HTML AESTRACT * LINKEES

REVIEW OF SCIENTIFIC INSTRUMENTS76, 064501(2005
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Advanced astronomical missions with greatly enhanced resolution and physics missions of
unprecedented accuracy will require laser distance gauges of substantially improved performance.
We describe a laser gauge, based on Pound-Drever—Hall locking, in which the optical frequency is
adjusted to maintain an interferometer’s null condition. This technique has been demonstrated with
pm performance. Automatic fringe hopping allows it to track arbitrary distance changes. The
instrument is intrinsically free of the nm-scale cyclic bias present in traditi¢nelerodyng
high-precision laser gauges. The output is a radio frequency, readily measured to sufficient accuracy.
The laser gauge has operated in a resonant cavity, which improves precision, can suppress the
effects of misalignments, and makes possible precise automatic alignment. The measurement of
absolute distance requires little or no additional hardware, and has also been demonstrated. The
proof-of-concept version, based on a stabilized HeNe laser and operating on a 0.5 m path, has
achieved 10 pm precision with 0.1 s integration time, and 0.1 mm absolute distance accuracy. This
version has also followed substantial distance changes as fast as 16 mm/s. We show that, if the
precision in optical frequency is a fixed fraction of the linewidth, both incremental and absolute
distance precision are independent of the distance measured. We discuss systematic error sources,
and present plans for a new version of the gauge based on semiconductor lasers and fiber-coupled
components[DOI: 10.1063/1.1921408

I. INTRODUCTION complexity, a combination of polarization and spatial sepa-
Metrology based on laser distance gauges will be an enr_atlon has been usé&dFor the highest precision distance

abling technology for a new generation of astronomical mis_measurement', 't. WOUld. t.)e deswabla o operate n a resonant
vity and gain in precision by the finesse. Although hetero-

sions characterized by large and distributed apertures and o .
unprecedented performance, spanning the spectrum frofyN€ 9auges do not function in a cavity, they can be operated

mm waves to x rays. These observatories will have demand? & Multi-pass interferometer, thus achieving some of the
ing requirements for metrolody? which traditional laser advantages of a cavity, again at the expense of additional
gauge architectures have so far proved incapable of meetingPmplexity. _ _
Precision laboratory measurements ranging from tests of the 1he teéchnique of locking a laser to a cavity and measur-
equivalence principle to gravity gradiometry, including N9 the optical frequency by heterodyne against a stable laser
space-based versions, will similarly benefit from substanhas been used for measurement of refractive ifdéshe
tially improved laser gauges. A new architecture is needed.work here differs in that this technique is used to measure a
The quasistatic homodyne laser gauge using quadratulistance that changes. For changes too great for the available
detection is normally limited in accuracy to no better thanfrequency shift rangéwhich is often no more than several
A/100. The classical precision laser gauges employ twavavelengths the laser must hop from one fringe to another.
beams and a heterodyne principle. In the most common cone have demonstrated a tracking frequency laser gauge
figuration, the beams are overlapped, transported together tdFG) that can hop as often as every 6.
the measurement interferometer, and separated there using a To measure absolute distance, we and others measure the
polarizing beamsplitter. One traverses the measurement patlifference of optical frequency of nearby interferometer or-
and the other traverses the reference path. They are recomers. Stoneet altt report the difference of successive path
bined by a beamsplitter, and fall on a detector. Imperfectneasurements in a lab environment, as a function of the time
separation leads to nm-scale cyclic bias. Reduction of théetween readings; The range ofr is 0.05-10 s. They state
bias by dithering and averaging over the cycle has led tahat these differences are dominated by air turbulence, with
improvements, but limits the maximum readout rate toan rms roughly proportional ta2. The TFG can hop be-
~1 kHz® The amplitude of this bias has been reduced to 1Qween interferometer orders atl kHz, so should realize a
pm, without averaging, using spatial separation of be&ihs. substantial reduction of absolute distance error due both to
To enhance the separation of beams, at the cost of additiongirbulence and to vibration.
In applications requiring the highest sensitivity, such as

dAuthor to whom correspondence should be addressed: electronic maiROtential Spac?bome tests of the e_qUin?‘lence principle, there
jphillips@cfa.harvard.edu can be a requirement that fluctuations in the pressure of the
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where L, is the measurement interferometer length. For a
VES vCo particular fringe,N, we have
Frequency | _| fmG)—‘ NXp=2L,. (2)
Counter : (The N fringes could in principle be counted by moving the
Analog é{cn:pllnlg endpoints togetherFor a slightly different length., with the
Output ontroTer optical wavelength adjusted to stay on the same extremum,
FIG. 1. Block diagram of the tracking frequency laser gaG§EG) as NA=2L. (3)

currently implemented in a cavity. “Int” is the measurement interferometer . _
whose lengthL., is to be measured. Digital outputyia frequency counter. L€t fo and f correspond tog and A, respectively,sL=L

