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A novel method is proposed for a laboratory test of the time independence of the fine-structure constant and
of the electron to proton mass ratio, employing only electromagnetic resonators. For a resonator made out of
a dielectric ionic or molecular crystal, the resonance frequencies depend on the m%)@me through the
index of refraction. A test of the time independencecofind me/m, can be performed by a search for a
long-term change in the difference of two resonance frequencies exhibiting different dispersion. The method
can be advantageously implemented with a single resonator. The prospects of implementation using optical
resonators, systematic effects, and experimental requirements for a test at the lexel®f'#yr relative
variation in @ or mg/m, are discussed. On the experimental side, birefringent monolithic sapphire optical
resonators with high-reflectivity mirrors are fabricated and characterized. The measurements of optical mate-
rials with ultralow absorption losgpm/cm level, required for the proposed method, are also reported.
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The equivalence principle of general relativity postulates
in its principle of local position invariance that the nongravi-
tational fundamental constants of nature are independent afhereg is some fundamentatimensionlessconstant. This
time [1]. In theories attempting a unification of gravity with relation implies a different algebraic dependence of the fre-
the other fundamental forces, it is found that a violation ofquencies orB. The dimensionless ratio of the frequencies is
the equivalence principle may occur and that it can be conthen a function ofg, and the experiment seeks to measure
sistently described. String theory, for example, predicts thdnow constant this ratio is over time.
existence of new fields, such as the dilaton field, which Two approaches have been followed: astrophysical or
couples to matter. The particle masses and the fine-structugeophysical observations and laboratory experiments. The
constant are functions of the dilaton field. If some masseérst constrain the difference of the constant’s values at times
move relative to an observation point—for example, due teseparated by a significant fraction of the age of the universe.
the universe’s expansion—the dilaton field value at the obLaboratory tests cover only a relatively short time span in the
servation point could be time dependent, provided the coupresent. Their advantage, on the other hand, is thelative
pling between hadrons and the dilaton field is nonzero. As simplicity, reproducibility, and high precision. An overview
consequence, the fundamental constants may become tinoé recent results is shown in Table I. As can be seen, the
dependent. Another scenario is that of the existence of addlaboratory limits are weaker than the astrophysical limits,
tional, compactified spatial dimensions. If the size of theand therefore there is the need for a new generation of ex-
compact dimensions is time varying, so are the coupling conperiments. Moreover, the laboratory limit far,/m;, is sig-
stants and mass¢2]. nificantly lower than that fokr, so its improvement should
With this theoretical motivation, there has recently beenbe given particular attention.
strong interest in performing observations constraining tem- The purpose of this paper is to propose a novel laboratory
poral variations of various fundamental constants. The basimethod to test the time independencecofand me/m,, a
principle is to compare the oscillation frequencies of twomethod that is based on monolithic resonators, in particular
dissimilar systems‘clocks” ), w; andw,, over a sufficiently on the use of a single resonator. The approach is conceptu-
long time. The condition to be satisfied by the two systemsally simple, and unlike previous laboratory experiments, the
defining these frequencies is two oscillator frequencies are obtained from two physically
similar systems. The feasibility of achieving tests at the level
of 4x 10 ¥/yr will be discussed. The basic physical effect
*Present  address: Humboldt-Universita zu Berlin,  thatis used is the dependence of the index of refractioa on
D-10099 Berlin, Germany. andm/m, [12].
TEmail address: stephan.schiller@uni-duesseldorf.de This paper is structured as follows. In Sec. Il, we derive
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TABLE |. Selected tests of the time independence of fundamental constants. First section: geophysical
and astrophysical tests. Second section: laboratory tésssthe tested quantity. For astrophysical tests, the
third column iSAX/T whereAX is the experimental limit.

System X Look-back time, redshift Upper limit for |)'</x| Ref.
Oklo natural reactor @ 1.8 Gyr 7<10 Yyr [3]
Fe /Mg Il @ z=0.8 5x 10" 1¢yr [4]
Si v @ z=2.8-35 4x 10 Yyr [5]
Primordial nucleosynthesis @ 8.9 Gyr 1X 10 ¥yr [6]
H,/H gpa z=0.7 4x 10" Y¥ryr [7]
H, me/m, z=2.81 9x 10~ H/yr (5]
H, me/m, z=281 1.5<10 yr (8]
HIC | gpMe/Mpa? z=1.8 4x 10" yr [5]
Hg'/H @ 4x10 ¥yr [9]
Cs/Mg gime/m; 5x10 ¥yr [10]
Cs/microwave cavity gime/mpa® 4x10 2/yr [11]

the dependence of the refractive index of certain media on wherey; is the susceptibility due to the electroms; is the
andm/m,. In Sec. lll we consider monolithic optical reso- reduced effective mass of th¢h optical mode,N; is the
nators and present a calculation of how the resonance freffective number density of the ion group involved in mode
qguencies are affected by changes in the fundamental com- and f; are oscillator strengthgl7]. The optical phonon
stantsa andm,/m, . Section IV discusses systematic effectsfrequencied); may be written as

and gives feasibility estimates for a test with a significantly

higher sensitivity than present laboratory tests. Experimental N m Eg

work that aims at achieving this goal is described in Sec. V. Q=0 M. A 4
Appendixes discuss a method for increasing the sensitivity of '

