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SYSTEMS AND METHODS HAVING A
FREQUENCY COMB

RELATED APPLICATION

This application claims priority under 35 U.S.C. 119(e)
from U.S. Provisional Application Ser. No. 61/206,801, filed
4 Feb. 2009, which application is incorporated herein by
reference in its entirety.

FIELD OF THE INVENTION

The invention relates generally to frequency combs and to
systems and devices for the generation and/or use of the same.

BACKGROUND

Mode-locked lasers can provide accurate frequency
combs. An optical frequency comb is an optical spectrum of
equidistant lines. The use of frequency combs as a tool may
depend on the spacing between teeth of the comb being suf-
ficiently large for a given application. A proposed method to
increase tooth spacing has included the use of a Fabry-Perot
cavity to multiplex the pulse train of a mode-locked laser. The
shortcomings of this method are threefold. First, because the
device is a passive device, the average power is reduced.
Second, because of the unavoidable cavity dispersion, the
unequal spacing of the Fabry-Perot modes defeat the purpose
of' a comb of absolute accuracy. Even when the cavity is in
vacuum, there will be dispersion due to the minor changes.
Finally, matching the carrier-to-envelope offset (CEO) of the
driving laser and slave cavity is an unsolved problem. The
CEO is an important parameter of pulse trains related to the
change in phase from pulse to pulse in the train.

BRIEF DESCRIPTION OF THE FIGURES

Embodiments of the invention are illustrated by way of
example and not limitation in the figures of the accompanying
drawings in which:

FIG. 1A shows an idealized infinite train of d-function
pulses.

FIG. 1B shows the Fourier transform of the idealized infi-
nite train of FIG. 1A.

FIG. 2A shows a finite train of pulses of finite duration t,
where the successive pulse envelope repeats every T,

FIG. 2B shows the Fourier transform of the pulse train
shown in FIG. 2A.

FIG. 3 shows an embodiment of an apparatus having a
drive laser arranged to inject a slave laser from which a
frequency comb is provided.

FIG. 4 shows a block diagram of an embodiment of an
apparatus having a drive laser and a slave laser to generate a
frequency comb including elements for stabilization.

FIG. 5 shows features of a method to generate a frequency
comb with selected spacing, according to various embodi-
ments.

FIG. 6 shows features of a method to generate a frequency
comb with selected spacing, according to various embodi-
ments.

DESCRIPTION

The following detailed description refers to the accompa-
nying drawings that show, by way of illustration and not
limitation, various example embodiments of the invention.
These embodiments are described in sufficient detail to
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2

enable those skilled in the art to practice these and other
embodiments. Other embodiments may be utilized, and struc-
tural, logical, and electrical changes may be made to these
embodiments. The various embodiments are not necessarily
mutually exclusive, as some embodiments can be combined
with one or more other embodiments to form new embodi-
ments. The following detailed description is, therefore, not to
be taken in a limiting sense.

In various embodiments, a frequency comb with relatively
large spacing can be generated using active devices. Elements
of'embodiments detailed below include an active (laser) cav-
ity rather than a passive Fabry-Perot cavity. In various
embodiments, two lasers of slightly different cavity lengths
and dispersion with the same carrier-to-frequency offset can
be used. The latter can be determined by the difference in
phase and group velocity. In various embodiments, an addi-
tional Kerr medium can be used in a slaved cavity with a
product of nonlinear index and length being K being times
larger than that of the driving cavity. In various embodiments,
the number K is equal to the ratio of peak pulse intensities at
the nonlinear element in the driving and slaved cavities.

Accurate optical frequency standards over the complete
visible/near-IR spectrum may provide significant contribu-
tion to a number of technology fields, such as, but not limited
to astronomy. In various embodiments, frequency combs of
mode-locked lasers can be used as tools in such applications,
where the spacing between teeth of a frequency comb is
sufficiently large enough to be resolvable by measurement
tools. In an embodiment, the spacing between teeth of a
frequency comb can be made sufficiently large enough to be
resolvable by conventional optical means, such as, but not
limited to, a grating and interference filters. The intensity can
be reasonably high in each mode, and rigorously constant, to
allow for heterodyne detection of signals and to determine the
amplitude and frequency of the signals. The heterodyne
detection can be used in applications, such as, but not limited
to, heterodyne detection of signals from stars, where the
reasonably high intensity can be used to determine the ampli-
tude and frequency of the signal from stars. The largest fre-
quency comb issued directly from a mode-locked laser cor-
responds to a ring cavity of 10 cm perimeter, which
corresponds to a 3 GHz cavity. A minimum tooth spacing of
30 GHz would be desirable.

