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Abstract

The influence of various noise sources on CW mode-locked laser pulse timing

is investigated. Measurements are performed on a Nd:YLF laser to confirm timing
dependence on cavity length and acousto-optic modulator characteristics. Simple
models are used to understand and predict the influence of thermal load on the
modulator and to predict the sensitivity of timing to pump and cavity loss modulation.
For lasers similar to those investigated, cavity loss changes are expected to be
significantly more important than gain medium pump fluctuations on pulse timing. The
modulator performance was also found to deviate from ideal-case predictions.
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1.0 Introduction to Laser Timing Noise in Mode-Locked Lasers

1.1 Introduction
Early in the development of the actively-mode-locked laser, it was observed that
the relative timing of the laser pulse train could be shifted compared to the rf source
used to drive the modulator. The effect achieved practical importance when systems
were developed which reliecl on the synchronization of one or more laser pulse trains to
a common source. As laser pulses became progressively shorter, synchronization
problems became more apparent. Some mode-locked lasers are operated with a ratio of
round-trip time to pulse time greater than lo4. In order to synchronize such lasers, the
relative phase shift of each pulse train must be much less than

-

radians so that the

pulses overlap well in time. Design and operation of a laser achieving this level of
pulse timing stability, even for less than a second, requires an understanding of the
sources contributing to timing fluctuations. Longer-term operation is still more
difficult, with a host of factors contributing to slow timing drifts.
This report discusses the dominant factors which produce timing fluctuations in
actively-mode-locked solid-state lasers. Measurements and simple models will be
presented in order to characterize the relative importance of several noise sources. The
focus of this work is the observation of timing fluctuations in Nd:YLF, lamp-pumped,
acousto-optically mode-locked lasers, but the results also apply to a larger family of
lasers.

1.2 Terminology and Scope
The terminology of laser timing noise borrows from rf electronics. A modelocked laser typically produces a pulse train at the cavity round-trip frequency. The
periodic output signal has a timing, or phase, relationship to the rf signal used to drive

the modulator. This phase us distinct from the phase of the electromagnetic field of the
light commonly referred to in interferometry and laser physics work.
In this report, the tirning fluctuations of a laser are defined relative to the rf drive
signal. Fluctuations in the rf generator are not considered, since, generally, one source
for synchronization can lock other devices to that source. It is the relative timing
between devices which is irnportant in these cases. Large rf source fluctuations can be
problematic if the lasers or {otherdevices cannot track them. Generally, well
synchronized systems must start with a very stable rf source.
Timing noise can be: divided for convenience into two regimes. Timing jitter
occurs over periods of less than about one second. Drifrs occur over periods longer
than one second and are often a larger effect. High-frequency jitter is important in
precise timing situations, especially with short-pulses, while drift becomes important in
long-term experiments, even those with much less precise timing requirements. Both
categories will be discussecl in this thesis.

1.3 Practical Applications for Timing
Timing noise is a cosnsideration in a variety of laser applications. These
applications include: electro-optic sampling for measurement of high-speed electronic
devices; pump-probe experiments, where one laser pulse is a diagnostic for a process
produced by another; optical communication systems where clocking and regeneration
of pulses is critical for low bit-rate-errors. Also, in high-energy and plasma physics
research, experiments may require that a laser is carefully synchronized to a larger
experiment. Some of these applications have very low repetition rates and the value
placed on reliable performance is high. These areas benefit directly from improvements
in laser timing performance.

1.4 Previous Research
Early literature on mode-locked lasers reported that pulse timing varied linearly
as the laser cavity length was adjusted, in good agreement with the theory at that timel.
Later investigations used more involved numerical2 and analytic3 techniques to predict
detuning curves in more detail, with varying success. Only relatively recently has
timing noise been studied in, detail. An important practical advance occurred when
investigators determined that rf spectral measurement techniques could be used to
characterize timing fluctuations in a laser pulse train" si.

has allowed accurate

statistical measurements to be made of timing fluctuations at frequencies from 1 Hz to
beyond I MHz.
Recent theory has led to a better understanding of the fundamental sources of
sub-picosecond mode-1ocke:d laser timing. Spontaneous emission had previously been
found to be a limiting factor in several aspects of laser performance, and it is now also
identified with timing noise. In a slightly detuned cavity, spontaneous emission has
been shown to contribute to the pulse jitter5.
Experimentally, active stabilization schemes have been devised to reduce timing
noise to acceptable levels. One technique used a carefully designed phase detector to
compare the modulator rf arid the laser pulse train. The timing error signal was then
used to directly shift the phase of the modulator rf to compensate the errofi. The
technique successfully reduces noise and it allows well-timed systems to be built with
sub-picosecond jitter, at least for short periods.

1.5 Experimental Setup
The CW Nd:YLF laser used for measurements, except where noted, was a
custom-design cavity using a commercial lamp pump head (Quantronixm model 116)

and modulator (QuantronixlDmodel 1.M #O 103-01307). The design consisted of a

- 1.5 m laser cavity with 9070 reflecting flat output coupler and

> 99% reflecting mirror

of 5 m radius of curvature. This test laser was built on a 2' x 6' super-invar
breadboard. The modulator was water cooled with a commercial, adjustabletemperature, water bath with -0.1 OC long term stability. The rf source for these
measurements was a, 20 Watt, 50 MHz amplifier with output power control, using
either a temperature-stabilizled crystal oscillator or an agile-frequency, synthesized rf
signal generator.