;2; proposed scheme and a magneto-optical systematic ?Nf'here Eq=a?m.c?/2 is the Rydberg energy, a I"ﬁi is a

dimensionless constant of order unity with corrections of or-
der @ and m¢/m, and higher. This scaling arises from the
Il. DEPENDENCE OF THE REFRACTIVE INDEX ON scales involved in the interatomic potent\4|R). Since the

a AND me/m, potential depth and extension are on the ordeghanday,

We consider an electromagnetic resonator filled with arespectlvely, the curvature of the potential at the minimum is

2 2 2 2 2__M.0O2
dielectric medium of refractive indem. The dependence of d \\//CdR Er/ag. Frtc;]mtdthV/dFt%_ Mf'Q' ]IOHOWS Eq. (4).
n(@.me/m,,») on the fundamental constanis m,/m, e assume now that the ratios of nuclear masses are con-

and frequencyo of the wave circulating in the resonator is of s;ant n 'E{|_mei[18]aWe ma:y then wntg th de effegﬂvi rQatB:;
central interest and will be analyzed in the following. We usef) an optical mode asi, imes a mode-dependent, but ime-
Sl units throughout, so that=e?/4meyfiC. independent, constant; . Thus, the dependence of the pho-

In the local field modef13], the refractive index is related Non frequencies on the fundamental constants is given by

to the susceptibilityy by

. [me , — O c .
n(w)?-1 x(o) , TN TR (5
n(w)?+2 3 ° @

where A =h/mgc is the electron’s Compton wavelength and

We shall assume an ionic crystal, where the dielectric susc/A may be regarded as a fundamental frequency scale. We
ceptibility is due to both electrons and optical phonons. Exdo not need to consider the possibility of a temporal change
amples for such crystals are /; (sapphir¢, CaR,, KCI,  in this scale, which imot a dimensionless quantity, since
etc. In the transparency range, i.e., when the frequemcy Such a change could not be observed by any experiment that
significantly exceeds the largest optical phonon frequencys based on this scale. Indeed, by explicit inclusio/of as
the multiphonon absorption can be extremely [dw,15,4]. @ variable quantity in the following calculation it is found to
In this range the susceptibility has the following approximatedrop out in the final result, Eq16). The reduced mode fre-

dispersion relation: guenciesw; can thus be regarded as constants.
Turning to the other quantities in the susceptibility, we
e? N, f, note that the_ pscillator strengtfr; is of order unity for an
x(w) :Xat+6_0 EI M 022’ (3)  allowed transition and approximately independent of the fun-
I i

damental constants. Concerning the number dem§itywe
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recall that the characteristic interparticle distance in the me- N(w)(w— we) L =2mqcC. (10)
dium is of order of the Bohr radiuag,. Thus,

Here L,; is the round-trip path length for the resonating
wave, andq is an integer.w, describes the detuning of the
oscillator frequency from the exact resonance due to lock
errors, with|w¢|<w. The contribution of the mirror reflec-
For simplicity, we neglect for the moment the frequency de-tjon phase shifts on the dependencevodn the fundamental
pendence of the atomic susceptibilify, for the range of constants can be neglected if they exhibit small dispersion.
frequencies considered here. Inclusion is easily possible angl/e shall interprew, L,,, andn as being average values for
is treated below in Sec. Il B. Thep,; may also be taken as 3 certain measurement time.

a constant of order unity and is also independent of the fun- The oscillator frequency will depend one and me/m,

(6)

amgC 8
h

Ni~a03=(

damental constants to lowest order. via n. However, the resonator length, is also a function of
Combining Eqs(2)—(6), we find « . Moreover, there are external influences which can affect
n, we, andL, : both the length and the index are also func-
n(a,me/mpvw)z— 1 Xat > Fi tions of the resonator temperature, and may be time varying
n(e,me/my,w)*+2 3 i 1_(mp/me)a—4w2/;i2’ due to microscopic changes in the structure of the medium

(7) (creep. The lock errorw, depends on noise levels and off-
sets in the electronics, and on the beam coupling geometry,

where theF; are dimensionless factors independen&raind ~ and may also drift in time. We therefore introduce the varia-
me/m,. Thus, the dependence of the refractive index ortionsAn, Aw, Awe, AL, which under conditions of lock
these two constants comes only from the dependence of there related by
phonon frequencies on them.

By calculating the total derivative of the left hand sides in An  Aw—Aw, N ALy
Eq. (7) with respect tax, m./m,, andw, it is easy to verify n ® Ly
that

0, (11

and w. was neglected in the second denominator. We must

n(a,me/mMy,0) ) an(a,mg/m,,w) g  now take into account that the index charge must include
“ da e dw @ the change in the oscillator’s frequency:
Mg IN(a,Mg/My,, w) an(a,m/m,,w) an an M| dn
T AN M Mp,®) @ FNETN T, @ ©) An=Ao—+Aa—+A| —| ——+An|,.
m, ame/mg 2 dw ' dw da m,/ dmg/mj,

(12

These relations are useful, since they permit one to detetl;h | . o i q
mine the “sensitivity” of a medium’s refractive index ta e last term summarizes extrinsic variations due to tem-

andm./m, experimentally by a standard measurement of thdPerature variations, etc.

dispersion, rather than requiring a theoretical calculation of . Thﬁ reson_af/r qu_%th 2‘35 an intrinsic dependenceron
the solid-state properties. SINCEL ~ap=Ala. Theretore,

