BITE 12
2010 4 12 A

Hr WMo
CHINESE JOURNAL OF LASERS

Vol. 37, No. 12
December, 2010

XEHS: 0258-7025(2010)12-3075-06

Loss Measurement of High-Finesse Fabry-Perot Cavities

Liufeng Li (Zx]4)

Yan Li (£ #)

Lisheng Chen (MR Z&=4) "

(Wuhan Institute of Physics and Mathematics, Chinese Academy of Sciences, Wuhan , Hubei 430071, China)

Corresponding author . lchen@wipm . ac. cn

Received March 30, 2010; Revised April 26, 2010

Abstract The loss of a high-finesse Fabry-Perot cavity was measured using frequency scan and cavity ring-down

techniques. Different transverse modes were examined by sweeping the frequency of the laser across the correspond-

ing resonances. In addition, cavity ring-down technique was used to measure the loss of the Fabry-Perot cavity and a

simple model was employed to remove the influence of finite response time of the optical switch and the detection circuit.
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1 Introduction
Low-loss highly-stable Fabry-Perot (F-P) cavi-
ties are of interest in many research fields such as

laser cooling of mechanical oscillators'!?

., cavity
quantum electrodynamics (QED)®*, laser inter-
ferometers™®, and optical frequency stand-
ards'” "' . The benefits of long storage time, adjust-
able quality factor, and small frequency pulling
make the F-P cavity an ideal component to enhance
and engineer the matter-field interaction. Low vi-
bration sensitivity and low noise F-P cavities are
currently under development to fully realize these
features.

Optical loss of an empty cavity is largely deter-
mined by the quality of the mirror coatings. We are
developing cavities with various geometries and
supporting structures™”. These cavities will be
used in our future experiments on optical frequency
standards, precision laser spectroscopy, and the
test of Lorentz invariance. Currently these cavities
have a finesse of 70000~80000, and are still under
development. In this process, both techniques of
frequency sweeping and cavity ring-down are used
to measure the loss of F-P cavities. Information
from loss measurement is used for developing low-
loss high-reflection cavity mirrors.

Usually the finesse of a cavity is first measured
and the cavity loss is directly inferred from it. With
a knowledge of the free spectral range (FSR, Rys)
of the cavity, the finesse can be estimated by

sweeping either the cavity length or the frequency
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of the input light. Although it is widely used in low-
finesse (about 100) cavities, this technique is limit-
ed when the resonances of the cavity become too
narrow. Many sophisticated methods have been
used to measure the loss of high-finesse cavities,

such as cavity ring-down"
[14]

U~-1] " frequency response

function™ , and cavity ringing effect™®’.

In this work, we use both frequency sweep and
cavity ring-down to measure the finesse of an F-P
cavity. With the frequency sweeping technique, we
examine the loss associated with different cavity
modes. Mode-dependent cavity loss provides useful
information for optimizing the mirror coating. The
maximum finesse that can be measured with the
current experimental setup is investigated with this
method. The loss of the same cavity is also meas-
ured with the cavity ring-down technique. A simple
model is used to remove the contribution of the fi-
nite falling times produced by the optical switch and

detector.
2 Methods
The finesse of a cavity is defined as

F = Rys/Av, (L
where Ay is the width of the cavity resonance (full-
width at half-maximum, FWHM). Cavity reso-
nances can be observed by sweeping the frequency
of the input light and monitoring the transmitted
signal on an oscilloscope. When the width of the
resonance is comparable to the FSR of the cavity, it
can be directly estimated on the oscilloscope with
the FSR deduced from the length of the cavity [ Rps =
¢/(2L)], where L is the cavity length, ¢ is the
speed of light. For high-finesse cavities, this task
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becomes less practical because the resonance be-
comes too narrow to be measured on the oscillo-
scope. Also, the accuracy of the measurement is
limited by the nonlinearity of the frequency sweep-
ing that is usually performed with the help of a pie-
zoelectric transducer (PZT).

An improved technique can be used to extend
the range covered by frequency sweeping. The la-
ser is first phase modulated before entering the cav-
ity and the two frequency sidebands are developed
after the phase modulation™® . When the laser fre-
quency is swept by a saw-tooth signal across the
resonance, two additional small peaks appear in the
transmitted signal. These two components serve as
accurate frequency markers because they are sepa-
rated from the carrier by a distance equal to the fre-
quency of the phase modulation, which is much
smaller than FSR. More specifically, one uses an
oscilloscope to measure the ratio of the linewidth to
the distance between the carrier and one of the
sidebands. Then the modulation frequency times
this ratio gives the linewidth of the resonance from
which the finesse can be obtained according to
Eq. (1). Note that the linewidth of the laser should
be at least one order of magnitude smaller than that
of the resonance of the cavity. With a prior knowl-
edge of its linewidth, the laser’s contribution can
be removed from the measured line profile.