—Lg,ON=N—Ag and o6f=f-fy,. Then, during a period of
smooth operation, with the wavelength locked to an extre-
measuring light have a minimum impact on the system beingnum (i.e., N fixed)
measured. For a fixed measurement time, there is a power 5 s - 5f
level that minimizes the sum of shot-noise-dominated mea- T—=7"= ,
surement error and disturbance due to radiation pressure

fluctuation. Cave$**has investigated the effect of radiation Ao Of Ao OF

pressure fluctuation on the sensitivity of a gravitational ra- oL=—-— =~ (4)
s ! 2 of 2 ¢,

diation detector based on a nonresonant interferometer, and Dy + —

Jacobset al'* have extended this work to resonant optical N

cavities, including phase modulation detection. In this ar-Thus, the change of frequency measures the change of
ticle, we do not further address either this issue or these vengngth.
high accuracy applications.

In Sec. Il, weégifé:uss an alternative to the heterodyne
approach, the TFG>™ In Sec. lll, we discuss the current : .
implementation of the TFG and the results from tests of thafa\' Present implementation.
version. Finally, in Sec. IV, we introduce a series of tech- [N our implementation of the TFG, we employ Pound-
niques that we plan to use as part of a more robust, Capab@,rever—Hall locking. The current version is shown schemati-
and potentially space-worthy laser gauge that we are devefally in Fig. 1. An optical signal from the variable frequency
oping, the semiconductor laser TRGL-TFG). In the Ap-  source (VFS) of an adjustable wavelengthys is phase
pendix, we show that measurement of absolute distance fodulated at a frequencl, and introduced into the mea-
based on group delay. Except for the analysis in the Appensurement interferometer whose length, is to be deter-

dix, the discussion assumes that the laser distance measufgined. When\es is away from, the wavelength at the
ment is made in vacuum. intensity extremum, the optical signal emerging from the in-

terferometer is amplitude modulated, resulting in an electri-
cal signal at the detector output fa with a magnitude and
sign that indicate the offset. Synchronous detectiofy,and
filtering yield a signal that is used to contmo|gg, driving it
back to\. The corresponding optical frequency shift is mea-
Here we discuss the TFG, its architecture, its precisiorsured by a frequency counter.
for incremental and absolute distance, and some recent im- In any TFG realization, there is a limi\f = 7f,, to the
provements we have made. The TFG takes advantage of thiange of optical frequency shift available for measuring in-
convenience and effectiveness of shifting a laser wavelengteremental distance. This, in turn, sets the limit to the distance
to lock it to an interferometer fringe. The shift is converted tochange that the laser gauge can follow smoothly
a radio frequency, which facilitates measurement to ample Af A Af L\
accuracy. In its original form, the TFG measured only incre- L=——-=gL=——————3.3um. (5)
mental distance, the change of distance from the starting po- b2 1 GHzl m1 pm
sition, over a very limited range. A gauge that measures ab-or many purposes,s is inadequate. To overcome this limi-
solute distance determines the starting position as welkation, we have built a controller with a nonlinear aspect such
usually with less precision and with some bias. We havehat whendf reaches the limit of the available range, a “hop”
added “fringe hopping” to the TFG to extend the incrementalis introduced. Thus, for example, when the TFG controller
measurement to an arbitrarily large range. This addition alsoeaches the low frequency threshold, it increases the optical
gives it the capability to measure absolute distance. frequency abruptly by an integer multip(&) of ®,, so that
Consider the measurement cavity in Fig. 1, or a nonresothe interferometer jumps from one null to another. If the hop
nant interferometer with the same optical path differencds faster than the closed-loop response time, it will go “un-
(OPD). It will have a series of intensity extrem@inges noticed,” and yield minimal disruption. Similarly, the mag-
separated in frequency by the free spectral range nitude of the hop should be accurate so that the perturbation

Il. TFG PRINCIPLES OF OPERATION
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of the TFG servo loop is small and thus damped quickly.square is the net error. Let,(5f) be the uncertainty of an