(13

Aa
_Lrt7+ALrt

oL
Ill. CONCEPT OF THE MEASUREMENT ALn=(9—;Aa+ALn

e e

From the above it is clear that any measurement sensitive
to a variation of the index of refraction of a medium is sen-Here AL,|. are extrinsic variations due to temperature
sitive to a variation ofe and mg/m,. The most sensitive changes, etc. Combining the last four expressions, we arrive
measurement of variations mis the measurement of varia- at
tions of the resonance frequency of an electromagnetic cavity
filled with the medium, provided the dimensions of the cav- Aw 2n+1Aa n/2 A(me/my)
ity are kept sufficiently stable. In order to avoid density fluc- —= —_ T
tuations associated with a gaseous filling medium, we are led

— +__
ntl a n+1 Mme/my

to consider solidmonolithic) resonators, in which the elec-

. . . . : e 1 [ALyle Anle Awe
tromagnetic wave is fully confined in the solid. For simplic- —— — (14)
ity, we shall assume a monolithic resonator with a homoge- n+1l Ln n

neous refractive index. Such monolithic resonators have o
been developed both for microwave frequendigbispering We have introduced the normalized dispersiofw)

gallery resonators, notably made from sapphimed for op- =n"lwin(w)/do.
tical frequencieswhispering gallery resonators and Gaussian This expression shows how it is possible to perform a test
mode resonatoyg27]. of the time independence aof or mg/m, : one compares two

Consider a monolithic resonator to which an oscillator isoscillators, one of whiclisay, ;) is locked to a monolithic
frequency locked. Under lock, the oscillator’s frequelcis  resonator. To be sensitive to a variation of alpha, the second
given by oscillator must then satisfy the conditipsee Eq.(1)]
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respective waves reflected from the resonator. The modes to

Servo 1

LHe cryostat which the lasers are locked are chosen such that the differ-
PD2 ence|w;— w4| lies in the microwave or radio-frequency do-
laser 1 L oM [ n(@) \ main and can easily be measured. Its temporal stability is the
g \'%' TN ey quantity of interest.
o) = oy y 0y =201 We now calculatg the ;ensitivity .Of this approach. We.take
e Sl ;V wsr=pPws, Wher-ep is an integer, with the value of 2 being
> D most relevant in practicésecond harmonj¢ and wi=w;.

H frggﬂg?fry ("FPDl We obtain
Servo 2
Ao 1 A(Mg/my)  Alyle

w1
y Awi—Aw=A| —— —
Ypm @im a0 a 2 me/m, Ly 1+n,
me?gl;r:)r{lent XAn1|e _ wl_ An2|e + Awei/Z_ Awil )
Ny 1+n2 n; 1+n2 1+n1
FIG. 1. Schematic of the apparatus for the proposed test. Two (16)

laser frequenciesn; and w,=2w; are stabilized to modes of a
monolithic resonator operated in an ultrastable environment. VariaThe material constam is
tions in the fundamental constantsandme/m, change the refrac-
tive indicesn(w), n(w,) by different amounts so that a change in A=w(No—n. - oy

: . L =w1(ny—ny)/(1+ng)(1+ny), 1
the laser frequency differenee, — w occurs. DM: dichroic mirror. 1(nz=ny)/( o) 2) (a7
PD1 and PD2: error signal photodetectors. PD3: beat frequenc¥nd the relevant indices arg =Ny o(®1), Ny=

n wo).
photodetector. eoo(®2)

Note that the opposite signs of the prefactorsAaf and
o A(mg/m,) come from the fact that the resonator length de-
a dwy 2n;+1 pends ona but not onmg/m,.
o, da — 1 (15 A first important result is that the effect of a path length
1 changeAL . is as large as that of a changednTo discuss
Eq. (16) further, we distinguish two cases. The case of strong

or analogously form,/m,. However, the second oscillator di . . S - ;
. o ; ispersion, achievable through doping, is treated in Appendix
must not necessarily be of a different nature from the first, P ' 9 pIng. PP

such as an atomic clock. It is possible to compare two oscil- - ) , —
lators locked to two or even aingle resonator. This is a !N Standard materials the case of weak dispersips,1,
significant advantage, since only one type of experimentafPPlies. Equatioril6) then reduces to

know-how is then required. In the two-resonator implemen-

) X - — A 1 A(mg/m AL
tation, the second resonator may be a “vacuum”-type., Awf—Awlz(nz—nl)wl(—a— 1A e/Mp) rle
nonmonolithi¢ resonator, as is commonly used for laser fre- a 2 me/m, Lt
quency stabilization, in which case,=0. For the single- Angle Anyle) Awe
resonator approach, the resonator must be configured such tw; nn > —Awg .