2.0 Measurements and Predictions of Timing Noise

2.1 Introduction
Laser timing noise in the test laser originates from three mechanisms. First,
thermal and other effects in the modulator change its acoustic standing wave timing
relative to the rf, and this phase shift imprints on the laser pulse train. Second, changes
in the laser cavity's length alter the laser pulse round-trip time, and this combines with

the modulator transmission window to produce a timing shift. The relationship
between cavity length and timing will be examined and sources capable of producing
path length changes will be identified. Third, variation of the group velocity in the gain
medium also changes the pulse round-trip time and is, for laser timing purposes,
equivalent to a cavity length change. In the following sections we treat these three
sources of timing jitter one by one.

2.2 Modulator

2.2.1 Timing Noise due to the Acousto-Optic Modulator
This section considers properties of the a.0. modulator which can affect laser
timing. This device type uses ultrasonic waves (MHz range) to generate periodic losses
in the laser cavity. Laser tinung changes caused by the device occur typically over a
period of a few tenths of a second to hours and are generally, though not exclusively,
thermal in origin. These effects have not been discussed extensively in the literature,
perhaps because many experiments are performed over much shorter time periods and
because effects can be devicie-dependent. However, understanding these effects can
help to identify and correct experimental repeatability problems and lead to viable

devices which operate unattended for long periods and without elaborate feedback
systems.
In common a.0. standing-wave modulators (see Fig. I ) , a piezoelectric element
is bonded to a block of material with good optical quality and low acoustic damping
properties. The piezoelectric element has an electrical matching circuit with -50 i2 load
impedance near the drive frequency for efficient coupling of rf electrical signal to sound
energy. The element is bonded to the optical medium for efficient and uniform transfer
of the sound wave into the block. The ends of the block are polished parallel, with the
piezoelectric element attached to one of the ends. This arrangement is transverse to the
optical axis of the laser cavity. When the piezoelectric device is driven by an rf signal,
it generates an acoustic traveling wave in the block which reflects from the opposite

wall to create a standing wave, as indicated in Fig. 1. The longitudinal pressure waves
produce a spatial phase grating in the block. Appropriate orientation of the acoustic
wave and laser axes then leads to time-dependent diffraction losses. The losses of the
non-diffracted (zero-order) transmitted beam vary at twice the sound frequency
producing a device transmission7:

T ( t )= cos2(csin f i t ) ,
where fi is the acoustic wave frequency and

is the modulation depth, or Raman-

Nath parameter. The effect produces the amplitude modulation needed to mode-lock
the laser. Dissipation of aco~lsticenergy in the block produces a thermal loading equal
to the net input rf power8 which is removed though a temperature-controlled heat sink
or cooler (water cooled surfaces in Fig. 1).- .

(1)

Metal absorbers

Fig. 1. Commercial a.0. modulator design used in this investigation.
Top, bottom, and transducer surfaces are water cooled. Input rf power
was 10 to 20 watts. The acoustic wave fronts extend over the full
length of the transducer, but are shown with reduced length for visual
clarity.

Frequently, this type of modulator is operated at or near an acoustic resonance.
This is achieved by choosing the operating temperature, rf frequency, and rf power to
satisfy the expression

ma,, = 2L,
where A,, is the acoustic wavelength in the modulator block, L is the length of the
block along the sound propagation direction, and m is an integer. This approach
reduces the rf input power requirements at the expense of sensitivity to environmental
changes. Of primary concern for laser timing purposes is the phase shift (in time) of
the acoustic wave with respect to the input electrical rf signal. The magnitude of this
timing error is device-dependent (higher-Q resonance a.0. modulators are more

(2)

temperature sensitive). The measurements presented in the next section are indicative
of the problems encountered in common a.0. modulators.

2.2.2 Measurements of Laser Timing
Timing measurements were performed using the setup described in Sec. 1.5.
The laser pulse timing is shown in Fig. 2, relative to the rf (zero-crossing), for a range
of modulator temperatures. The modulator was allowed to stabilize for - 10 minutes for
each data point. Temperature measurements were made at the water bath using a
temperature probe with 39.I

O C

accuracy.

Temperature ("C)
Fig. 2. Temperature sensitivity of timing of peak of laser pulse. The
system was allowed to stabilize for 10 minutes between data points.
The slope is -350 psI0C.

Figure 2 clearly points to the potential thermal problem of this modulator. The
slope of the data is approximately 350 psI0C (positive numbers indicate the laser pulse

is late relative to the rf signal reference). Thus, even with a reasonably well controlled
water bath (0.1"C) and no other external factors, the expected long-term timing drift is
expected to be -35 ps. This data will serve as a reference for the following
measurements.
A similar drift of the laser pulse time is observed for varying rf power (see Fig.

3). As above, the system was allowed to stabilize for several minutes between
changes in rf power. For this case, the slope varies between -400-600 ps/W. Thus,
changes in rf input power can significantly impact the phase of the laser pulse. For
example, at 10 watts rf, a k1%long-term power drift translates into a 100 ps drift of
the laser relative to the rf.
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RF power (watts)
Fig. 3. RF-power dependence of timing of peak of laser pulse relative
to rf. The maximum slope is -600 psfwatt.

The assumed mechanism for the rf-power-related timing shift is the change in
acoustic wave dissipation in the modulator block. This assumption can be tested with a
simple thermal model of the modulator.