An “ideal” mode-locked laser can emit a train of identical
pulses, at equal time interval. The period of the pulse train is
Trz defined as the separation between two successive enve-
lopes. In the particular case that the pulse separation is an
integer number of optical cycles T,,=NT=N/v (T being the
light period and v=w/(2m) the optical frequency) the succes-
sive pulses are identical. This will generally not be the case,
and there will be a phase shift ¢, =wT,,#2Nr between suc-
cessive pulses. The complex electric field of the total pulse
train ]NEpt is:

E, (D)=e™Te(D)+e(t-Trp)er+e(t=2tp e ¥+ . . . |

ey
where e(t)=e(t)e’® is the electric field of one particular pulse.
The n™ pulse has the phase factor exp [i(¢.+n¢,)], different
from the previous and next pulse. To the change in phase
between successive pulses ¢,,, corresponds a frequency:

1 ¢ @

T

Jo

This frequency is called the carrier-to-envelope offset (CEO).
The CEO is an important parameter of pulse trains, where the
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change in phase from pulse to pulse is a measurable quantity,
independent of the duration of the individual pulse in the
train.

FIG. 1A shows an idealized infinite train of d-function
pulses and FIG. 1B shows its Fourier transform. The drive
laser used in this example embodiment has a pulse period of
Tz and the multiplexed pulse train in this drawing has a
period Tz =Tz /5. One can “idealize,” to the extreme, the
concept of a pulse train, by considering an infinite train of
d-functions, equally spaced by the period of the train T4, as
shown in FIG. 1A. The Fourier transform of this ideal pulse
train shown in FIG. 1B is an identical picture in the frequency
domain: a comb of infinite extent (because the pulses were
delta-function in time), with d-function teeth (because of the
infinite extent of the train). Since the comb extends to infinity,
there is no particular tooth that can be called an average
frequency. Each mode v,, of index m carries the same weight
and corresponds, in the time domain, to an infinite sine wave,
which is a particular term of a Fourier series representation of
d-function. The first tooth at frequency v,=f, represents the
CEO defined above. The corresponding carrier-to-envelope
phase, ¢, defined previously, can be identified in the time
domain, even with a train of d-functions. The harmonic wave
corresponding to the mode v, is shown in FIG. 1A, and the
phase ¢, is identified as the phase at which each d-function
crosses the harmonic field. This harmonic wave sketched is
associated with v, because there are two periods between
pulses. In the Fourier spectrum of a train of d-functions, any
mode v, can be chosen as being the “average frequency”.
From FIGS. 1A and 1B, it can be determined that two param-
eters have to be matched to generate the multiplexed pulse
train: the pulse trains should have the same carrier-to-enve-
lope frequency f, and the repetition rates should be in an
integer ratio.

FIG. 2A shows a finite train of pulses of finite duration t,
where the successive pulse envelope repeats every Tz,
Within the coherence time of the train, T, . enees the same
carrier at the optical frequency is modulated by the successive
envelopes. FIG. 2B shows the Fourier transform of the pulse
train shown in FIG. 1A. A somewhat more mundane train of
pulses of finite duration T is sketched in FIG. 2A. When not
otherwise specified herein, the pulse duration will be taken as
the Full Width at Half Maximum (FWHM) of the pulse inten-
sity profile. In the frequency domain, shown in FIG. 2B, the
infinite pulse train is represented by a finite frequency comb.
The envelope of the comb is the Fourier transform of the
envelope of a single pulse of the train, thus of extension=~1/t.
The teeth of the frequency comb are no longer d-functions,
but sharp peaks of width 1/x_, where T, is the coherence time
of the pulse train. The carrier-to-envelope phase ¢, is indi-
cated for a pulse of the time sequence in FIG. 2A. Note that
this phase is changing from one pulse to the next. The rate of
change ¢,/(2mtg,) is the frequency f;, which is indicated in
the frequency picture by the lowest frequency tooth of the
extension (dashed lines in FIG. 2B). The angular frequency
o,, of the m™ mode of the comb is given by:

©)

2n
W =27 fp + m—
TRT

Inthe case of a train of pulses of finite duration, the frequency
f,is no longer a real tooth of the comb, but the first mode of an
extension of the frequency comb beyond the pulse bandwidth
as shown in FIG. 2B.
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It can be seen from this definition that f, is indeed the
change of phase per round-trip between the envelope and the
carrier. By definition of T4, the pulse envelope peaks exactly
at the same locations after one round-trip. With respect to this
envelope, the shift of phase of the mode m is obtained by
multiplying Eq. (3) by Tz,

W, Tpr=20f (T 7+ 2 M 4

which, after substitution of the definition of f, Eq. (2), is
indeed the phase ¢, defined earlier.