1 2

that two independent waves resonate in it that sati_slfy 18
#n,. This can be achieved by usifig An isotropic medium (18
and two waves of widely different frequency, making use ofsjnce the first term sought is multiplied by the small quantity

the dispersion of, i.e., the second-order dispersion of theﬁz_ﬁl<1, the influence of extrinsic changes on the indices

index, or (i) an anisotropidbirefringeny medium and two  and on the lock errors is relatively important. The next sec-
waves of similar frequency, mak|ng use of the different d|S'tion discusses quantitative'y their influence.

persion of the ordinaryr(,) and extraordinary indices,).
A configuration in yvhich the two waves can propagate IV. SYSTEMATIC EEFECTS
along th_e same pathde_nnca_\l I__,t) can easily be imple- AND EEASIBILITY ESTIMATES
mented in both cases, simplifying the resonator further and
giving a certain amount of common mode reduction of the In this section we consider the systematic effects
extrinsic length change influence. AL e, ANile,Awei, Which will limit the resolution of an
Figure 1 shows a schematic of a setup for a singleexperiment searching fala/dt or d(mg/m,)/dt. We also
resonator experiment in the optical domain. Two similar la-deduce experimental requirements for an experiment that
sers of emitting waves at frequencies and w; are used. seeks to improve the currentaboratory limits on
The monolithic resonator is interrogated by and by the |a~'da/dt| by an order of magnitude to>410~ *yr and on
second harmonic ol , which is generated in a nonlinear |m,/m.d(m./m,)/dt| by a factor of 60 to & 10 ¥yr (as-
crystal. The resonator mirrors must have high reflectivity atsuming no cancellation The measurement time is 1 yr, a
both these frequencies. The two lasers are locked to resperealistic value in view of past experience with optical reso-
tive modes of the monolithic resonator, making use of thenators.
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TABLE Il. Dispersion differenceln(;) —n(\y)|[/[1+n(\y)[1+n(\,)]=]|A|/w;=Ar1*2 for several
optical materials. The wavelengths axe=\;=1064 nm and\,=532 nm. The subscripts refer to the
polarizations of waves 1 and B8.andeo denote the ordinary and extraordinary polarizations, respectively.
Vitreous fused silica-SiO,) and Cak are optically isotropic media.

i AN AN AN AN AN AN

Materlal AO,10 ? Aeé,eg AO,leO2 Aeé,oz AO,leO1 A0,2602 Ref

Cak 0.0071 [19,20

MgF, 0.0048 0.0048 0.0051 0.0045 0.00023 0.00032 [19,2]]

Al,0O4 0.014 0.013 0.013 0.013 0.004 0.0045 [22]

Sio, 0.010 0.010 0.011 0.0097 0.000033 0.00010 [19,23

v-Sio, 0.0079 [24]
Materials that have been shown to exhibit low loss in the B. Index of refraction stability

optical domain(see[15,41,16 and Sec. V all fall in the For sapphire, the thermo-optic coefficient is estimated to
class of weak dispersion. For a few materials, Table Il giveg,q 7=1X10"1YK at 2 K. This leads to a temperature sta-

the parameteA for different combinat_ions of_ interrogating bility requirement|AT|<|An;|o/n|/7=1 uK to satisfy re-
waves. We see that the use of two widely different frequeng, irement(ii). Such a temperature stability can be achieved
cies givesA values that are more than an order of magnitud&, e, |ong time by active control. Note that a significant re-
larger than if one uses the different dispersion of the ordinaryy,ction of the temperature stability requirement could be ob-
and extraordinary polarizations in a birefringent medium atained, if necessary, by working at sub-kelvin temperatures
the same frequency. In the following we assume the vaIu¢F26]. Also, the temperature dependencesngfandn, may
|Al/;=0.01 and a laser wavelengthi2/w,=1 um. Equa-  turn out to be similar, which would reduce the temperature
tion (18) implies that(i) the relative length change must be stability requirement.
|ALy|e/Ly|<1Xx107 12 (ii) the relative index changes must  The laser wave circulating in the resonator is to a signifi-
be |Anj/nj|<1x10 Y, assuming the worst case where cant fraction dissipated in it. The heating results in a change
An,|. and An,|. are uncorrelated, angii) the lock error  of the optical path length. The active temperature control of
drift for either laser must bpA we|/27<3 mHz. the resonator cannot fully regulate away the effects of a
Requirementsi) and(ii) indicate that a cryogenic resona- change in temperature along the light path, since the tem-
tor is the only option. Only in such resonators can the temperature sensor will be located at the boundary of the reso-
perature dependence of the optical path lengths, and the  nator. An estimate for a 10-cm-long sapphire resonator at
aging (dimensional relaxationbe sufficiently low. The rea- cryogenic temperature idn/n=10"1® per uW change in
sons for this are, respectively, that the thermooptic coeffidissipated power. This implies that the circulating power
cient »=n"1dn/dT and the thermal expansion coefficient must be stable within 0.&W by controlling the input power.
y:Lr‘tld L, /dT decrease a33 at cryogenic temperature, Since typical input powers are low, a feu\WV, this require-
and that there is little thermal energy available for activationment is not difficult to meet.
of disclocation motion. The influence of external magnetic and electric fields on
Requirementsi)—(iii ) are discussed in turn below. the index of refraction is treated in Appendix A. It can be
kept sufficiently low by an appropriate choice of material
and/or shielding.
A. Dimensional stability The influence of aging on the index of refraction at cryo-

The thermal expansion coefficient of sapphireyig K) genic temperature is unknown.

=5x10"9K and would imply|AT|<0.2 mK. However,
the temperature stability required by conditiGn is more
stringent(see below. A lock error can arise for several reasons: drifts in elec-

Dimensional aging effects of a vacuuhe., nonmono- tronic components in the servo system, spurious interference
lithic) sapphire cryogenic optical resonator have been studiedffects in the light path of the laser beam between resonator
over a long time(6 monthg. An upper limit(determined by and photodetector, and changes in alignment of the wave
the sensitivity of the measurement sysjeis |AL |¢/L | entering into the resonator causing a change in coupling to
<2x10 11 [25]. Experiments in our group are under devel- higher-order resonator modes. The beam geometry must
opment to increase the sensitivity and provide a tighter limittherefore be kept very stable over time. The lock error is

The gravitational force acting on the resonator slightlyproportional to the resonator linewidthA wo|=éw,, with
deforms it, changing in particulakt,. If the orientation the numerical factord<1 being a function of averaging
changes with respect to gravity, a chanye,; will occur.  time.