As the loss of the cavity decreases, the reso-
nance becomes narrower. It will be difficult to re-
solve the narrow resonance in frequency domain.
Whereas in time domain light field stored in a high-
finesse cavity has a relatively long decay time,
which can be readily measured by the cavity ring-

down technique. This method is of advantage for
measuring ultra-low-loss cavities, but a fast optical
switch with small falling times (about 100 ns) is re-
quired. After the field inside the cavity reaches a
steady state, the light incident on the cavity is
switched off and the transmitted light decays expo-
nentially, with a time constant determined by the

[ A digital storage

round-trip loss in the cavity
oscilloscope records the transmitted signal and an
exponential curve fit gives the decay time. The re-
lationship between the decay time and the cavity fi-

nesse has been deduced in Ref.[11]:

Fzznz%f, (2)

where ¢ is the cavity decay (storage) time. The loss
of the cavity is related to the finesse by

F = 2n/a, (3)
where « is the round-trip loss. Note that Eq. (2) and
(3) have been derived in the limit of high finesse
(low loss) .

3 Experimental Setup

Figure 1(a) illustrates the experimental setup.
Before entering the cavity, the laser was phase
modulated by an electro-optic modulator (EOM). A
resonance circuit was used to drive the EOM crystal
at the fixed frequency of 2.5 MHz. To increase the
resolution, a high voltage amplifier working at a
lower frequency was used. A saw-tooth signal
swept the frequency of the laser. The transmitted
light from the cavity hit onto a photo detector. Res-
onances of the cavity and their sidebands were dis-
played on an analog oscilloscope for the measure-
ment of the linewidth.

F-P cavity
PBS M4 PD2
B
-~ 1
1 1 i
b amplifier L Lol N EDI i
I 1 I
1 )
E %_ microwave phase i £t lil
saw—tooth | switch shifter i
signal i : i
' i EOM: electro—-optic modulator
- { SEIV "‘ - ‘I loop filter "' - 'é A A/4: quarter wave plate
DBM PBS: polarization beam splitter
Sh971 AOM: .
200 : acousto—optic modulator
— PD: photo detector
(b) BHE LO: local oscillator
15V—=" 20pF——

OSC: oscilloscope
5k
(,R to OSC DBM: double balanced mixer

Fig.1 (a) Apparatus for loss measurement of F-P cavity, (b) circuits of PD2.
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In the cavity ring-down measurement, an opti-
cal switch was inserted before EOM to turn off the
input light with high speed. The optical switch con-
sisted of an acousto-optic modulator (AOM, Brim-
rose EF-200-50) and a microwave circuit that can
switch off the driving microwave of the AOM with
the time constant of 10 ns. The laser was first
locked to a longitude mode of the cavity using the
Pound-Drever-Hall (PDH) technique™®. When the
field inside the cavity reached a steady state, the
laser beam was switched off by the AOM and the
transmitted light was detected by a PIN photodiode
(PD2). The PD2 (Hamamatsu S5971) had the cut-
off frequency of 100 MHz and was connected as
shown in Fig.1(b). The output of PD2 was directly
sent to a digital oscilloscope (TDS 2014B) and the
decaying waveform was stored by the oscilloscope
with its single-trigger function.

The F-P cavity used in the measurements was
a cylindrical cavity whose geometry was detailed
shown in Ref.[10]. Two fused silicon plano-con-
cave mirrors with the curvature radius of 2 m were
optically contacted to a cylindrical spacer to form an
F-P cavity. The nominal length of the cavity is
10 cm, corresponding to an FSR of 1.5 GHz. The
cavity was placed inside a temperature-controlled
vacuum chamber and supported by a V block. Four
teflon strips were inserted beneath the spacer to
provide damping and thermal isolation. The win-
dows of the vacuum chamber were wedged (20")
and anti-reflection (AR) coated to prevent parasitic
etalons.