2.2.3 Thermal Model for the Acousto-Optic Modulator
For the following model calculations, the modulator block (Fig. 1) is assumed
to be I cm high and infinitely long and wide. This allows the use of a simple l-D
model to describe the temperature profile along y and to predict temperature changes
due to rf input changes.
The equation for heat flow in one dimension can be written as

where T is the temperature, k is the thermal conductivity of the glass block, and
Q = P/V is the heating rate, where P is the input power (watts), and V is the block

volume. The y-coordinate is centered on the block with boundaries y0=f0.5 cm. The
temperature at the boundaries is held constant by a water cooled heat sink and is
assumed to be at the water bath temperature so that T(+yo) = To. Within these
boundary conditions, the temperature profile is found to be:

For a fused silica block with dimensions given above, 10 watts rf input and 21°C
W
, and Q = 0.774 w/cm3, the temperature profile is given
water, k = 0.0138 "C-cm
- by T(y) = 28(1- y 2 ) . The predicted temperature rise near the center of the block is 7

"C above the water bath temperature, which alters the laser pulse timing as discussed

above. The peak temperature difference, AT, between the center and boundary as a
function of input power is obtained from Eq. 4 as

which has a slope of

From Fig. 2, the measured timing shift as a function of temperature is -350 psI0C.
Using Eq.6 leads to an estimate for the power-dependent timing shift of -250 ps/W
which is about half that obtained from Fig. 3. This may indicate that the heat sink is
not able to maintain the constant temperature assumed as our boundary condition. The
heating is also likely to be greater near the center of the glass block rather than
uniformly distributed as assumed in the model. The possible effect of the temperature
change on cavity length is discussed later.

2.2.4 Laser Timing Changes due to Modulator Vertical Position
Vertical placement of the modulator influences laser timing as shown in Fig. 4.
These results imply that the peak transmission time of the modulator has a spatial
dependence of as much as 1000 pslmrn near the central region of best mode locking.
However, the source of the timing shift can not be isolated from this measurement.
The measurement is complicated by the timing shift associated with small cavity length
changes. Any wedge in the device or the above-noted thermal gradients could change
both cavity length and laser timing. Although the laser operated satisfactorily for all
positions used in the measurement without significant power fluctuations (indicating no
substantial detuning of cavity length), smaller changes could have been present. Since

the spatial scale of the timing variation in the modulator is approximately equal to the
laser spot size (- 1 mm), the beam will sample regions with different timing and will
average over this in an unknown way. Nevertheless, our measurements indicate that
laser timing can be shifted if small vertical beam displacements occur within the laser
cavity
Because of these interpretational problems, an alternate technique was employed
to determine the time behavior (phase) of the acoustic wave in the modulator
independent of the laser pulse response; this will be discussed in the next section.

-3

-2
-1
0
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Mode locker vertical position (mm)

,

.

3

Fig. 4. Dependence of laser timing on vertical position of modulator.
The maximum slope just off-center is

- 1000 pslmm.

Outside this

central region, beyond -k2 mm from the center, the slope is much
larger and the laser performance is poor.

2.2.5 Optical Sampling of Modulator Diffraction
The timing of the modulator acoustic wave was measured to investigate the
origin of the laser timing shifts observed in Fig. 4. This experiment combines the
standard schlieren technique used for traveling wave modulators,9 with a
synchronously timed laser to sample the acoustic wave at a specific time interval in its
period. As shown in Fig. 5, the undiffracted transmitted beam (zero-order) is blocked
and the diffracted orders are allowed to pass and are imaged to give a map of the
diffraction efficiency inside the modulator aperture. Here, the probe laser is a 100 MHz
mode-locked system using the same rf source as the test device. Thus, adjusting the
cable length between the rf source and the test device varies the relative timing of the
laser pulse (Nd:YAG, 1064 nm, 150 ps) and the acoustic standing wave. This allows
the collection of images of the diffraction performance of the entire aperture at various
times in the acoustic cycle.

CCD

Modulator
100 MHz Laser

camera
V

Beam
expander

4

I

Stop

Fig. 5. Setup for optical sampling of the acoustic standing wave in the
test modulator. A small sample of the rf going to the laser modulator is
delayed, amplified, and used to drive the test modulator.

The rf power was adjusted for cable attenuation to maintain 10 watt input power to the
device. The reflected power varied between 0.5 and 1.2 watts. The modulator drive rf
was not compensated for changes in reflected power.

Twenty images were collected, during one acoustic cycle, i.e., two cycles of
peak diffraction. These images are shown in series in Fig. 6. A clear feature of the
images is the narrow region of strong diffraction corresponding to the 3 mm wide a.0.
transducer. Acoustic Fresnel diffraction effects can be seen transverse to the
(horizontal) sound propagation direction. The transducer corresponds to a "hard-edge"
entrance aperture for the sound waves into the glass block.

Fused silica

Transducer

Cover aperture

Cover

b.

H 5mm
Fig. 6 . a. Setup depicting modulator as tested. Horizontal lines indicate
the approximate path of the sound waves. b. Optically sampled
schlieren images of the modulator aperture taken at 1 ns time intervals

(150 ps exposures). The experimental setup for each image is identical,
except for the delay of the rf applied to the test modulator. The temporal
history of the diffracted light at a particular location is obtained by
plotting the intensity at that location vs. frame number. Each image has

been normalized to the bright-field beam profile to remove much of the
incident beam profile from the data. The vertical fringes are an
interference artifact.