C. Laser frequency lock stability

Calculations show that at an offset tilt of 1 mrakll_; /L, For a level 5=1x10 ® over the assumed integration
=10"1° per mrad tilt change. Active tilt stabilization can be time of 1 yr a cavity linewidth on the order aob,/27=3
used to kee@\L,; within the required bounds. kHz is required to satisfy conditiofiii). This imples a very
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optic axis

flat mirror —> ﬁ— convex mirror, R = 1m
[«—>]

4.2 cm

low bulk loss (scattering plus absorptipnn the resonator, f\

belownw,/c=1 ppm/cm. "'M/"" \“w
We have recently studied lock errors for Nd:YAG lasers

(with w/27r=280 TH2 locked to a cryogenic optical cavity Laser frequency [a.u.]

(linewidth w,/277=50 kH2z) over medium time scales. On a

time scale of 1 day lock error drifts at the level of 2 Hz/day FIG. 3. Resonance line of a monolithic sapphire resonator.

were achieved43]. This implies a relative lock accuracy of Transmitted power as a function of laser frequency is shown. The

5=4x10"° over 1 day. Thus, satisfying the above require-'aser is phase modulated at 492 kHz, leading to satellite transmis-

ment will require a very significant improvement in the abil- Sion peaks. The wavelength is 1064 nm.

ity to reduce lock error drifts.

FIG. 2. Schematic of the monolithic sapphire resonator.

Transmitted power [a.u.]
[———
AR

nance of one of the two resonators, measured in transmis-
V. EXPERIMENTAL RESULTS sion. Full width at half maximum{(FWHM) linewidths of
. . . L 180 kHz and 200 kHz were found for the two resonators.
In this section we describe the characterization of sapgjnesses of 10000 and overall losses of 600 ppm correspond

phire monolithic optical resonatof&7]. _ _ _to these values. No significant difference in linewidths was
Motivated by the absence of long-term dimensional drift caned for the two orthogonal input polarizations.

of sapphire crystalline vacuum resonatf?§] and the report From the measured quantities, the transmissions of both
of sapphire of low optical los§16], we chose to develop irrors and remaining round-trip losses are found by invok-
sapphire monolithic resonators. Figure 2 shows a schematiy the standard Fabry-Perot formulas. Table |1l summarizes
of the sapphire monolithic resonators. Sapphire is a uniaxighe characterization results. The derived mirror transmission
crystal (0= Ny 7 Nc). The resonator was fabricated such that, 51yes show that these have excellent reflectivity. The round-
the crystal symmetry axisc(axis, optic axig lies perpen- i |osses are the limiting factor for the linewidth of these
dicular to the resonator axis. The eigenpolarizations argsgonators. Since these turned out to be significantly higher
therefore_z Ilnegrly polarized, parallel to the crystal axis withipan expected, the low mirror transmission led to a very low
extraordinary indexeo=n.=1.7469 at 1064 nm, and per- jn_coupling efficiency. To aid in understanding the origin of
pendicular to it with ordinary index,=n,=1.7546. The {he |osses, three further measurements were performed.
modes are splitin frequency due to the birefringefsee the One of the resonators was cooled to 90 K, to test whether
first case in Appendix A , the internal loss exhibited a temperature dependence. No
The plane and convex end faces of the standing-wavgnange in the linewidth was found within experimental ac-
resonator were coated with high-reflectidfR) coatings for curacy.
the center wavelength 1064 nm. A low transmission was The apsorption loss of the bulk material at 1064 nm was
specified since low bulk losses in the crystal were expectedneasured on one of the resonators using the mirage method
The 8.4-cm round-trip path length implies a free spectral3y) with the beams aligned transversely to the resonator
range of 2.0 GHz. The large radius of curvat(tem) of the  5is (the side faces were polished for that purpodalues

convex face leads to a nearly collimated resonator modgy, the range(9—12+3 ppm/cm were found, implying that
with 200 um waist. The base material was a nominally high-

purity sapphire single-crystal ratHEMEX ULTRA, Crystal
Systems, Salem, MA Two identical resonators were pol-
ished and coated by Research Electro-OptRrsulder, CQ.
The procedure employed to characterize the resonato
was as follows. A 1064-nm monolithic diode-pumped
Nd:YAG laser with single-frequency outpyiO kHz line-

TABLE lIl. Properties of two monolithic sapphire resonators at
1064 nm. The linewidths were measured; the other properties were
Falculated from measured couplings, transmissions, and mode-
r%atching efficiencies.