Invarious embodiments, in order to multiplex the train, one
laser, with the modes f,,+m,/tz,, injects another laser
which, if it were not injected, would create the mode comb
fo,+m,/T5 7. The conditions to be fulfilled for the two lasers
are

Jor=fo2

®

The condition under which a laser emits a stable train of
identical ultrashort pulses has been previously established. It
has been shown that the condition that leads to the circulation
of an ultrashort pulse of stable amplitude in an active laser
cavity is the same that leads to a frequency comb of equally
spaced teeth.

Ifalaser is to generate a pulse of well-defined duration and
shape, there has to be compression and broadening mecha-
nisms that balance each other and lead to a stable pulse. The
mechanisms that lead to an emergence of a pulse out of noise
in a laser cavity are usually dissipative, i.e., the pulse that
emerges dissipates a minimum amount of energy by nonlin-
ear loss mechanisms and extracts the maximum amount of
gain from the active laser medium. Non-dissipative interac-
tion that plays a dominant role for the stable formation of the
shortest pulses can be considered here.

The physical reason for a non-zero CEO, f,,, is the disper-
sion of the laser cavity in which a pulse is circulating. The
components of the laser cavity impose difterent group veloci-
ties on the pulse. An average group velocity, v,, of the pulse
envelope can be defined as v,=P/tz,, where P represents
twice the length of a linear cavity or the perimeter of a ring
cavity. This average group velocity is different from the phase
velocity c¢/n,,, where n,, is the linear index of refraction
averaged over the laser components. The two quantities are
related by:

TROITR2 =M M

1 _ oy w dng, (6)

= + .
v, ¢ c dQ
W

Note that the quantities n,, and v, are functions of the
spectral frequency of the pulse. The “ideal mode-locked
laser” considered in this section already poses a conceptual
dilemma. Mode-locking is generally described as putting the
modes of a laser cavity in phase. If the cavity has dispersion,
it can be seen that the mode-comb issued from the laser does
not start at zero frequency but with a frequency offset f,.
Keeping in mind that a cavity with dispersion has unequally
spaced modes, is contradictory to the fact that the frequency
comb has rigorously equally spaced teeth. To resolve this
apparent contradiction, embodiments deal with the pulse
train formation, and provide for a method of how an initially
irregular set of modes can lead to an essentially perfect fre-
quency comb.

As shown above, a minimum negative cavity dispersion
k, " is required for stable mode-locked operation. Such a
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cavity dispersion implies that the index of refraction n,, is
frequency (wavelength) dependent, hence the spacing of the
cavity modes c¢/[n, (Q)P] varies across the pulse spectrum.

The laser can be modeled by a circulating pulse, which
enters a Kerr medium of thickness 1, resulting in phase modu-
lation at each passage, and a medium that represents the linear
dispersive properties of the cavity. It can be assumed that the
balance of gain and losses maintains a constant Gaussian
shape for the envelope of the circulating pulse. At each pas-
sage through the cavity, the phase of the pulse is modified in
the time domain through the Kerr effect, and in the frequency
domain through dispersion. Consider first the modulation in
the time domain:

o

2rmylg, _ 3
@) = ~knLlKerr = — ——=— lpe” "G

where T is the 1/e halfwidth of the pulse electric field enve-
lope (the FWHM of the intensity is ‘cpq/ (21In2)ty). Ignoring
at this point the influence of dispersion (which will be intro-
duced after Fourier transformation into the frequency
domain), the pulse train issued from the laser can be repre-
sented by:

o0 ) 8
Z (1 - 7)Y ®
q=0

where T, is the time of arrival of the center of gravity of the
successive pulses. At this point T, is not set to any value. It is
assumed here that at t=0, the first pulse is unmodulated. Using
a parabolic approximation for the Gaussian intensity profile,
the time dependent phase is:

ol (1 Ta (L Ta’ "