Figure 7 shows the test modulator performance (plotted as diffraction efficiency
with range 0- 1) near the center of its aperture. This plot is generated by selecting a
50x 126 pixel sub-region from each 5 12x256 pixel image. The new set of arrays is
averaged over the horizontal dimension to produce a 1x 126x20 pixel "image" of vertical
position and time. This image depicts how quickly the peak diffraction efficiency rolls
off vertically to half it maximum value (- 1 mrn from the center). Two other features
are evident. First, the time dependent loss of the modulator is not precisely as expected
from Eq. 1 and, second, the timing of the device is not uniform along the vertical axis,
but is distorted, especially near the vertical center. The central region of the device
reaches its peak transmission later than the region slightly above or below. A laser
using this modulator should have a beam size less than -0.3 mrn FWHM within the
device for best performance. Thus a small beam size could ensure that the peak
transmission timing is uniform across the beam.
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Time (ns)

Fig. 7. Diffraction performance of an a.0. modulator vs. time and
vertical position in the modulator. The data averages over the central
1.25 mm of the modulator aperture in the horizontal direction. Peak
loss is nearly 50% of the input light with 10 watts input rf.

The temporal performance of this device is shown in Fig. 8 for a vertical
position near the center of the dataset used in Fig. 7. The dashed curve in this figure is
a scaled and phased plot of Eq. 1 to fit the data. The fit is rather poor. The diffraction
regions are broader than predicted with steep walls next to the high transmission
regions. These relatively narrow regions of peak transmission are well suited for
mode-locked laser operation when the laser is accurately centered on this region. A
remarkably good fit is obtained if a second harmonic acoustic wave is included with
45% of the fundamental amplitude and 153" out of phase.
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Fig. 8. Time-resolved diffraction loss measured near the center of the
modulator aperture. The dashed curve is the predicted performance of
an ideal device. The dotted curve adds a second harmonic component
153" out of phase with the fundamental.

Harmonic distortions of the acoustic wave can be due to either rf signal
distortion or acoustic signal distortion. Input rf distortions are unlikely since the
electrical matching circuit of the modulator is tuned to the fundamental with a 3 dB full

-

width of 1 MHz. Higher harmonics will therefore be rejected. Also, measurements
using a 50 MHz low-pass rf filter (50 dB power attenuation at the second harmon'ic)
did not change the result. Acoustic non-linearities in a fused silica block have been
reported in the literature near the power densities used here.10 The power density
inside the fused silica block is enhanced overthe input power density by the Q-factor of
the cavity, thus increasing the likelihood of harmonic distortion of the acoustic
response. The effect has not been taken into account by authors who have previously

~

~

tried to match theoretical predictions of mode-locked laser timing to experiments.l~~~
Significant temporal distortion of the transmission window of the a.0. modulator can be
present in devices and must be taken into account for accurate comparison of laser
performance with theory.
The vertical dependence of the standing wave timing (see Fig. 7) was observed
indirectly in the laser timing measurement (Fig. 4). To determine the timing of the
standing wave transmission window, only a small 4 ns region in time near the
minimum loss was considered. The five data points at each vertical position in the 4 ns
window were used in a least-squares parabolic fit to find the time of maximum
transmission (minimum diffraction loss). That time is plotted as a function of vertical
position in Fig. 9 along with the peak loss amplitude. The modulator clearly has a
strong time dependence along the vertical axis. Over the central 1 mm region this
device varies in peak transmission time by over 300 ps! Since the laser used in these
experiments had a FWHM of 1.0 mm near the modulator, the interpretation and
comparison of the laser timing data to direct measurements is not straightforward.
However, the timings of both the laser and the acoustic waves are delayed near the
center of the modulator aperture with respect to the region several hundred microns
above or below, and these two measurements agree well over the region with high
diffraction efficiency.
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Fig. 9. Dependence of time of peak transmission and amplitude of peak
loss on vertical position in the modulator aperture. The horizontal
coordinate was averaged over 50 pixels (1.25 mm). Laser pulse timing
from Fig. 4 is also plotted for comparison purposes.

2.2.6 Measurement of Reflected RF Power from the Modulator
The reflected rf signal from the modulator was compared to the phase of the
input rf signal (Fig. 10) using an rf directional coupler. Measurements were made of
reflected rf timing vs. input rf power. A slope of 500-600 ps/W, similar in slope to
Fig. 3, was observed. This approximate agreement confirms that reflected rf can be
used to infer modulator timing changes. The signal is used in a closed-loop feedback
circuit to control device temperature or input power in some commercial models. One
difficulty with the measurement not evident in the figure is a dramatic decrease in
reflected signal level as the device approaches its acoustic resonance. Accurate

measurements in this region are difficult because other signals, such as some of the
forward-going signal from an imperfect directional coupler, add to the original signal.
Therefore a system using this technique will likely operate slightly off peak resonance
for sufficient feedback signal and must handle large changes in reflected signal
amplitude as well as phase.
2
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Slope = -0.55nsM/

RF power (W)
Fig. 10. Relationship between modulator reflected rf phase (relative to
the input phase) and input rf power level. The modulator was allowed
to stabilize for several minutes between measurements.

2.2.7

Discussion
The a.0. modulator contributes to laser timing errors in several ways. First,

temperature changes of the modulator block can cause significant drifts in laser timing,
and may be due to imperfect cooler stabilization, changes to rf input power, or other

environmental factors. A simple thermal analysis showed that there is a large predicted
thermal gradient in the block due to acoustic wave dissipation and that the central
temperature is -7 "C higher than the cooled surfaces for 10 W rf input. This
temperature increase shifts the laser pulses toward earlier times.
We have identified a spatial variation in peak diffraction loss and timing along
the direction perpendicular to the sound wave propagation. The loss region extends
over -3 mm corresponding to the transducer dimension. The spatial scale over which
the timing varies, however, is significantly shorter. If the beam is not well centered on
the acoustic field, small changes in the laser beam position can lead to significant timing
shifts and may increase pulse widths, especially for larger beams.
A second harmonic acoustic standing wave is present for typical input powers

of 10 W rf which modifies the time response of the device from that normally assumed
(Eq. 1). These results indicate that comparisons of laser timing performance with
theory must consider the measured performance of the modulator in the analysis.

