. More-
over, the high discharge intensity also increases the contami-
nation of the helium gas by sputtering of unwanted material
from the inner glass wall, which may strongly limit the life-

time. Therefore, preparation of the helium glass cell must be
done with great care. A procedure is followed which starts
with cleaning the inside of the cell in an ultrasonic bath using
first acetone, and then ethanol. The next step consists of
evacuation and baking of the glass cell for at least 1 day.
Once this is done, the cell is repeatedlysevery 5–10 sd filled
with pure helium gas at,0.1 mbar and evacuated, mean-
while running a rf discharge produced by a Tesla coil, for
another few hours. While doing this, the discharge may ap-
pear white–green at first, gradually turning to the character-
istic blue–green glow after some time. Eventually the glass
cell is sealed by melting a capillary in the glass orifice used
for the evacuation and filling. The thus produced discharge
cells have a lifetime of at least 6 months, provided the dis-
charge is set to low intensity after each day of experimenting
sthe discharge is never switched off completelyd. It was ob-
served that when the discharge had been running at high
power for a continued period of more than 2 days, the ab-
sorbing ability of the discharge had almost disappeared.

To visualize the Lamb dip needed for laser stabilization,
two beamsscross section,233 mm2d are reflected back
and forth through the absorption cell, one of which is per-
fectly reflected back onto itself, whereas the other is deliber-
ately misaligned such that it does not experience saturated
absorptionsFig. 1d. The transmitted powers of both beams,
which now both contain the 389 nm intensity noise as well as
the Doppler profile, are differentially measured by two pho-
todiodes. This results in a pure saturated absorption signal,
leaving only the noise due to temporal and local intensity
fluctuations in the rf discharge. A maximum absorption of
65% was observedsdouble pass through the celld.

To allow absolute frequency stabilization of the 389 nm
light to the helium transition the Ti:S laser is frequency
modulated by a sinusoidal signal with a frequency of 400 Hz
and ap-p modulation depth of 1.5 MHz. The saturated ab-
sorption signal is demodulated by a lock-in amplifier, which
produces an error signal that is subsequently amplified and
integrated. The resulting signal is used to control the fre-
quency of the Ti:S laser.

A Helmholtz pair of magnetic coils, each consisting of
120 turns of 2 mm diam copper wire, is placed around the rf
discharge cell. These coils are used for Zeeman tuning of the
Lamb dip, allowing the laser to be detuned by ±150 MHz
sby sending a current of 5 A through the coilsd, while main-
taining its frequency stability. The coils are mounted isolated
from the cell housing to avoid heating of the discharge cell.

III. PERFORMANCE OF THE SHG CAVITY

The produced second-harmonic powerPSH depends qua-
dratically on the fundamental powerPc circulating inside the
ring cavity according to

PSH = gPc
2, s1d

whereg is the second harmonic conversion coefficient. Us-
ing an explicit expression for the second harmonic conver-
sion coefficient,8–10g is calculated to be 4310−5 W−1 for the
crystal and cavity parameters of the setup described here.

When the fundamental light is resonant with the en-
hancement cavity, the amount of circulating power is opti-

FIG. 1. Schematic top view of the cavity for SHG and the setup for satu-
rated absorption spectroscopy on the 23S1→3 3P2 line: sL1d mode-
matching lens;sM3d input coupler;sM4d, cavity mirror mounted on a piezo-
ceramic tubesPZTd, used for control of the cavity length;sM1d curved
cavity mirror; sM2d curved cavity mirror and SH output coupler;sBSd
fused-silica beamsplitter;sPBSd polarizing beamsplitter cube;sl /4d quarter-
wave plate;sPDd photodiode.
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mized when the input coupler reflectivityR matches the ef-
fective round trip loss factor 1–V, whereV is the relative
power loss per round trip. This can be seen from the expres-
sion for the enhancement factorA=Pc/Pin swith Pin the fun-
damental power incident on the input couplerM3d for a per-
fectly mode-matched input beam11

A =
1 − R

s1 −ÎRs1 − Vdd2
. s2d

A part of Pin given by

K = S ÎR− Î1 − V

1 −ÎRs1 − Vd
D2

s3d

is reflected offM3. IndeedK vanishes when 1−V=R, in
which case the cavity is impedance matched. Apart from a
round-trip loss factorV0, due to linear dissipation and scat-
tering, V also includes losses due to second-harmonic con-
version. Given Eq.s1d, it can be shown that the relation
betweenPSH andPin then becomes4,12,13

ÎPSH =
4Pins1 − RdÎg

f2 −ÎRs2 − V0 − ÎgPSHdg2
. s4d

Solving the cubic equations4d would in principle yield a
relation betweenPin andPSH. This relation could be used for
fitting data, like those shown in Fig. 2sad, to obtain informa-
tion aboutg andV0. Although Eq.s2d is derived assuming no
power-dependent conversion losses, the expression suggests
that 1−V may be replaced bys1−V0ds1−gPcd to account for
conversion losses. Then, together with Eq.s1d a snontriviald
relation between Pin and PSH can be found using
MATHEMATICA . Although the derivation for this expression is
not rigorous, it reproduces the numerical results obtained
with Eq. s4d to well within 0.1% for the entire range of
realistic experimental values forPin ,g, andV0.