PI—74) = n

TG e

The Fourier transform of the pulse train given by Eq. (8) is:

(10)
s(AQ)

=
Z 2807 eﬁqu r,%}

=0

where
AQ=0-w (1D
s(AQ) = EOEexp{ AQZT%; }
Ve il+ad)
T = 4(1a:éa2)

The width of the Gaussian pulse spectrum, broadened by
the Kerr effect, is the inverse of the characteristic time T,.
Dispersion can now be taken into account. The operation
representing the dispersion of the cavity is a product of the
spectral field by exp [-ik,,(AQ)P], where -k, (AQ)P is the
phase change per round-trip. In the argument of k,, the light

frequency w is taken as origin (AQ=0) of the frequency scale.
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The combined Kerr effect and dispersion, in the frequency
domain, leads to the output spectral field:

- 12
ol AP = s(AQ)| Y Va0 g idhen AP
=0

Expanding the wave vectork,, (A€2) in series, to second order:

AQ? (13)
kay(AQP =k (AQ = 0)P + AQK P+ Tkgvp

ko, P

=k (AQ = )P +AQ SoAn,

TRT +

where the derivatives k' and k,, " are calculated at the light
frequency m(AL2=0). Note that k,,,'=1/v,=Tz,/P [cf. Eq. (6)]
are material properties independent of the index q, as is the
cavity perimeter P. The modes of the cavity are not equally
spaced. The parameter k" characterizes the departure from
equal spacing. Substituting (13) in Eq. (12),

o (14)
CoulAQP = s(AQ)| Y AN TRT) AL PR) |
=0

The conditions

2 _ k&P (15)
T == 5
Tq =4TrT (16)

lead to modes that are exactly equally spaced. The inverse
Fourier transform of the frequency comb then becomes:

€, (D=€(D)+e(t-Tr e TV Le(1= 2T, e 2 F@0P a7

This last equations corresponds indeed to the description of
the ideal frequency comb, with equally spaced pulses in time
and frequency, and a carrier-to-envelope phase shift of ¢,=-
k,.oP. Inthe case of small Kerr modulation, a<<1, one gets the
approximation:

atl, (18)

dmnplolients P
Al+a?)

2 _
= n )

This expression is useful in determining the parameters of the
driving and slaved laser, such that synchronized operation is
possible.

In an example embodiment, a device can be constructed
according to the following design, which does not limit other
appropriate designs or methods and materials from being
used in creating alternative embodiments. FIG. 3 shows an
apparatus 300 having a drive laser 310 and a slave laser 320
configured such that an optical output from drive laser 310 is
injected into slave laser 320 to generate a frequency comb.
The frequency comb can be provided from the output of slave
320. Drive laser 310 has a cavity 312 and gain medium 314.
Slave laser 320 has a cavity 322 and gain medium 324. Vari-
ous materials may be used for gain medium 314 and gain
medium 324. In a non-limiting example embodiment, Ti:sap-
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phire can be used as a gain medium. Drive laser 310 and slave
laser 320 can be nearly identical using all negative dispersion
mirrors to compensate for the dispersion of the mirror. Slave
laser 320 is slightly longer and includes a nonlinear crystal
326 to provide a Kerr effect.

FIG. 3 shows that driver laser 310 of perimeter P, injects a
slave laser of perimeter P,. Driver laser 310 can have a rep-
etition rate of (1/tgq, })=v,,/P,, where v, is the group veloc-
ity in the driver cavity. Let Kty ,, (wWhere K is an integer) be
the desired final mode spacing (repetition rate), then the cho-
sen perimeter of slave laser 320 can be P,=(K+1)P,/K. For
instance, a mode-locked Ti:sapphire laser can be constructed
with an appropriate perimeter, such as approximately P,=10
cm, corresponding to a repetition rate of an appropriate fre-
quency, such as approximately 3 GHz. If, for example, a 30
GHz mode spacing is desired, the slave cavity can be chosen
with a perimeter of 11 cm, corresponding to a repetition rate,
when not injected by the first laser, of 2.727 GHz. The same
negative dispersion minors can be used in both cavities 312
and 322.