2.3 Cavity Length and Laser Pulse Timing

2.3.1 Introduction
The laser cavity length and the rf source frequency must be closely controlled in
an actively-mode-locked laser. In our case, the source frequency is fixed and the l k e r
cavity length is tuned with micron accuracy. This section considers the timing
consequences of a slight detuning of the cavity length. This effect has been reported in
the literaturel712. Below we present similar experimental data and use a simple analytic
model to explain the observation.

2.3.2 Cavity Detuning and Laser Timing: Results
Timing measurements were performed on the test laser by comparing the laser's
output pulse train with the modulator rf signal. The timing shift was measured as the
cavity was adjusted through the region producing the shortest pulses (see Fig. 11).
The steepest slope in this region was approximately 120 p s l ~ m .Adjustments beyond
the range plotted produced large amplitude fluctuations in the laser output power. The
data shows an "S"curve with extreme sensitivity to cavity length over several microns.

Cavity length change (pm)

Fig. 11. Dependence of laser pulse timing on cavity length changes.
The maximum slope occurs near where the laser produces its minimum
pulse duration (80-90 ps).

In order to investigate the range of pulse timing sensitivity in similar lasers,
measurements were made on a second (Nd:YAG) laser system (Fig. 12) with hardware
similar to the test laser but with an older model modulator. This second laser system

was operated with -50 MHz rf modulator drive and was operated at -500 mW laser
output power.
The second laser has much lower timing sensitivity than the first. The
maximum slope for this curve is -4.5 pslgm. It also exhibits the "S" shape, but over a
larger range of cavity length. The cavity range over which the laser operated without
large output power fluctuations differs by more than an order of magnitude compared
with the original test laser. However, the total range of timing shift (-650 ps vs. -700
ps) is remarkably similar.

Cavity length change (pm)
Fig. 12. Dependence of laser pulse timing on cavity length for a second
(Nd:YAG) laser with similar configuration to the original test laser. The

-

modulator for this system was operated at 10 W rf. The minimum

-

pulse width was 120 ps which occurred at "0 gm."

2.3.3 Cavity Detuning and Laser Timing: Theory
Mode-locked laser pulse widths and timing shifts have been predicted using
increasingly complex models which, while successful for predicting details of the
observed phenomena, tend to hide the dominant features in complex notation. The
following derivation makes a number of simplifications which give valuable insights
into the essential dynamics.
This calculation follows, with some exceptions, the notation and approach of
Siegman.13 In Siegman's "Circulating Gaussian Pulse Analysis," the reference frame
for the analysis is the laser pulse traveling along a cavity of ideal length so that it repeats
one round trip in exactly one modulator modulation cycle. The ideal length (or ideal
frequency) for the laser cavity is that which would produce a round-trip frequency
equal to the modulation frequency even if the modulator were turned off. Any
perturbations are then expressed relative to the ideal case.
The laser field amplitude in Siegman's notation is given as

with complex Gaussian pulse parameter
intensity FWHM is z, =

/=
-

r and center frequency a,.The pulse

Equation (7) can be generalized by including a

term, ST, corresponding to a time shift relative to the transmission peak of the
modulator. The laser field amplitude expression becomes

E(t) = e( - r ( t - ~ V ) ~ + i w ~ ( t - f l ) )
9

and its frequency representation is

,

The following calculation considers the effect of a cavity length change from the ideal
length and the effect of each element in the laser cavity upon

T and 6T after one round

trip. The resulting expression will be a difference equation describing the pulse width
and pulse timing which can be solved for the steady state values

A cavity detuned by

hl, from its

T,, and 6T,, .

ideal length will produce a time shift (in an

empty cavity) per round trip of At = 2 U l c . Without a modulator, this change would
continue on each round trip and result in a change in the laser pulse repetition
frequency. The presence of the modulator acts to maintain the rf drive frequency, as
will be shown later.
The (complex Lorentzian) gain profile of the active medium is approximated as
a Gaussian with round-trip amplitude gain given by

where a, is the gain coefficient, pm is the round-trip path length of the gain medium,
and Aw, is the effective bandwidth of the gain medium. The gain-dependent linear
phase shift per round trip (of the complex Lorentzian) is approximated

The change in group velocity due to this linear phase shift modifies the propagation
time for a pulse through the medium and is equivalent to a cavity length change (see
below).
The time-dependent transmission of the modulator (see Sec. 2.2.1) is
approximated by a Gaussian near the transmission peak. In the time domain this is

--cwhd 0,

y(t) = e

'

,

(single pass) for modulation frequency om,,,modulation depth

(12)

c, and for small

values of t.
The changes in

r and ST

after one round trip can be found by using the above

expressions to modify the laser pulse (see Fig. 13). Note that the primes each denote
the result after propagating through components. The gain medium (Eqs. 10 and 1 1)
operates on the pulse (Eq. 9) to produce

where

Fig. 13. The laser pulse width and timing are defined by

r and dT

(shown near the center of the laser cavity). The pulse is modified as it
passes through components in the cavity. After passing through

components on the left side, the pulse is described by T' and dT' .
After passing through the modulator on the right, the Gaussian pulse is
described by T" and dT". Eventually, the pulse approaches the steady
state values

r,

and dT,,

.