After the hop,N has been replaced hy+K. estimate ofsf based on data spanning a timeThen these
terms are
B. Slew rate N
The “slew rate” of the TFG, i.e., the velocity that it can 1= E‘TT(&D'
follow without slipping a fringe, depends on the minimum
time between hops and the distance change corresponding to N Sfo(d)
one hop. We have demonstrated hopping au20ntervals 0= > » (8
without slipping fringes. The distance change for one hop is
proportional toAf, and inversely proportional t®, so pro- A (852 a(N)
portional toL. Let t,, be the time between hops; the velocity 03= b d N
is

Strictly speaking, the last line is valid only whetiN) > 1; if

ve= 0.33—|. (6) not, N should be treated as a discrete variable and the expres-
1pumlGHzIm t, S sion replaced by one based on a discrete probability distri-

Note that measurement accuracy will suffer near this ratebution. Howevergs can be ignored entirely for any plausible

For precision measurements, the servo must have more sdtFG. To see this, we combine Ed4) and(2) and differen-

tling time. The present servo has a bandwidth of 50 kHzfiate to get

implying a time constant-3 us. To settle with the present o(N)  o(®d)

N Af Llo,us( m)

TFG after a hop to within 1 pm, assuming\&20 transient, N P 9
requires t,=35 us. This corresponds to a slew rate of

0.01 m/¢L=0.5 m,5f=300 MHz A=633 nm.  Allowing and combine this with Eq®8) to find

measurement time while at high precision would require Sf

slewing at a lower rate. 03= 07 < 0y. (10)
C. Absolute distance We next consider the importance @§. Suppose that the

Because the TFG uses an adjustable optical frequency G Mmeasures the frequency shifé; and of,, before and
measure incremental distance, the above-described hops &t&er @ hop oK fringes, where we chood€to be as large as
intrinsic to measuring distance changes of more thanand ~ POSSiPIe, given the available rangé. Then
little or no additional hardware is required for measuring 5, — of;
absolute distance. By measuring the frequency sffifbe- o= K 1y
fore and after a hop, the TFG measures the free spectral )
range,®, of the measurement interferometer correspondind®S 10ng as undetected fringe hops are rare, we may use data
to the current length. The estimate of is thenc/(2®). For ~ t@ken over a spaii> 7 to form the estimates oif, and of,,
the case of a dispersive medium in the path, see the Appeﬁmd

dix. A few years ago, when we added hopping to the TFG, 2 [
or(®) = 7o)

we demonstrated this capability to low accur&@yl mm in (12
a preliminary test plagued by technical noise. We anticipate
demonstrating a substantial improvement in this capabilityPutting this result into Eq(8) yields
by using the refined TFG described in Sec. IV. e
r
=2——1\|Z0. 13
(03] KD TO']_ ( )

D. Statistical error

Here we calculate the random portion of the error inTherefore, sincgsf| <K®/2,0,<a;. Neglectingo, andos,
determiningsL. We will not treat the error due to laser wave- the TFG’s precision for incremental distance in a timis
length variation in any detail here. It affects our present TFG o (SN
implementation in the same way it affects other laser gauges. o (dL) = TTE
Also, in many applications, the object is to measure or con-
trol the ratios of distances. In these cases, the impact of in- How doeso(éL) depend orL? If in time 7 the frequency
stability or error in the reference wavelength is eliminated orshift f is determined to within a fractioa, of the full width
substantially reduced. We calculate the error assuming tha&t half maximum(FWHM) of the measurement interferom-
\o is known and stable. Consider small changeéfi, and  eter fringe, the precision is

(14)

N. Proceeding from Eq4), keeping only leading terms in N
ofIf, O'T(EL):anE, (15)
A of (6% 1 . :
d(&):_ﬁ d(5f)—$d<l>+ s @dN . (7)  wherep is the ratio of FWHM to®. For a nonresonant

interferometer,p=0.5, and for a cavityp=1/FINESSE The
Assuming that the errors ifi, ®, and N are uncorrelated, shot-noise-limited sensitivity has been calculated for
there are three terms in the error &6f, whose root sum nonresonarf and resonant interferometers. For the present
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TFG atA=633 nm, witha(sL)=10 pm in 0.1 s and finesse \577

of 6.5, @,=2.1X10% In the absence of technical noise, @< —_—. (19
this would require~2x 10" detected photons/s, or7 vp

X 10712 W of detected laser light. For the current TFG, this requires< 1.6x 1075, a two order

With a nonresonant measurement interferometer, or & magnitude improvement. However, the SL-TFG is ex-
cavity with losses held constant asvaries, p is constant. Pected to meet this criteriofsee Sec. IV A If there is dis-
Under the assumption that the precisionsfis a constant persion in the measurement interferometer, absolute distance
fraction of the linewidth, the TEG’s incremental distance pre-can still be estimated as long as the dispersion is adequately
cision is independent of the length measured. modeled(see Appendix If the dispersion is only due to the