Operated independently, the two lasers 310 and 320 can be
characterized, that is, their repetition rates can be accurately
measured as well as their carrier-to-envelope offset (CEO),
pulse duration, and intensity. Both lasers 310 and 320, in this
example, should have nearly equal ratio of group to phase
round-trip time, hence nearly the same CEO, f;,,=f,,. If not,
adjustment of the pump power can be used to make these two
parameters exactly equal. The group delay can be fine tuned
by adjusting the power of the pump laser, with minimal
change of phase delay.

From the characterization of lasers 310 and 320, all param-
eters of Eq. (18) are known for both lasers 310 and 320
operating independently. However, if slave laser 320 is
injected by drive laser 310, it will be operating at K times
higher repetition rate, hence the peak power of the pulses will
be reduced by a factor K. In order to have slave laser 320
producing a frequency comb, Eq. (18) has to be effectively
satisfied at the higher repetition rate. This is possible, for
instance, if the factor n,l,.,, is increased by the same factor
that the intensity I, is decreased. This can be achieved by the
insertion of crystal 326 of material with a high nonlinear
index at the second focus of slave cavity 322. In various
embodiments, crystal 326 is composed of a material having a
nonlinear index many times greater than the index of gain
medium 324. The nonlinear index of crystal 326 may be 10,
20, 50, or some other number of times greater than the index
of gain medium 324. In an embodiment, the nonlinear index
of'crystal 326 is at least 50 times greater than the index of gain
medium 324 For example, ZnS may be used as crystal 326,
where ZnS has a nonlinear index 50 times larger than that of
Ti:sapphire. Use of ZnS can adequately compensate for the
higher repetition rate. Other materials may be used for crystal
326. In addition, the inclination of crystal 326 can provide a
fine tuning of the group to phase delay in cavity 322, hence a
fine tuning of the CEO of slave laser 320.

Slave laser 320 can thus be adjusted to have the proper ratio
of dispersion to Kerr effect for creating a frequency comb at
K times the repetition rate of driving laser 310. To achieve an
essentially perfect match between the two lasers, fine adjust-
ment of the CEO of driving laser 310 can be achieved with
control element 330 that can shift the frequency comb of
driving laser 310 without affecting its repetition rate. Control
element 330 can be realized as an acousto-optic modulator
(AOM) 330, which can shift the frequency comb of the driv-
ing laser without affecting its repetition rate.

The frequency comb from drive laser 310 can be locked to
any available optical standard. A narrow atomic line which
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serves as optical standard can be used for this purpose. “State
of the art” techniques can be used to measure a beat note
between the frequency standard. In various embodiments, the
measured beat note can be used for stabilizing drive laser 310.
There are also existing “state of the art” techniques to stabi-
lize the carrier-to-envelope of drive laser 310.

In an embodiment, locking the slave laser to the drive laser
can include use of electronic mechanisms. The cavity length
of the slave laser can be approximately preset by electronic
means. First, the repetition rates of the drive and slave lasers
operating independently can be recorded by a fast detector,
and multiplied electronically by the appropriate factor (K for
the drive laser, K-1 for the slave laser). The length of the slave
laser can be adjusted to have the two resulting frequencies
exactly equal.

Next, output from the drive laser is injected into the slave
laser, followed by making a match of the slave cavity param-
eters for the desired frequency comb. There are two errors
signals to be recorded: (1) The amplitude frequency compo-
nent to be eliminated; and (2) the amplitude noise of the pulse
train generated by the combined lasers. The error signal (1) is
a measure of the mismatch of both the repetition rate and the
modes (CEO) of the slaved laser. A small error in repetition
rate can cause a periodic fluctuation of this error signal. The
period of this fluctuation can be made infinite by adjusting the
slave cavity length with a piezoelectric-element. The residual
amplitude of this error signal can be essentially eliminated by
adjusting the carrier-to-envelope of the injected pulse train
with, for example, an acousto-optic modulator as shown in
FIG. 3.

The amplitude noise in the output pulse train is a manifes-
tation that the condition (18) is not satisfied. Fine adjustments
of the angle of the nonlinear element, such as crystal 326 in
FIG. 3, can be made, which effectively changes the thickness
of the element corresponding to adjusting 1 in Eq. (18). The
pump power [I, in Eq. (18)] of the slaved laser can also be
adjusted. These adjustments can be made to substantially
reduce or eliminate the amplitude noise. Such adjustments
can be automatically made using a feedback system.