The modulator (Eq. 13) further modifies the pulse, producing, after two passes (on the
way to the end mirror and back),

From this, the total change in l- after one round trip is

Using a similar approach, the total time delay, 6 T , after each round trip is calculated.
If the detuning is due to cavity length or the dispersion term in Eq. 13, then

with At and AL defined previously. The modulator will then encounter a Gaussian
pulse shifted 6T' from its transmission peak. Transmission through the modulator
results in

where the exponent on the right hand side of Eq. 18 can be rewritten as

- ( ( w : ~+
~ r ' ) t 2 + 2I"SI"t

- r ' 6 ~ " The
. last term represents a constant loss which

will be discussed later (see Sec. 2.5.9). The first term is the new Gaussian pulse

parameter given in Eq. 15. The second tern corresponds to a time shift of the pulse,
written explicitly as

[,--r;T'):

-r"

EP'(t)= e

(19)

Thus, the passage of a pulse through the modulator modifies the time shift to

1

ST" = -ST'.

I-"

Combining the timing effects from the cavity, rod, and modulator produces a round-trip
change in the pulse timing of

r'

ST"- ST=-(ST
r"

+ A t ) - ST.

Equations 16 and Eq. 21 are difference equations and can be solved for the steady state
condition by setting the left hand side of each expression to zero (i.e., no changes after
a round trip) and solving for the respective parameter. The steady-state pulse width T,,

The steady-state timing shift is

or, with

r,, expanded,

The steady-state pulse parameter agrees with Siegman's result, except for a

f i factor

due to the assumption here that the pulse makes two passes through the AM modulator
on each round trip. The steady-state timing results are new.
The steady-state timing formula (Eq. 23) points to two important conclusions
regarding timing stability. First, shorter laser pulses are subject to larger fluctuations in
timing jitter for a given length perturbation (assuming other factors are held constant).
Second, timing jitter can be reduced by using higher modulator frequencies.
The above results seem to indicate that the pulse duration is not affected by
cavity detuning and that timing is linearly proportional to detuning. This is contrary to
observation, except over a very small region about the optimum position. However,
the added constant loss due to the modulator (Eq. 18) in a detuned cavity requires an
increase in the (saturated) gain of the amplifier, a,, in order to maintain a net roundtrip gain of unity. Equation 22 and Eq. 24 suggest that this would produce an
increased pulse duration as well as an "S" shaped timing curve.

2.3.3.1 Response Time for Cavity Perturbations
The laser pulse requires some time to respond to cavity length changes and
reach a new steady-state pulse timing. In order to determine this time response, Eq. 21
can be approximated as a differential equation with a new variable $(t). In the new
d4 corresponds to
representation 4 corresponds to the time shift, ST, and dt
(ST' - ST) v, , where v,, is the laser cavity round-trip frequency. Equation 2 1 is then
written

2

where Eq. 15 is approximated by "' = cOm"'
+ I. The solution of the differential
'

rr.7

equation is then

The laser pulse timing response to an instantaneous change in cavity length (Fig. 14)
has a cutoff frequency given by

501,V , , or

with

4@md

r,

expanded.

r.7,7

Fig. 14. The calculated laser pulse timing is affected by cavity length up
to a cutoff frequency, after which small cavity fluctuations are relatively
unimportant. For this case
2,

c = 0.5, om= 2n x 100 MHz, and
-

= 100 ps. The resulting cutoff frequency is 140 kHz. The steady-

state value, 10 ps, was chosen arbitrarily.

2.3.4 Discussion
An important feature of the steady-state timing shift is its dependence on the
amplifier bandwidth. A suitable etalon placed in a mode-locked laser cavity effectively
narrows that bandwidth and, from Eqs. 22 and 24, reduces the system's timing and
pulse width sensitivity to cavity length changes. Increasing the modulation depth of the
modulator both reduces the pulse width slightly and reduces the sensitivity to timing
shifts Cjitter) from all sources.
The predicted. linearity between timing shift and cavity length detuning is
observed over a narrow range in Fig. 1 I . The magnitude of Eq. 24 is estimated by
observing that the first ratio corresponds roughly to the number of modes lasing (-50200) and the radical expression is in the range -0.1 - 0.5. This implies that 6 q s is 102
- 103 times the single-pass timing shift (e.g., 1 pm corresponds to - 7 fs, which would

imply

- 0.7 - 7 ps of steady-state timing shift). The second measurement presented

above ( Fig. 12) and a measurement reported in the literature are in approximate
agreement with this prediction.14 The first measurement is well above this range and
may indicate that the effective modulation depth of the modulator was below 0.1 or that
another effect is dominant.
The laser pulse duration was not measured as a function of cavity length along
with pulse timing (Fig. 11) . It was noted, however, that the pulse duration increases
as the cavity is detuned. This is a well known result. The simple model does not

'

explicitly predict a pulse duration change from detuning, but an increased duration is
expected if the effect of the modulator's added loss on the active medium gain is
included. Thus increased pulse duration and an "S"-shaped pulse timing curve are
qualitatively predicted if additional effects are considered.

2.4 Sources of Cavity Length Fluctuations

2.4.1 Introduction

Cavity detuning can be produced through thermal, vibrational, and other
mechanical changes to the mirrors and optical components in the cavity. Changes in the
gain medium, such as thermal expansion, which are not produced through gain effects
are included here along with other optically transmitting components.