The wused continuous-wave (CW ), single-
frequnency, diode-laser-pumped., was a Nd : YAG
ring laser developed at the National Institute of Me-
trology (NIM). The nonplanar ring resonator of the
Nd: YAG laser was temperature controlled and en-
closed by a hermetic sealed aluminum box to further
improve the stability. A thin PZT plate was cemen-
ted to the top of the ring resonator. The frequency
of the laser could be swept by the PZT. The free
running linewidth of the laser was about 2.1 kHz,
independently verified by heterodyne beat against
another Nd:YAG laser.

4 Results and Discussions
4.1 Frequency Scan

Resonances associated with different trans-
verse modes were displayed on an analog oscillo-

scope by sweeping the frequency of the laser. One
of the two sidebands was used as the frequency
marker from which the width of the resonance was
determined. Figure 2 shows the resonances of four
modes with the modulation frequency of 80 kHz.
The corresponding FWHM is also indicated in the
figure. Table 1 lists the linewidth of each mode.
Table 1 Diagnostic measurement of the cavity loss

Node FWHM /kHz F /10"

n=0 20(1.5) 7.50(56)
n=1 16.7(1.0) 9.00(54)
n=2 20.5(1.6) 7.30(57)
n=3 18.5(1.8) 8.10(79)
n=4 17.4(1.8) 8.60(89)

FWHM of the resonance of the transverse mode is obtained by
sweeping the frequency across the resonances of the cavity.
Modulation frequency is 80 kHz. The cavity has an FSR of
1.5 GHz.

- - &
0.5 div, ;
Av=20.0(15) kHz  — Av=16.7(1.0) KHZ 0.6 div.
FWHM 2.15 div.

Av=20.5(1.6) kHz

Fig.2 Resonances of F-P cavity recorded on an oscillo-

scope by sweeping the frequency of laser. Phase

modulation of the EOM in front of the cavity gen-

erates two sidebands, which are used to calibrate

the horizontal scale of the oscilloscope. Insets are

corresponding mode distributions. Modulation fre-

quency of the EOM is 80 kHz. Sweep rate is
10 Hz.

Both the modulation frequency and the line-
width of the laser limit the highest finesse that can
be accessed by using the frequency sweeping. De-
creasing the modulation frequency and sweeping
range around the resonance increases the resolution
of the measurement. For example, the resonances
of a cavity with the finesse of 200000 and FSR of
1.5 GHz exhibits the linewidth of 7. 5 kHz
(FWHM ). With the modulation frequency of
1.25 MHz the resonance had a width less than 0.1
divisions, which was barely resolved. When the
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modulation frequency reduced to 80 kHz, the width
would be on the order of 1 division, providing a
quick estimation of the linewidth of the resonance.

Current results given in Table 1 do not take in-
to account the influence of the finite linewidth of
the laser, which leads to an underestimate of the fi-
nesse of the cavity. As the loss of the cavity drops,
the finite linewidth of the laser eventually becomes
a limiting factor of the resolution in frequency do-
main. Ideally, if the lineshape of the laser is
known, a deconvolution will extract the width of
the resonance from the lineshape obtained by fre-
quency sweep. Figure 3 shows the beat note be-
tween two similar Nd: YAG lasers, one of which
was used in the loss measurement. The beat note
has the linewidth of 3 kHz. indicating a 2.1-kHz
free-running linewidth of the laser. However, a re-
liable correction of the spectral impurity of the laser
is complicated in that the free-running Nd:YAG la-
ser also exhibits frequency jittering. Thus we do
not tend to directly remove the 2.1-kHz linewidth
of the Nd:YAG laser from the results listed in Table
1. The finesse in Table 1 should be interpreted as
their corresponding lower boundaries. Neverthe-
less, a coarse estimate of the frequency jittering is
possible by setting the single-shot time of the spec-
trum analyzer similar to the period of the frequency
sweeping and performing repeated beating meas-
urements. In this way, the contribution of the fre-
quency jittering to the linewidth of the resonances
is estimated as 1~3 kHz.

o Imeasurement
Gaussian fit

=
o

Av=3.0 kHz, FWHM

Amplitude (a.u.)
f=J
w

(=1

0.93 0.94 0.95
Frequency-2185 /MHz

Fig.3 Beat note between two free-running Nd: YAG la-
sers. The resolution bandwidth of the spectrum an-

alyzer is 1 kHz.
4.2 Cavity Ring-down
The speed of the optical switch was first inves-
tigated in the cavity ring-down experiment. Ring-
down measurement was not affected by the time de-
lay of the AOM that was related to the propagating
time of the sound wave inside the AOM. But the

driving circuit, the finite size of the light within the
light-sound interacting region, and detection circuit
produced a finite falling time, which modified the
decay of the cavity field. Figure 4 shows the light
intensity of the first-order diffraction of the AOM
when the cavity was removed and the radio frequency
(RF) power driving the AOM was switched off. The in-
tensity could be well fitted to an exponential decay
function y(z) = Aexpl— (t — #,)/7; ] + v, » with the
time constant z; of 1.073(5) ps.