It should be noted that a simultaneous electronic stabiliza-
tion of all parameters may be implemented, because the con-
trols are not orthogonal. Indeed, a change of pump power of
a Ti:sapphire laser, for example, affects the group velocity in
this gain medium, hence the laser repetition rate 1/t . A tilt
of the nonlinear crystal affects the CEO of the slave laser.

FIG. 4 shows a block diagram of an embodiment of an
apparatus having a drive laser 410 and a slave laser 420 to
generate a frequency comb including elements for stabiliza-
tion A high finesse Fabry-Perot device 440 selects a mode of
drive laser 410 that will not be a mode from the final laser
combination. The feedback system 435 minimizes the signal
on the detector, D, 442 by tuning the repetition rate of the
slave cavity 422 with a piezoelectric element 450 and by
matching the CEO of the seeded combo with an AOM 430.
Feedback system 435 can include a frequency to voltage
converter 437 to provide control signals to piezoelectric ele-
ment 450. Feedback system 435 can include a low pass filter
439 to provide a filtered electrical signal from the optical
signal provided by Fabry-Perot device 440 from sampling the
output of slave laser 420. Another portion of the beam output
from slave laser 420 is sampled and directed to amplitude
noise analysis unit 460 to analyze the amplitude noise, which
can be minimized by control to the pump power, such as by
using attenuator 470, and control the angle of the nonlinear
element 426.

In various embodiments, a basic detection approach using
a frequency comb can include mixing the weak signal under
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investigation with the laser signal and analyzing the radio-
frequency spectrum of the detected current (heterodyne
detection). Several options are possible, depending on the
nature of the signals to be analyzed. If the signal to be ana-
lyzed consists off a few discrete lines, the complete received
signal may be sent to the detector, and the various spectral
lines identified with the different components of the elec-
tronic spectrum. An option can include using an optical filter
or spectrometer to separate the spectral component of the
signal to be analyzed before heterodyne detection. In another
option, the total signal to be analyzed can be heterodyned
with the complete frequency comb. The repetition of the
frequency comb can be scanned, and the optical spectrum can
be inferred from an analysis of the electronic spectrum versus
repetition rate. The last technique assumes an automated slav-
ing process of both lasers while the repetition rate of the first
one is being scanned.

FIG. 5 shows features of a method to generate a frequency
comb with selected spacing, according to various embodi-
ments. At 510, optical output from a drive laser is injected into
aslave laser. At 520, one or more parameters of the drive laser
and/or the slave laser are adjusted such that a frequency comb
is generated from the slave laser. The generated frequency
comb can be at a multiple of the repetition rate of the drive
laser. The multiple can be generated such that frequency
spacing between lines of the frequency comb can be optically
separated. The optical separation can be conducted using one
or more conventional optical devices such as one or more
interference films, a grating, or a spectrometer. Adjustment of
one or more parameters can include making the carrier-to-
envelope offset for the drive laser essentially equal to the
carrier-to-envelope offset for the slave laser by adjusting
power of a pump laser. Adjustment of one or more parameters
can include fine tuning a group to phase delay in the slave
laser by adjusting an inclination of a crystal located at a focus
in the cavity of the slave laser, where the crystal has a non-
linear index of refraction. Adjustment of one or more param-
eters can include using an acousto-optic modulator to adjust a
carrier-to-envelope offset for the drive laser such that a fre-
quency comb of the driving laser is shifted essentially without
affecting the driving laser’s repetition rate. Adjustment of one
or more parameters can include locking a frequency comb
from the drive laser to an optical standard. The optical stan-
dard can include an atomic line.

The frequency comb from the slave laser can be used to
make a measurement. The measurement can include measur-
ing a parameter of an electromagnetic signal. An unknown
frequency of the electromagnetic signal can be measured by
measuring beat notes with respect to frequency comb. For
example, the frequency comb can be used to detect a signal
from a star.

FIG. 6 shows features of a method to generate a frequency
comb with selected spacing, according to various embodi-
ments. At 610, repetition rates of a drive laser and a slave
laser, each of the lasers operating independently, are
recorded. A detector, converting an optical input to the detec-
tor to an electrical output from the detector, can be used in the
determination of the repetition rates. At 620, the repetition
rate of the drive laser is electronically multiplied by the factor
K. At 630, the repetition rate of the slave laser is electronically
multiplied by the factor K-1.