To calculate the error in absolute distance, again suppos&avelength dependence of the phase change upon reflection,
that the frequency shiftsf, and 5f, before and after a hop of it may cause a small error N, but will not prevent returning
K fringes are estimated using data Spanning a time each to the same value ol after an interruption. Furthermore,

frequency. From Eq(4) mirrors developed for use with femtosecond optical pulses,
¢ which reduce this variation, may make negligible the bias in
o (6f) = EUT(&')’ i={1,2. (16) the estimate oN.
Combining with Eq.(12) (settingT=17), one obtains an esti-
mate of absolute distandewith uncertainty Ill. REALIZATION AND TEST RESULTS
L of of 2 In our present implementatiotFig. 1), the VFS com-
oll)= o )= pod) = moldl) = ;]UT(CSL) prises a Zeeman-stabilized HeNe lagéx/\ <1x 107, 1

s; 2x10°, 1 min; 1x101% 1 day, an acousto-optic

(17) deflector-modulatofADM) driven by a voltage-controlled
In the above equation, we assume that the errors in the twescillator(VCO) operating over the range 187.5-312.5 MHz,
frequency measurements are uncorrelated. Sipeel, the and an electro-optic modulatofEOM) operating atf,
uncertainty in absolute distance must be much larger than the8 MHz. The free-space beam from the laser passes through
uncertainty in incremental distance when a comparabléhe ADM four times, canceling the angular deflection and
amount of time is used for each measurement. However, ifroducing an optical frequency rangef=500 MHz. The
many cases, absolute distance can benefit from a mudhOM phase modulates the frequency-shifted laser signal
longer averaging interval than incremental distance. A potenwith a modulation index of 1.5.
tial further improvement in absolute distance precision The phase modulator can produce a small direction
comes from the use of an increased bandwidth. In(Ed), variation atf,,, which can introduce error. To suppress this
Af is the range for smooth operation. However, using theerror, the beam is coupled into a single-mode polarization-
scheme for absolute distance described below for the SLmaintaining fiber after exiting the phase modulator. The
TFG, it is possible to hav&®/Af>1. beam emerging from this “cleanup fiber” has no direction

Additional statistical error comes from distance fluctua-modulation, although, in principle, the variation of input cou-
tions due to vibration, turbulence, etc. In most cases, th@ling efficiency with beam direction produces some spurious
Allan deviation (see below of these fluctuations falls with amplitue modulatiotAM) (Sec. Il A). The fiber also serves
increasing frequency. Thus, rapid hopping is advantageou® bring the beam to the measurement interferometer without
up to the rate at which the servo settling time significantlyrequiring a rigid mechanical connection between the VFS
decreases the time available for the separate measuremedfyg the interferometer. The cleanup fiber may be quite long,
of of;. providing flexibility in the placement of the VF$We have

Equation(17) implies that, under thépreviously notegd ~ used a length of~10 m) The fiber ends are cleaved a8°
assumption that the precision éf is a constant fraction of to suppress reflections that would otherwise produce spuri-
the linewidth, the TFG’s absolute distance precision is indeous AM. The beam emerging from the fiber is collimated and
pendent of the length measured, as for incremental distanc#troduced into the measurement interferometer.
The greater difficulty of deducing absolute distance frém In the ADM, a traveling sound field diffracts the beam,
asL increases is compensated by the fact that a given freand the diffraction efficiency into the desired order varies
guency shift range\f spans a greater number of fringes. with 8f. This intensity variation causes the servo’s loop gain

When the highest precision absolute distance is needep vary correspondingly, which can cause error. The intensity
it may be obtained by connecting to the incremental-variation is reduced with a “noise eater” circuit. A sample of

precision scale. If the absolute precision is sufficient to dethe beam following the EOM is detected and fed back to the
termine the integeN, then a new and very precise absoluteintensity modulation input of the VCO that drives the ADM.
distance is The ADM drive is set below saturation, so that reducing the
drive reduces the diffraction efficiency.