2.4.2 Thermal Effects

The optical path length nl of a component of physical length 1 will change with
temperature according to

1 dl
where T is the component temperature. For quartz, --= 0 . 5 5 10-61°C
~
and
I dT
dn
= 1 0 . 310-61°C.
~
Thus, while quartz has a small thermal expansion coefficient,
dT

thermal changes in the optical index of refraction are non-negligible. This effect is
significant in a.0. modulators, to which a continuous heat load is applied. For
example, the measurement of laser timing sensitivity to modulator temperature in Fig. 2
neglects the 0.3 pml°C optical path increase of the modulator in the cavity. For this
laser at its most sensitive cavity length, the timing shift from the refractive index change
is -40 psj°C. Thus, the residual timing shift from the acoustic resonance is
-3 10 psI0C. The results from varying the rf input power will be similarly affected.
The temperature sensitivity of the (empty) laser cavity combines the thermal
expansion of the support structure with the temperature dependence for the index of
refraction of air

= -0.78 x l o 4 / " ~-15 An optical path length change of -1 to -2

pm results from a 1 degree uniform temperature rise due to the refractive index of air
alone. A compensating support structure is of limited benefit because of the widely
differing time constants of air and the support structure.
The thermal constant for the refractive index of Nd:YLF has not been
published. The thermal expansion coefficient for Nd:YLFI6
= 8 - 13 x 10"1° C is likely to change the cavity length significantly with

changes in optical pumping and cooling. For the 8 cm long rod in the test laser, the
change in optical path length

is about 0.36 p d ° C . Reliable index data

are needed for more accurate predictions.

2.4.3 Measurement of Vibration Effects
A Fabry-Perot laser cavity contains resonant modes around whose peaks the
laser may operate. Because the optical frequency is very high compared to the cavity
round-trip frequency, small cavity length changes result in significant translations of the
mode positions comparable to or larger than the mode spacing. Specifically, a length
change of one half wavelength will shift the modes by an entire mode spacing. This
effect allows for a technique to externally monitor the small path length changes of an
operating laser.
Fluctuations in the axial mode positions of our test laser were observed using
the setup shown in Fig. 15. The two arms of the interferometer differ by one round
trip length of the laser. This configuration takes advantage of the coherence between
successive pulses of the laser and is a highly sensitive spectrometer, with a resolution
of << 100 MHz corresponding to cavity path changes of << 1 pm. The interferometer
was designed to produce no back reflections so that measurements could be performed
without disturbing the laser.

Photo diode

100 MHz laser .

b
-
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d

--
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Fig. 15. Unequal-path interferometer used to measure path length
fluctuations in the laser cavity. Interference fringes are produced
between beams 1 and 2 and are detected by a CCD camera and a smallaperture detector. The detector aperture is much smaller than one fringe
spacing so that a large fringe shift becomes a sinusoidal intensity
modulation on the detector.

Our test laser continually experienced small changes in cavity length of < h/2 at
kHz frequencies (see Fig. 16). Although there is a sinusoidal relationship between the

fringe position and the photo detector signal, the trace is typically a single-valued
indicator of cavity path length over short periods of time. Over periods of several
seconds, a slow drift was observed which could have been due to real changes in the
laser or to the poor long-term stability of our interferometer. The interferometer's highfrequency stability was confirmed by monitoring a diode pumped Nd:YLF laser; no
high-frequency fluctuations were observed. The center frequency of our test laser
fluctuated over about 12 MHz,corresponding to path length changes of 0.06 pm as
measured by the unequal-path-interferometer.

Time (ms)
Fig. 16. Output of an unequal-path interferometer shows fluctuations in
the test laser cavity up to the kHz range. The optical frequency
excursion of the laser light is about 12 MHz over this period, which
corresponds to a 0.06 pm shift in the 100 MHz Fabry-Perot laser
cavity. Dashed lines indicate the free spectral range of the
interferometer.

The most mechanically active sub-system of our test laser in the frequency
range below 10 kHz was the cooling system. Both pump vibrations in the stand-alone
power/cooling unit and the turbulence of the water in the laser head are potential
sources for the observed noise. The test laser used coiled cooling hoses, about 4
meters long, as well as an air-expansion tank between pump and laser head to isolate
the laser from pump-generated acoustic noise. Elastic damping materials between the
laser head and optical table (breadboard) were used to reduce coupling of pump and

turbulence noise to the cavity support structure. No attempt was made to change the
laser head.
flow characteristics of the cooling water inside the ~uantronix@
Vibration induced path fluctuations were measured in the (optically) unpumped
rod using the interferometer shown in Fig. 17. The interferometer stability was
checked without the rod to confirm that the interferometer mirrors were isolated from
the cooling system. Some noise was observed while the cooling pump operated (see
Fig. 18), but it was small compared to the case which included the laser rod.

Laser head

----------

Fig. 17. Mach-Zender interferometer used to measure fluctuations in the
laser rod optical path length due to turbulence in the coolant flow. The
empty interferometer (1), built onto the same breadboard that supports
the head and cavity mirrors, is used to confirm the interferometer
stability. Path (2) is used during rod measurements.

The path length fluctuations of the cooled active medium (without optical
pumping) were as large as -0.4 pm (typically -0.2 pm) over 50 ms. Figure 18
contains an oscilloscope trace of one of the more extreme samples.
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Time (ms)
Fig.18. Measurements of fluctuations in the empty interferometer (1)
and in the interferometer containing the rod (2). The cooling system
was operational in both cases to include the effect of cooling system
vibrations on the interferometer. The rod was not optically pumped.
Dashed lines indicate the free spectral range of the interferometer.