At 640, adjustments to one or both of the drive laser and the
slave laser are made such that the lasers operate at essentially
equal frequencies. The cavity length of the slave laser can be
adjusted to effectively synchronize the two lasers. At 650,
optical output from the drive laser is injected into the slave
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laser. At 660, one or more of the parameters of the slave laser
are controlled such that a frequency comb is generated from
the slave laser.

Generating the frequency comb can include recording an
error signal that is a measure of mismatch of both repetition
rate and modes of the slave laser, adjusting the cavity length
of the slave laser with a piezoelectric-element to increase a
period of fluctuation of the error signal, and adjusting a car-
rier-to-envelope of the output signal injected into the slave
laser such that residual amplitude of the error signal after
adjusting the cavity length is attenuated. The carrier-to-enve-
lope of the output signal injected into the slave laser can be
adjusted such that the residual amplitude is essentially elimi-
nated.

Generating the frequency comb can include recording
amplitude noise of a pulse train generated by combination of
the drive laser and the slave laser and adjusting an angle of
inclination of a nonlinear element in the cavity of the slave
laser and/or adjusting pump power to the slave laser such that
the amplitude noise is reduced. Generating the frequency
comb can include essentially simultaneous electronic stabili-
zation of parameters of the drive laser and the slave laser.
Generating the frequency comb can include performing feed-
back operations such as directing a portion of a beam output
from the slave laser to a Fabry-Perot cavity, selecting a mode
of the drive laser using a Fabry-Perot cavity such that the
selected mode will not be a mode generated from a laser
combination of the drive laser and the slave laser, minimizing
a signal on the detector that receives output from the Fabry-
Perot cavity by tuning a repetition rate of the cavity of the
slave laser with a piezoelectric element and matching a car-
rier-to-envelope offset of the laser combination with an
acousto-optic modulator, sampling another portion of the
beam to analyze amplitude noise, and controlling pump
power to the slave laser and/or an angle of'a nonlinear element
in the cavity of the slave laser to minimize the amplitude
noise.

Although specific embodiments have been illustrated and
described herein, it will be appreciated by those of ordinary
skill in the art that any arrangement that is calculated to
achieve the same purpose may be substituted for the specific
embodiments shown. Upon studying the disclosure, it will be
apparent to those skilled in the art that various modifications
and variations can be made in the devices and methods of
various embodiments of the invention. Various embodiments
can use permutations and/or combinations of embodiments
described herein. Other embodiments will be apparent to
those skilled in the art from consideration of the specification
and practice of the embodiments disclosed herein. It is to be
understood that the above description is intended to be illus-
trative, and not restrictive, and that the phraseology or termi-
nology employed herein is for the purpose of description.

What is claimed is:

1. A method comprising:

injecting optical output from a drive laser into a slave laser,
the drive laser and the slave laser being mode-locked
lasers; and

adjusting one or more parameters of the drive laser and/or
the slave laser such that a frequency comb is generated
from the slave laser, the frequency comb being at a
multiple of the repetition rate of the drive laser, wherein
adjusting one or more parameters includes fine tuning a
group to phase delay in the slave laser, the slave laser
having a cavity, by adjusting an inclination of a crystal
located at a focus in the cavity of the slave laser, the
crystal having a nonlinear index of refraction.
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2. The method of claim 1, wherein the multiple is generated
such that frequency spacing between lines of the frequency
comb can be optically separated.

3. The method of claim 2, wherein optical separation is
conducted using one or more optical devices selected from
one or more interference films, a grating, or a spectrometer.

4. The method of claim 1, wherein adjusting one or more
parameters includes making a carrier-to-envelope offset for
the drive laser essentially equal to a carrier-to-envelope offset
for the slave laser by adjusting power of a pump laser.

5. A method comprising:

injecting optical output from a drive laser into a slave laser;

and

adjusting one or more parameters of the drive laser and/or

the slave laser such that a frequency comb is generated
from the slave laser, the frequency comb being at a
multiple of the repetition rate of the drive laser, wherein
adjusting one or more parameters includes fine tuning a
group to phase delay in the slave laser, the slave laser
having a cavity, by adjusting an inclination of a crystal
located at a focus in the cavity of the slave laser, the
crystal having a nonlinear index of refraction.

6. The method of claim 5, wherein adjusting the inclination
of'the crystal includes adjusting an inclination of a ZnS crys-
tal located at the focus in the cavity of the slave laser.