, Property Resonator A Resonator B
width) was mode matched to the TEMresonator mode,
with typically 80% efficiency. The optical powers incident Linewidth 180 kHz 200 kHz
on, reflected from, and transmitted through the resonator omotal loss per round trip 550 ppm 630 ppm
resonance were measured, as well as the mode-match effiransmissionr; of mirror 1 0.6 ppm 0.63 ppm
ciency to the TEM, mode and the resonator linewidth. To Transmissioril, of mirror 2 2.5 ppm 2.2 ppm
determine the linewidths, frequency modulation sideband&oupling efficiency from side 1 #4103 4x10°3
were imparted to the laser wave at a known frequency so th@oupling efficiency from side 2 8103 14X 1073

a frequency calibration was possible. Figure 3 shows a resa
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TABLE IV. Absorption values of low-loss crystals, at a wavelength of 1064 nm, measured with the
mirage method. Path length is the distance traversed by the absorbed laser beam. The absorption coefficient
¢ is the average over this distance. Ranges imply that the absorption is not homogeneous in the direction
perpendicular to the path length.

Material ¢ [ppm/cm Path lengtfmm] Producer/supplier
Cak, 25-2.8 38 Nishon
Cak, 7.9-8.8 38 Schott
Cak 5.6-6.0 38 Schott
Cak 1.33+0.8 20 Korth

MgF, 14.5-16.7 22 Nishon
SiO, (artificial quartz 3.4+1 5 Steeg & Reuter
SiO, (natural quart 79+ 20 5 Steeg & Reuter
SiO, (natural quartg 19+5 5 Steeg & Reuter
Al,O; (sapphire 9-12 10 Crystal Systems

the resonators have on the order of 100 ppm bulk absorptioaptical or in the microwave regime, in this paper we have
loss over the round trip. focused our attention on the optical domain.

To look for scattering losses, a high-power cw 532-nm  Requirements were derived for performing a significantly
laser beam was passed through the crystal. Scattered lighthproved laboratory test of the time independenceraind
could be observed. Without a quantitative measurement Q’he/mp at the level of 4<10~9yr. The most stringent re-
the scattering it is, however, not possible to estimate its imgyirements to the resonator itself are very low aging effects
portance. In addition, orange fluorescence was qbservegnd very low resonator loss. In addition, the electronic and
This |n+d|_cates absorption by impurities, which are likely 10 opiical system must provide a lock stability at the level of 1
be CF" ions [33]. These ions should, however, only have ppm of resonator linewidth. We have proposed doping of the

”?'“'ma' absorption at 1064 nm. The origin of thé&00 ppm resonator material with a narrow-linewidth electronic or mo-
d[screpancy b.etween absorption loss and total loss per rouri§cular species and shown that in such a case most stability
trip thus remains largely unresolved. It could be scatter at th?e

mirror-bulk interface, or absorption in the mirror, or bulk In our exoerimental work two monolithic standing-wave
scatter plus fluorescence loss. P 9

A reliable source for sapphire with losses at the fewSapphire resonators were fabricated and characterized. The

ppm/cm level is not known to the authors at present. MateriaTeSUIt was the proof of principle that monolithic resonators

of such quality is feasible but requires very pure startingWith mirrors of near-unity reflectivity can be achieved. The

compounds and growth methods that avoid contaminatioPU|k_|°SS of the resonators was af_actor of 1_0 higher than the
[34]. Perhaps the development of next-generation optical intequired value. Therefore alternative materials were investi-
terferometers for gravitational wave detection will provide 9ated with respect to absorption losses, and materials with
sufficient impetus for further development in this direction. the required loss level on the order of a ppm/cm were dem-
It is therefore important to study other crystalline materi-onstratedcrystalline quartz and calcium fluorigérhese are
als as possible alternatives. We have performed measurBtomising for achieving the discussed sensitivity goal. The
ments on quartz and calcium fluoride samples from differenPlanned work is to(i) develop monolithic resonators from
sources. Table IV summarizes the results. The lowest valugdtralow-loss materials and appropriate high-reflectivity and
around 2 ppm/crat 1064 nm are among the lowest ever low-internal-loss dielectric coatings that withstand cooling to
measured for crystals. The only material that shows similarlyeryogenic temperaturéii) characterize and improve the la-
low loss is synthetic fused silic@ glassy material as used ser lock instability over long time scalesiji) perform a
in telecommunication fiber§27]. These values satisfy the search for aging effects of the index of refraction at cryo-

level required for the proposed experiméBecs. IV C and genic temperature using a monolithic resonator, @nper-
Appendix B. form a higher sensitivity search for aging effects of the reso-

nator length.
Fused silica monolithic resonators should be included in
the tests since the bulk loss in Si@ ultralow [27] and
A conceptually simple method for a laboratory test of thedielectric coatings of similar low los€inesse 200 000that
constancy oix andm./m, has been proposed. It is based onwithstand cooling have already been demonstrated on fused
a monolithic resonator fabricated from a sufficiently stronglysilica substrategusing a vacuum resonatf81,35]). The fact
dispersive medium that also must possess very low loss. Twihat the thermal expansion coefficients of the above materials
oscillators of sufficiently large frequency difference are fre-with demonstrated ultralow loss are significantly higher than
quency locked to the resonator and the temporal stability ofhat of sapphird36] will need to be addressed. Cagnd
the frequency difference between appropriate subharmonidsised silica are isotropic materials and so will require careful
is measured. While this method can be implemented in thenagnetic shielding. Furthermore, quartz is an optically active

quirements can be significantly relaxed.

VI. SUMMARY AND OUTLOOK
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material, although this property should not influence the ¢
resonance frequencies.