L=Nr+dL. (18) A rf photodetector in the exit beam of the interferometer
To make a reliable determination &, we requireo(L) provides the error signal, which is amplified and detected
<\/y, wherevy is at least 6. Using Eq$15) and(17), and  synchronously by a mixer. The detected signal is further am-
assuming that all of the available frequency shift range iplified and integrated by the loop controller and fed back to
used for measuring absolute distance, this is equivalent to the VFS, which keeps the optical frequency centered on the
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'z . ’ times of 0.1-1 s during the quieter periods of operation. This
ygo resolution (ca. 2002) X R K . i
SITImiTimimrmimimm s SR is slightly better than the results at1 s in Fig. 2, obtained
S| ar=rrecmrr1 I over a decade ago. Figure 2 shows the difference of measure-
X Common Path Feb. *92 ments made with respect to the same laser wavelength. The
difference was thus insensitive to wavelength variations. The
recent measurements were not differential, and if the laser
wavelength varied at the level specified by the laser’s manu-
facturer, it would have contributed significantly to the re-
cently measured apparent distance variations.

Deviation (pm)

B. Systematic error sources

1 100 10000 Laser gauges can easily achieve great precision with
Time scale (sec) . . .
modest laser power and integration time. As usual, connect-

FIG. 2. Root Allan variancez, vs averaging timer [Eq. (20)]. The TFG  Ing this to accuracy is more difficult. Here we discuss errors
measured a path _stabilized by the AFNG. They employed the‘same path idue to spurious AM from several sources, polarization-
the measurement interferometer and HeNe laser, but different mterferometaependent phase shifts from mirrors at nonnormal incidence,
orders. The two runs shown used different approaches to the problem o fracti ind iati db l t iati
spurious AM generated in the cleanup fiber. The Feb. 1992 run employe§€Iractive Index Varl'a 1ons, an _e‘?lm alignmen V_arla: lons.
angled cleaves at the fiber ends, which is now a standard approach in terror sources are discussed again in the next section in con-
telecommunications industry. nection with the SL-TFG.

interferometer null. The frequency shift may be read accu-l. Spurious AM
rately using a frequency counter, or more rapidly by exam-  Consider points A and B along the nominal path from

ining the voltage input to the VCO. source to detector, and a spurious path by which light can get
from A to B by traveling an extra distande.g., by making
A. Statistical error an extra round trip between partly reflecting surfaces or fiber

We have tested the TFG by comparing it with a gaugee”ds’ or scattering out of the_beamz reﬂecting from a nearby
operating on a different principle, the alternating frequencySUrface, and scattering bacK.iffhe light traveling the spu-
null gauge(AFNG). The comparison was conducted with a M1OUS path mtgrferes with the desired light gnd the net inten-
nonresonant measurement interferometer employing opetty IS @ function of wavelength. If the spurious path comes
cornercube retroreflectors with front-surface overcoated alu@fter the phase modulator, it converts part of the phase modu-
minized mirrors, and operating in air. The AFNG drove glation sidebands into a_mplltude modulation in the same way
piezoelectric element to stabilize the interferometer OPD tghat the measurement interferometer does, and so generates a
the wavelength of the HeNe laser. Disturbances were domgPurious signal. Further, that signal will vary with wave-
nated by turbulence of the air in the path. The TFG wadendth and with any changes in the extra path ler(gtly.,
locked to a neighboring interferometer fringe. Variations ininduced by temperature, gas pressure, and mechanical stress
the TFG outputy(t), were due to TFG error, AFNG error, On & fibej. . _
and imperfect removal of air-path fluctuations due to the fi- 1"€ Simplest cure would be to avoid partly reflecting
nite gain of the loop comprising the AFNG and the piezo_components after the'phase modulator. Th|§ is not entirely
electric actuator. The Allan deviation of the difference is de-POSSible due to reflections from the cleanup fiber ends. How-

fined ad? ever, in the present TFG, we have succeeded in employing a
cleanup fiber and achieving 2 pm accuracy by using angle-
N-1 1/2 . . . .
_ 1 2 cleaved fiber ends. If this technique does not suppress spuri-
A= [2(’\‘ -1 21 (Yie1 = ¥i) ] ' (200 4us reflections enough for a particular objective, a servo can
. be employed in which the AM is sensed and corrected by
where feedback. This is similar to the noise eater described above,
1 (7 but suppresses amplitude fluctuationsfat A feedforward
Yi= ;Jo ) y(tdt (21)  technique may also be used.