The thus found relation betweenPin andPSH is used for
fitting measured data shown in Fig. 2sad. Here, the values for
PSH have been corrected for the 98% transmission ofM2 and
the 19.6% Fresnel losses at the Brewster face of the LBO
crystalsPSH differs from the useful power, which is the SHG
power transmitted throughM2d. Also, a relatively large frac-
tion of Pin stypically 20% for powers between 0.5 and 2 Wd
is reflected offM3. For realistic cavity parameters, the frac-
tion of noncoupled incident light due to impedance mismatch
can be calculated using Eq.s3d fwhich has been modified to
account for conversion losses similar as done for Eq.s2dg to
be less than 2% forPinù1 W. It is therefore concluded that
the noncoupled light is predominantly due to imperfect mode
matching. To take this into account, in Fig. 2Pin is replaced
by the amount of light coupled inPic, which is defined asPin

minus the fundamental power reflected byM3. Obviously,
this definition is only correct if the amount of light, reflected
by M3 due to impedance mismatch, is negligible compared
to the total amount of reflected light.

With the known value forR as input, the loss factorV0

and the single-pass conversion efficiencyg are used as pa-
rameters to fit expression Eq.s2d freplacing 1−V by
s1−V0ds1−gPcdg to the data in Fig. 2sad. In this way
V0=0.25% and g=5310−5 W−1 are inferred. The fitted
value forg is in good agreement with the theoretical value,
g=4310−5 W−1.

The solution of Eq.s2d can also be used to determine the
optimum value forR, for given values ofg andV0. In Fig.
2scd, PSH is plotted as a function ofR for several powers
ranging fromPic=1.2 to 1.8 W, using the fit results forg and
V0. The optimum forPSH is seen to shift to smaller values of
R for increasingPic, as the round-trip losses include the loss
due to second-harmonic conversion.

In Fig. 2sbd the net conversion efficiencyPSH/Pic is plot-
ted as a function ofPic. As can be seen in the graph, a

FIG. 2. sad Dependence of the second-harmonic powerPSH at 389 nm on the fundamental powerPic at 778 nm coupled into the cavity. The solid curve
represents a fit to the data.sbd Net conversion efficiencyPSH/Pic as a function ofPic.scd Calculated variation of the second harmonic powerPSH with the input
coupler reflectivityR for various incoupled powersPic. The calculations were performed withV0=0.25% andg=5310−5 W−1.
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maximum net conversion efficiency of 75% is obtained, with
83% of the incident fundamental powers1.9 Wd coupled into
the cavity. Best performance was achieved withPin

=2.00s6d W resulting in 1.00s3d W of 389 nm coupled out of
the cavity, which corresponds toPSH=1.27s4d W of gener-
ated 389 nm light inside the crystal. The obtained second-
harmonic conversion efficiency and SHG output power com-
pare very well with the best results ever achieved using a
setup of a similar design.4,14

IV. ABSOLUTE FREQUENCY STABILIZATION

Distinct Lamb dips were produced using saturation pa-
rameterssdefined as the intensity divided by the saturation
intensityd for the pump beam ranging from 4 with a S/N
ratio of 5, to 200 resulting in a S/N ratio of 25. The line-
width at the Lamb dip was measured to be 15–25 MHz,
depending on the saturation parameter. This exceeds the
natural linewidth by far, which we attribute to the combined
effects of small misalignments, power broadening and pres-
sure broadening.

The 389 nm laser is frequency stabilized to the transition
within a few MHz, which is limited by the bandwidth of the
Ti:S laser and the performance of the servo loop for fre-
quency stabilization. The laser remains stabilized to the tran-
sition for hours.

By virtue of the large time constant of the servo loop, it
is possible to temporarily shift the frequency of the 389 nm
light by many MHz on a time scale of several milliseconds.
This is done by adding a linear ramp to the frequency-control
input of the Ti:S laser, which is too fast for the integrator in
the servo loop to compensate. Such a change of laser fre-
quency would, for instance, be ideally suited to further com-

press a 389 nm MOT.6 In a second application we switched
off the second harmonic power considerably faster than can
be achieved using mechanical shutters. When the cavity
length is locked, suddenly applying a ramp on the high volt-
age controlling the PZT ofM4 brings the cavity out of reso-
nance within 25ms. The short switching time obtained with
this inexpensive method was crucial for achieving low tem-
peratures using a 389 nm optical molasses pulse applied to a
cold cloud of He* atoms.6,8
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