Studies(ii) and (iii) will benefit from use of the recently
developed frequency comb meth[&¥], which will allow a
direct and accurate measurement of the frequency of a laser
locked to an optical cavity.
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FIG. 4. Geometry considered for magneto-optic effects. The in-
dex ellipsoid in the principal axis systena,p,c) with semiaxis
lengthsn,,ny, ,n. (principal indice$ is shown. For a given propa-
é;ation directionz, the intersection of the index ellipsoid with a
plane through the origin and normal talefines an ellipsédashed
line). Its minor and major axesx( y) are the directions of the
igenpolarizations of the displacement field vector. Their lengths

APPENDIX A: SENSITIVITY TO EXTERNAL FIELDS

External dc or low-frequency stray fields can change th
index of refraction of a medium due to nonlinear-optical in-
teraction. A clear example is electro-optic media. Their
electro-optic coefficients have a sufficient magnitude thaf

. . the eigenindices.
such media are unsuitable for the present purpose. Another "y 8¢ the elgenindices

example are magneto-optical effects, such as the Farad%’ontributions fromB)z( and B§ are neglected since they are

ffect. It is present in all medi Iso in inversion-symmetri . . )
effect. It is present in all media, also ersion-symmet Csmaller. Thus the shifts are quadratic in the magnetic field

ones, and will therefore be considered in some detail here.Com onent in the propaaation direction. and the eigenpolar-
For a given anisotropic medium and a given direction of, P propag ’ genp

light propagation, consider the coordinate systexy ) izations remain(for realistic magnetic fieldsnearly linear
spanned by the direction of propagatianand the directions [39].

X,y of the two orthogonal linear eigenpolarizatiotis ab- In a f?sof‘ator made of SL_‘Ch a_materlal, the resonance
- i . . frequencies in absence ofRafield will be well separated,
sence of magnetic fieldas in Fig. 4. The dielectric tenser

) . since the static birefringenag,—n, will typically cause a
is Hermitian and takes the form sufficient difference in the free spectral rangeg),L,; and

n2 —ivB. ivB c/nyL,;. If under this condition a laser wave has one of the
X YbBz 1Yby y=r . . .

. ) ) two eigenpolarizations and is locked to the corresponding
e=| 1vB; ny —1yBy |, (A1)  eigenmode, the relative frequency shifi/v for a nonzero

—iyB, iyB, n? magnetic field is given by the above relative change in the
eigenindexAn/n. Thus the frequency shift will be quadratic
where n,,ny,n, are the eigenindices in the absence of ain an applied magnetic fieltanalogous to a quadratic Zee-
magnetic field,y is the magnetogyration coefficient, and man effec}, with a typical value*+ 10-?(B/G)? for |ny
(BB, ,B,) are the magnetic field coordinates in the chosen—Ny| =0.01. At the required 10'° level of constancy oh
coordinate systerf88]. The inverse square eigenindices and(see Sec. 1Y, the influence of the magnetic field appears
corresponding eigenpolarizations in the presence of a magasily controllable.

netic field are obtained from the eigenvalues of the teasor S @ second case we consider absence of birefringence

A . . n,=n,=n, which implies that the propagation direction is
xzxe - [38]. Th9se |nd|cgs d_etern_nne the resonance freI’:llongyan optic axis. In optically isotropic media this is the
quencies of the elgenpqlgrlzatlons in the resonée do case for all propagation directions. The index shift is, to low-
not consider magnetostriction h_&zré’hey are therefore func- est order in the magnetic field components,
tions of the external magnetic field. Obviously, a small sen-
sitivity of these frequencies on the field is desired. The gen-
eral solution shows that we can distinguish two cases.

The first case is when in the absence of a magnetic field

the medium does exhibit birefringence for the chosen direc- . o . N
. - . . The eigenpolarizations are circular in this case, and as a con-
tion of propagation, i.en,#n,. The relative change in the

oo ; o . .~ _sequence linearly polarized light experiences a polarization
eigenindices in the presence of a field is approximately glvelﬁotation. This is the commonly known Faraday effect, with

Anx,y . vB;
n ~2n

. (A3)

N

by the rotatory power given by the Verdet constahit yw/2c.
Any, (yB,)? In a resonator, the eigenfreq.uencies.are poIarization de-
m=r . (A2) generate in the absence of a field. This degeneracy is re-
Mxy 2n; y(ny—ny) moved when a field is applied, and the eigenpolarizations are
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the left and right circular polarizations. When a circularly  The frequency difference is given, following a calculation
polarized laser wave is locked to one of these two eigensimilar to Sec. Ill, by
modes, its frequency shifts linearly with figldnalogous to a

linear Zeeman effegt by a relative amount given by Eq. n, (A Algle
(A3), with a typical magnitude of 10°B/G. Awf_Aw1:1+— T e

This shift is very large even for small magnetic fields if N2 "
compared to the necessary constancy.@ reduction of the A A A 2
influence of magnetic field can be achieved by effective Mile n2|in2 Wi+ weal2 Wer.-
shielding and by using linearly polarized light to interrogate N1 1+n; 1+n;

the resonator. The error signals generated by the two coun- (B3)
terrotating circular polarizations contained in the linearly po-

larized wave could be added such that a strong common Thjs expression shows that it is highly favorable to have

mode rejection of the magnetic field contribution results.;2 of order 1 or larger. Then the drifts of the indice|.,