Another source of spurious AM is beam direction varia-
andy(t) is inferred from measurements of the VCO outputtion introduced by the phase modulator. The modulator in the
frequencyz(7) is shown in Fig. 2. We reduced the deviation present TFG is a Conoptitsmodel 370, configured for use
to meet the requirement of the POINTS profééPfor which  as a phase modulator. It employs two crystals of ammonium
the TFG was being developed. dihydrogen phosphat@DP). With z along the axis of four-
Recently, we also tested the TFG's stability in a resonanfold symmetry, the electric field dt, is applied along, and
optical cavity. This test was performed in vacuum, using goropagation is alon¢0,1,1). In principle, the arrangement of
measurement interferometer formed by the two corner cubthe two crystals cancels the beam deflection, both the static
endpoints of the principle of equivalence measurementleflection and that due to the electric field. Following the
(POEM).?! In these tests, the noise was not fully characterphase modulator, the beam is coupled to the cleanup fiber.
ized, and showed some variation. The cavity length wadMisalignments will arise from air currents, thermal distor-
~1/2 m, and the Allan deviation was 10 pm for averagingtions, or a residual variation of beam angle due to the optical
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frequency shifter based on the ADM. These misalignmentsng faces and their images. For a hollow-solid retroreflector,
combine with the residual direction variations fat due to  the beam must underfill these sectors. To construct such a
the EO modulator to cause ANIThese misalignments would retroreflector, one could start with a filled retroreflector, and
be largely eliminated if the beam traveled to the phase moduemove the glass along the beam paths. To replace the re-
lator in fiber, instead of in free spage. flecting function that has been cut away, front-surface reflec-
tors would be attached to what had been the reflecting faces
2 Polarization effects of the filled retroreflector. One or more of the attached re-

When corner cubes are employed as end points for thflectors could be made partially reflecting for coupling.
measurement interferometer, the beam impinges on the re-
flectors at nonnormal incidence angles, typically greater tha®. Alignment
45°. The phase change on reflection from a single surface A significant source of measurement error with any high
experienced by signals smandp polarizations can differ by precision distance gauge is beam alignment in the measure-
as much as 30°, corresponding to a distance changé2.  ment interferometer. With.=1 m, a beam misalignment of
Thus, even small variations in the polarization state wouldl.4 urad gives an error of 1 pm, assuming that the beam
cause unacceptable variations in the apparent distance. Thigarted in perfect alignment. If a resonant cavity can be used
problem occurs in any laser gauge that uses cornercube reébr the measurement interferometer, misalignments must
roreflectors. However, the TFG has two advantages in miticouple to off-axis modes, which are suppressed. Further, a
gating polarization errors: it may employ any chosen polarpowerful method is available for determining and maintain-
ization in the measurement interferometer, and it maying alignmemzf5 It is based on an optically stable resonator,
employ a resonant interferometer. For tests to date, we hawghich requires the resonator to include some focusing power.
placed a linear polarizer between the fiber output and th&his is often done by making one cavity end mirror curved.
measurement interferometer, holding the polarization statgdditional signals are injected into the cavity at the frequen-
constant. In a nonresonant interferometer, it might be bettegies of the first off-axis modes. These are detected by a rf
to employ a polarization state corresponding to an extremunguadrant photodiode, are demodulated, and drive actuators to
of the distance, making the response to small polarizatiominimize the excitation of the off-axis modes, thus maintain-
variations second order. ing alignment. Sampas and Anderson demonstrated align-
With a resonant interferometer, we rotated the polarizament sensitivity of 0.1 nragdHz from ~1 Hz to 1 kHz. A
tion angle and found modes at two distinct optical frequensimpler approach, not requiring the added modulation, is to
cies. We selected one mode by setting the polarization angigse dc quadrant photodiodes to provide the alignment signal.
to minimize the other. The ideal solution would be to employThis method functions in a nonresonant interferometer as
a polarization eigenmode, which in practice may not be lin-well, although error is further reduced in the resonant cavity
early polarized. The suppression of polarization error is enpy the passive suppression of off-axis modes.
hanced over that in a nonresonant interferometer both be-
cause .couphng of the polarized input begm to the undesweR/ MORE ROBUST VERSION
mode is suppressed, and because the eigenmodes are at dif-
ferent optical frequencies, so that the excitation of the sup- We are developing a version of the laser gauge on which
pressed mode causes little bias. The controller locks to tha spaceworthy instrument could be based. In this version of
chosen mode. Petkand others have studied the polarizationthe TFG, we replace the HeNe laser with a tunable semicon-
eigenmodes of a cavity, and polarization effects of corneductor source, and eliminate both the ADM and most of the
cubes. free-space path in the VFS. When testing in laboratory air,
Refractive index variation in the measurement interfer-this will reduce the influence of turbulence. When operating
ometer affects all distance gauges in the same way. In owither in air or vacuum, eliminating free-space path will re-
present setup, the retroreflectors are solid and each intratuce error due to thermally driven movement of components.
duces 3.5 cm of glass path. In addition, the beamsplitter anBiber-coupled components also will keep the VFS modular,
a compensator plate are both in the measurement path. Howimplifying setup, reconfiguration, and repair. For a flight
ever, the measurement interferometer for the TFG can be ersion, however, it may be desirable to eliminate the fiber
resonant cavity with an optical path entirely in vacuum,connectors, employing fusion splicing instead.
eliminating error from refractive index variations. Such an In the SL-TFG, one lasgiTunable Laser in Fig. 3will
approach requires an alternative retroreflector design as wdtlave its wavelength locked to the measurement interferom-
as injecting and extracting the light through a retroreflectoreter. A second lase(Reference Lasgmwill be locked to a
surface that is partially transmitting. A retroreflector requir- high-stability reference cavity, and the frequency difference
ing substantially less path in glass is the cat's-8ywhich  (beat not&counted. A change of beat note indicates a change
also has little effect on polarization. in L. The tunable laser’s frequency control input is an analog
All-reflective cornercube retroreflectors have no glass insignal that can be read faster, but with lower accuracy.
the path, but existing designs may not have adequate dimen- The SL-TFG will be based on distributed feedback
sional stability. A “hollow-solid” all-reflective corner cube (DFB) semiconductor diode lasers operating in the 1550 nm
having the dimensional stability of a filled corner cube may(190 TH2 band. These lasers are available at moderate cost
be constructed. Looking into a corner cube retroreflector, onfom several vendors, create most of their output in a single
sees six sectors bounded by thadial) lines between reflect- longitudinal mode, have adequate coherence length
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VFS
Tunable Phase Reference
Laser Modulator | | | | | cavity modes
| — : v v
Reference _})- O— R1 R2
Laser fn
F Measurement
requency | | | | | | | | | | | | interferometer
Counter modes
Analog Hopping VM Ve
Output Controller