7. The method of claim 1, wherein adjusting one or more
parameters includes using an acousto-optic modulator to
adjust a carrier-to-envelope offset for the drive laser such that
a frequency comb of the driving laser is shifted essentially
without affecting the driving laser’s repetition rate.

8. The method of claim 1, wherein adjusting one or more
parameters includes locking a frequency comb from the drive
laser to an optical standard.

9. The method of claim 1, wherein locking a frequency
comb from the drive laser to an optical standard includes
locking a frequency comb from the drive laser to an atomic
line.

10. The method of claim 1, wherein the method includes
using the frequency comb to make a measurement.

11. The method of claim 10, wherein using the frequency
comb to make a measurement includes measuring a param-
eter of an electromagnetic signal.

12. The method of claim 11, wherein using the frequency
comb to make a measurement includes measuring an
unknown frequency of the electromagnetic signal by measur-
ing beat notes with respect to frequency comb.

13. The method of claim 10, wherein using the frequency
comb to make a measurement includes using the frequency
comb to detect a signal from a star.

14. The method of claim 1, wherein the nonlinear index of
refraction of the crystal is at least 50 times greater than an
index of refraction of a gain medium of the slave laser.

15. The method of claim 1, wherein adjusting the inclina-
tion of the crystal includes adjusting an inclination of a ZnS
crystal located at the focus in the cavity of the slave laser.

16. A method comprising:

recording repetition rates of a drive laser and a slave laser,

the drive laser and the slave laser being mode-locked
lasers, each of the lasers operating independently, each
laser having a cavity and a cavity length;

multiplying electronically the repetition rate of the drive

laser by a factor K and multiplying electronically the
repetition rate of the slave laser by a factor K-1;
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making adjustments to one or both of the drive laser and the
slave laser such that the lasers operate at essentially
equal frequencies;

injecting optical output from the drive laser into the slave

laser; and
controlling one or more of the parameters of the slave
cavity such that a frequency comb is generated from the
slave laser, the frequency comb being at a multiple ofthe
repetition rate of the drive laser, wherein controlling one
or more parameters includes fine tuning a group to phase
delay in the slave laser by adjusting an inclination of a
crystal located at a focus in the cavity of the slave laser,
the crystal having a nonlinear index of refraction.
17. The method of claim 16, wherein recording repetition
rates includes using a detector converting an optical input the
detector to an electrical output from the detector.
18. The method of claim 16, wherein making adjustments
to one or both of the drive laser and the slave laser includes
adjusting the cavity length of the slave laser.
19. The method of claim 16, wherein the method includes:
recording an error signal that is a measure of mismatch of
both repetition rate and modes of the slave laser;

adjusting the cavity length of the slave laser with a piezo-
electric-element to increase a period of fluctuation ofthe
error signal; and

adjusting a carrier-to-envelope offset of the output signal

injected into the slave laser such that residual amplitude
of the error signal after adjusting the cavity length is
attenuated.
20. The method of claim 19, wherein adjusting the carrier-
to-envelope offset of the output signal injected into the slave
laser includes adjusting the carrier-to-envelope offset of the
output signal injected into the slave laser such that the
residual amplitude is essentially eliminated.
21. The method of claim 16, wherein the method includes:
recording amplitude noise of a pulse train generated by
combination of the drive laser and the slave laser; and

adjusting an angle of inclination of a nonlinear element in
the cavity of the slave laser and/or adjusting pump power
to the slave laser such that the amplitude noise is
reduced.
22. The method of claim 16, wherein the method includes
essentially simultaneous electronic stabilization of param-
eters of the drive laser and the slave laser.
23. The method of claim 16, wherein the method includes
directing a portion of a beam output from the slave laser to
a Fabry-Perot cavity;

selecting a mode of the drive laser using a Fabry-Perot
cavity such that the selected mode will not be a mode
generated from a laser combination of the drive laser and
the slave laser;
minimizing a signal on the detector that receives output
from the Fabry-Perot cavity by tuning a repetition rate of
the cavity of the slave laser with a piezoelectric element
and matching a carrier-to-envelope offset of the laser
combination with an acousto-optic modulator;

sampling another portion of the beam to analyze amplitude
noise; and

controlling pump power to the slave laser and/or an angle

of a nonlinear element in the cavity of the slave laser to
minimize the amplitude noise.
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