While this appears feasible, the first case is more favorabl _
and we are led to conclude that one should preferably use e}sgnd of the lock errorsi we;/wy, need only be reduced to the

optically anisotropic crystal and design the resonator Suc?eduction of the drift levels by a factor of 100 compared to
that the resonator mode does not propagate along an OPHfe case of weak dispersion
axis. The requirement for the lock error of wave 2w,/ w1,

must take into account that absorption occurs concomitant
with the large dispersion,=1 assumed. It is determined by

We consider here the case of a medium with a large dif{he imaginary part of the susceptibility:
ference of the dispersions at the two frequeneigsaand w,. o .
For an ionic solid, tuning the lower frequency towards the Im v’ _ N'e” 2wl'f
phonon frequencies increases the dispersion, but the absorp- M Xei( @)= €0Me (Q/2— w?)2
tion will grow exponentially[14], so this situation is not
favorable. Instead we consider the deliberate doping of thg” js the angular frequency FWHM linewidth of the absorp-
medium with impurity ions having an electronic transition tjon and the above expressions fd , Egs.(B1), (B4), hold

and_tuning one of the twollaser frequencies to the vicinity of,g long as the detuning from resonance is much larger than
the impurity resonance. Since we have shown above that thge Jinewidth |Q'—w|>T". The power absorption coeffi-

dispersion due to the phonons is small in typical materlalsciem is £1( @) = w|Im x.,(w)|/n(w)c. This results in an in-

we neglect it altogether, crease of the resonator linewidi, (FWHM hich is
We can model this situation by a susceptibilifw) that inewid, ( ), which i

APPENDIX B: STRONGLY DISPERSIVE RESONATOR

(B4)

. . o iven b
contains the atomic contributiog,; and a term due to a g y
concentrationN’ of two-level systems of transition energy —
Q' and oscillator strength’: (©, Sell®2) _ ) 1802 _,

gt 0= W)+t ———— =+ ———=TI"', (B5
e N2 (n3+2)2
) N'e? f’ o o .
Rexe(w)= —. (B1)  wherew!Y is the resonator linewidth ai, in the absence of

T em02_.2 , L .
€0Me O w dopant ions. In the second step, the explicit form of the dis-

persionn, was used. The lock error will be proportional to
the linewidth, |Aw¢=dw,. The requirement that
|Aweo/2(14n,)| be sufficiently less tham|A «|/a finally
leads to two requirements

Now Q' is an electronic energy))’ ~Eg/#%. In this case,
Rexe(w) obviously does not depend an./m;,. Explicitly,

FI
Rexe(w)= ———F—F—=5, (B2) —
el 1-a *0?lw'? wgg) |[Ac| (1+ nz)(n§+2)2 |Aal
— <w1 y F15< — w1 .
_ o — . ) ) 2(1+ny) a 18n, a
with time-independentw’==m()'c/A and dimensionless (B6)

F’,Q)'. Relation(8) holds here as well.

The measurement we consider is with far off reso- For a measurement godla|/a<4x10 % the require-
nance RI.: 0) and W|th s C|ose to a harmonic 0&)1 and ments forwﬁ?z can be SatiSfied |f the |0Ck aCCUrar@’zl
weakly detuned from the ions’ resonance frequefidy This X 10~ ° can be maintained over the duration of the tasyr)
scheme effectively means performing a comparison of th@nd if the resonator linewidtl, ; */27<100 kHz in the
frequency of a cavity with the frequency of an electronicabsence of impurities, implying loss coefficients below 30
transition, but instead of having separate systems, the confPm/cm. Such levels have already been achielgee Sec.
parison is realized in a single system, the doped monolithit/)-
cavity. The scheme allows for a sensitive testdaf/dt, but Furthermore, the condition on the impurity linewidth
not of d(mg/m,)/dt. yieldsI''/27<100 kHz, assuming,=1 and no significant
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enhancement ai, (which is achievable for a given detuning lecular contribution to the real part of the susceptibility is as
Q' —w, by choosing a sufficiently low concentratiow’).  in Eq. (7), where the&); are fundamental and overtone vibra-
Homogeneous linewidths of intrashell transitions of manytional frequencies of the molecules, neglecting the influence
rare-earth impurities in various host crystals are at or belovof the phonon bands. The imaginary part of the susceptibility
this level at cryogenic temperatuf42)]. corresponding to Ed7) is given by an expression analogous
As one of many practical issues one must consider that ito Eq.(B4), but withm, and()’ replaced by a constant time
a solid the transition frequencies of impurities depend on then, and one of the molecular vibrational frequenci@s,
lattice spacing, among other factors, and thus on the tenrespectively.
perature of the crystal. This gives an additional contribution The advantage of using strong dispersion in a molecular
to An,|, that must be controlled. It should also be mentionedsolid instead of in a doped solid with electronic transitions is
that the narrow intrashell transitions in rare-earth ions arehat the possibility of testing for bottha/dt anddmg/m, /dt
almost forbidden, and the nonzero oscillator strengths is retained: in Eq.(B3), —(my/2mg)A(me/m,) is to be
arise from parity-mixing crystal field effects. A more detailed added toA o/ a.
analysis is therefore required to verify whettéris indeed In conclusion, for strong dispersion, the index drift, lock
independent of. drift, and crystal loss requirements are much less stringent in
In a molecular solide.g., solidH, [40]) or a solid doped comparison to weak dispersion. The length relaxation re-
with molecules, strong dispersion may also occur. The moguirement is equally strongl1—-43.
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