FIG. 3. Block diagram of the new tracking frequency gauge based on tun-

able semiconductor lasers and fiber-connected components. Int is measurc

ment interferometer whose length,is to be measured. Digital outputuga FIG. 4. Reference and measurement interferometer modes, for scheme in

frequency counter. “Tunable Laser” and “Reference Laser” blocks may inwhich a large rangeAf, of order 10 GHz is used for measurement of

clude filters for side-mode suppression. absolute distance, whef¥ , is larger than the detector or frequency counter
bandwidth.

Optical Frequency

(~2100 m), can be purchased with fiber-coupled output, and

are rapidly tunable via their injection current. They haveportant consideratiofSec. Il D). If it is important, it can be

been used for atomic spectroscopy for more than a dé€adereduced by making the reference cavity of thermally stable
For the SL-TFG, servo bandwidth higher than 100 kHzmaterial and locating it in a thermally stable environment, or

is a secondary goal. The intrinsic limit to servo bandwidth Ofusing instead an atomic line reference.

the present TFG was a time delay in the ADM. In the SL-

TFG, with a rapidly tuning DFB laser, the only intrinsic limit

to bandwidth will be the light propag_atio_n time in the mea- B. Absolute distance with SL-TEG

surement interferometer. However, it will be necessary to ] .

address a complication posed by the frequency modulation " Sec. Il C, we described the scheme for measuring

(FM) response of DFB lasers. At low frequencies, the re-absolute distance with the present TFG. The SL-TFQ will

sponse is thermal, while at high frequendiesl MHz), itis ~ Operate at71550 nm and could employ a frgquenpy shift for

due to changes in carrier density. The two responses have tiipsolute distancaf, of order 10 GHz> Af. If it achieves 10

opposite sign. This problem has been solved for some diodeM Precision at the longer wavelendimplying a reduction
laser source? of @ in inverse proportion to the wavelengtht will meet the

criterion[Eq. (19)] for connecting absolute distance with in-
cremental.
A. Error sources  (SL-TFG) The scheme illustrated in Fig. 4 allows the measurement

The “side modes” of DFB lasers are a possible source 0bf absolute distance based on a frequency shifhgf. It
error. While most of the light is emitted in the principal permits the measurement aff, without the need for wide-
longitudinal mode, some is emitted in other modes. For exband photodetectors or counters. By employing a variant of
ample, the JDS Uniphase CQF935 |&8émas side modes at this scheme, it would be possible to measure absolute dis-
~85 GHz spacing, extending10 nm (1.2 TH2 either side  tance with just two lasers using bootstrap methods, provided
of the principal mode. Its specified side-mode suppressiothat the measurement and reference interferometers are
ratio (SMSR) is 30 dB min, 45 dB typical. For a nonresonant stable. However, we limit our discussion here to the ap-
measurement interferometer operatingAat1550 nm and proach using four lasers.