16
« Imeasurement
ey —— fit of measurement
=12+
g _(t_to)
y y(t)=Aexp[ ~ ]+y0
'g 1
2 gl 7,=1.073(5) ps
&
41
-2 0 2 4 6 8
Time /us

Fig.4 First-order diffraction of AOM after RF driving sig-
nal is switched off. Solid curve is an exponential fit
of experimental data (dots).

We use a simple model to remove the contribu-
tion from the finite switching time of the AOM.
When the input light is switched off abruptly with-
out any falling time, the decay of the field inside
the cavity will be exponential provided that the loss
is small and the round trip is not very long (far
shorter than that light can travel in one storage
time). But the real decay process inside the cavity
i1s more complicated with a finite switching time. In
control theory the unit-step response function of a
first-order system in time domain is an exponential-
ly growing function. We model the current process
to be two independent first-order systems that are
connected in series. It is straightforward to derive
the unit-step response function of this composite

07 A transformation from

system in time domain
exponential increase to decay then gives the decay
of the cavity field with finite switching time, which
can be written as

y(1) = nexp(—t/r) —mexp(—t/7) LW

T1 — T2

where r; and ¢, are the time constants of the optical
switch and the cavity, respectively. From this expres-
sion, it is clear that if the switching time is much smal-
ler than the cavity decay time (z;/z, <C 10), it has a
negligible contribution.

Figure 5 shows the decay of the field stored in the
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cavity when the input light is switched off by the AOM.
The experimental data is fitted by the model described
by Eq. (4), with r, fixed to 1.073 ps. The cavity decay
time from this fit isz; = 10. 39(5) ps, corresponding to
the finesse of F' = (9.79 £ 0.05) X 10*. We also fit
the experimental data to a simple exponential decay

function and get the time constant of

16
measurement (a)
—— fit of measurement

12 —(t-t)
E y()=Aexp)| = [+u,
< 8t 7,=10.48(4) ps
=
|
g4

0 L

-20 0 20 40 60 80
Time /us

7 = 10.48(4) ps, with only 0. 1-ps difference from
the model that takes into account the finite switc-
hing time. The small difference is in agreement
with our model since the switching time in this ex-
periment is one order of magnitude smaller that the
cavity decay time.

16
o0 .+ measurement ®)

19 i —fit of measurement
E (t)_Alrlexp[—(t—tu)/rl]—rzexp[—(t-tb)/rz] L
P 8 US| 71, %
E 7, fixed to 1.073 us
= i 7,=10.39(5) ps

0 7

-20 0 20 40 60 80
Time /us

Fig.5 Cavity ring-down signal fitted by (a) a simple exponential function and (b) a model takes into account the finite

falling time of AOM and detection circuit. See text for details.

4.3 Discussions

Both techniques of frequency sweeping and
cavity ring-down can be used to measure the loss of
optical cavities. For cavities with moderate finesse
less than 100000, the resonances of the cavity can
be resolved by frequency scan. The cavity ring-
down at time domain is more suitable for measuring
high-finesse cavities with F>>10°. In the range of
F from 50000 to 2000000 both methods can be a-
dopted, providing a diagnostic check of the meas-
urement.

5 Conclusions

The loss of an F-P cavity is measured with both
frequency sweeping and cavity ring-down. The
lower boundary of the finesse of the cavity is esti-
mated as 75000 using frequency sweep while the cavity
ring-down gives a value of F = (9.79 +0.05) x 10*.
The difference of the two results is attributed to the
spectral linewidth and frequency jittering of the
free-running Nd : YAG laser. Several high-order
transverse modes are also examined with the help of
frequency sweeping. In the current experimental
setup, decreasing the modulation frequency of EOM
to 80 kHz can extend the measurable finesse up to
200,000. A finite switch-off time of the AOM is a
major limiting factor in our cavity ring-down meas-
urement. To correct for the finite falling time of
the input light, we develop a simple model, which
suggests that the switch time has a negligible influ-

ence when it is one order of magnitude smaller than
the decay (storage) time of the cavity.
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