SMSR=30 dB, the maximum error due to a side mode is 120 There would be two reference lasers at optical frequen-
pm. This is mitigated by three factor§l) The laser side cieswvg; andvg,, both locked to modes of the reference cav-
modes have a broader spectral width than the principalty that are separated by as large a frequency sphnas
mode. In many cases they span several measurement int@essible, limited by the tuning range of the lasers. The first
ferometer modes, and there is reduction by averad®)gf and second measurement lasers would be locked to measure-
the measurement interferometer is optically resonant, the efment interferometer modes at frequencigg and vy, near
fect of side modes is suppressed by the finesse, since thg, andwvg,, respectively. With the lasers locked this way, the
side-mode linewidth will likely be greater than that of the frequency differencesy;—vg;,i=1, 2, would be accurately
measurement interferometer resonar(@g.If necessary, the known by counting beat notes. The quantiby,— vy
side modes can be filtered out, e.g., by the JDS wavelength[ (vy2— Vro) = (¥m1— Vr1) + (Vro— Vre)] Would be a large in-
division multiplexing filter§® that provide 50 dB in stop teger multiple K, of ®.

band suppression, reducing the error due to side modes by a To measurevg,— gy, the first reference laser would re-
factor 16. main locked to a reference cavity modeigj, and the sec-

For the SL-TFG, the analog of laser wavelength varia-ond reference laser would start locked to a reference cavity
tion is a variation of the reference wavelength. If that wave-mode neare.g., adjacent fothe first, at a frequency differ-
length is generated by stabilizing a laser to a cavity, theence within the range of the photodiode and frequency
statistical component of its error can be reduced by using aounter. The free spectral range of the reference cavity would
two-mirror Fabry-Perot resonator of high finesse. In manybe precisely determined, taking as much time as necessary.
applications, systematic error in the reference is not an imThe second reference laser would then be hopped a known
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number of reference cavity modes away, to lock to a mode at ® o An
Vro- Vro— Vrg WoUld now be known accurately, although at a N~ _( ‘__>- (A2)
R2- YR2 R1 Aw nAw
frequency too high to count directly.
By combining the above two equations, we obtain

C. Alternative approach to absolute distance

A reviewer has pointed out that it has been propdSed, L~ l@( _9ﬂ> = l(u— ‘"_C@d_)‘) (A3)
although not yet demonstrated, that a phase-stabilized fem- 2Awn NAw/ Aw n* d\ de
tosecond(fs) laser can be used for measuring absolute dis-
tance. The work is motivated by the convenience of a phasale can simplify the above by using
stable pulse train, which allows time of flight and
interferometric distance information to be collected with a ~ dn _ _ n_zd_U
single laser, thus providing a huge dynamic range in dis- d\ ¢ d\
tance. Length ambiguity would be resolved by sweeping the (A4)
pulse repetition rate. The SL-TFG provides the same dy- () 2mc
namic range, measuring absolute distance by hopping. Ini- do =‘7
tially, the hop is by a single order of the measurement inter-
ferometer, yielding a measurement with no distancetO obtain
ambiguity. Increased precision would be obtained by hop-
ping over several orders. With both fs lasers and the SL- du u
TFG, a transition could be made from the initial absolute L:5<u—)\a) :27%' (A5)

distance measurement to one based on optical phase and a
knowledge of the(intege) number of wavelengths in the
measured path. It should be noted that the semiconduct 9”99 ; ;
DFB lasers used in the SL-TFG have significant advantage@nd Phillip$® for a discussion OT group delay.

they have benefited from a large volume of commercial de- Although the above result is obtained in the TFG con-

velopment for telecommunications, and were designed foPet;(t’ Ilt Isdtlrue n ge?e(rja}l that a Izs?r g_&ll_l;]ge that measures
environments with similar requirements to those of a laser ofosolute distance is finding group delay. There are two cases,

a space-based astronomical instruméatcept radiation although they are not substantially different. The electronic

Also, the DFB lasers tune in about 1 ns, whereas in at Iea&istance meters used in surveying send_pulses OT light and
some implementations, fs lasers require tuning by changing cdo:relate the detedctled rztubrned pow_le_rr] with adreP“C? of the
physical length. The higher speed of the DFB is convenienP"'S€ sequence delayed by a timeThe round-irip time

when a laser gauge must follow a rapidly changing distancemOdUIO the “ambiguity length” is the value ofthat yields

or when the readings are used in compensating for vibratiorjfhe highest correlation. This is the traditional case of group
delay. In other schemes, such as that analyzed above for the

TFG, there is an explicit shift of frequency.

e{yhereug is the group velocity(See, for example, Panofsky
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