2.4.4

Discussion
The larger fluctuations observed in the unpumped, but cooled active medium

(Fig. 18) compared to the operating laser (Fig. 16) may be due to the larger beam used
in the unpumped measurement. With the rod lasing, the laser beam size is about

1.2 mm FWHM while the beam in the interferometer of Fig. 18 filled the 4 mm

diameter laser rod. These results suggest that the laser rod and beam should be well
centered and the beam should not be very large compared to the rod for optimum timing
performance. Even in this case the path length fluctuations measured in the operating
test laser will produce multiple picoseconds of timing error.
In summary, there are several sources for cavity length instability which depend
highly on the laser cavity design. For example, the cavity mirrors are susceptible to
vibration if the mounts are not well designed. Thermally, the mirror mounts may act as
lever arms to magnify small changes in the support structure. Externally driven
vibrations such as building noise can also be coupled to the laser and must be controlled
through isolation techniques. Careful mechanical design is required to reduce a cavity's
thermal and mechanical path length fluctuations to the level where gain medium
vibration effects of the type measured above (Figs. 16, 18) become predominant.
The cooling requirements of a lamp-pumped laser rod make reductions in
coolant-induced vibrations difficult. While no attempt was made to reduce these
vibrations in the test laser, it is expected that alternate schemes for mounting the laser
rod as well as careful attention to the coolant flow characteristics would reduce the
observed fluctuations significantly. More efficient pumping schemes requiring less
cooling, such as diode laser pumping, would further improve the results.

2.5 Gain-Medium-Induced Noise

2.5.1 Introduction
The gain medium can contribute to laser timing noise in several ways. The
thermal stresses placed on the material which can modify both its index of refraction
and its physical dimensions have been discussed in Sec. 2.4. Beyond that, fluctuation

of the population inversion of the lasing medium can also affect pulse propagation
times. This effect is known theoretically17 and has been experimentally
demonstratedlg, but the implications for timing jitter in a CW-mode-locked laser system
have not been fully explored in the literature. In the following paragraphs we will
consider how inversion fluctuations can be produced in a real system and how they
influence pulse timing jitter. Specifically, two types of laser fluctuation capable of
modulating the population inversion will be estimated as a function of the fluctuation
frequency. At the same time, a directly measurable parameter will be used to allow
estimates of the inversion-induced timing jitter in real laser systems.

2.5.2 Pump-Induced Power and Inversion Fluctuations
This sub-section considers a four-level laser system at equilibrium, except for a
small time variation of the pump source and the resulting small fluctuations in
population inversion and laser output power. The ratio of the magnitude of these two
parameters allows an estimate to be made of one parameter from a measurement of the
other, with the assumption that changes in pumping are the sole source of the laser
power changes. The next sub-section will consider an alternative where fluctuations
are assumed due to changes in the round-trip loss of the laser cavity. Comparing the
cases of pump and loss modulation will identify the relative importance of these two
effects.

A simplified four-level atomic system19 is considered in the following sections.
The system has energy states Eg, E l , E2, and E3, with accompanying populations in
those states Ng,Nl, N2, and N3. It is assumed that the lifetimes of states E l and E3
are very small so that the corresponding populations are also negligible. New
parameters are then defined for the inversion density, N = (N2 - N1) = N2, and for
the total atomic density N, = (Ng+Nl+ N2+N3) = (Ng+ N2).

Starting with the four-level rate equations:

and

I

where Wl,
is the pump rate, B is the stimulated emission rate,

-

Z

is the spontaneous

1

emission rate, q is the number of photons in the laser cavity, - r yc is the decay rate
=c

of the laser cavity, and V, is the mode volume of the laser medium interacting with the
is defined as:
laser beam. The time-dependent pump rate, W,,,

w,= wo+ w,cos(w,t)

(30)

where 0 < W , << Wo. We assume that N and q fluctuate only slightly about the
steady-state values Noand q,, respectively. This is written as

.

with the steady-state solutions ( NO= go = 0)20

1

. .

No= -----.
VaBrc

The threshold condition ( No= qo = qo = 0 ) yields the threshold pump power

Wc,,
=

x.
Nrr

Defining the above threshold pump power by r = W0, we find

WCP

Substituting these conditions into Eqs.28 and 29 and eliminating the steady-state terms
leads to the following 1st order Eqs. for the perturbation variables

6N + BNo6q = (N, - No)Wlcos(o,t)
and

8,

= V Bqo6N.

(36)

Differentiating Eq. 36 with respect to time and substituting into Eq. 34, we obtain a
differential equation for 69:

W,

+ Bq, + -Z

6q+ vUB

~

= V,Bq, W, (N, - No)cos(o,t)

~

.

This equation has the solution21

where I? = W,+ Bq,

+ -1 . A similar expression is obtained for 6N,
Z

~

N

~

~

Equations 38 and 39 show that the laser intensity and inversion fluctuations are out of
phase by 90 degrees and oscillate at the pump modulation frequency. Maximum
fluctuation amplitudes are found at a frequency (using Eqs. 33 and 34)

This frequency, w,,,, is the natural resonance frequency of the system.
Of particular interest is the ratio of the maximum amplitudes, 6N,,,,, and 6q,,,,,
which is

where we have used the steady-state population inversion given by Eq. 33.
We then find that relative inversion fluctuations are proportional to relative power
fluctuations:

This result allows for a simple way of estimating the inversion perturbations from a
measurement of laser power fluctuations. The natural resonance feature is absent in
this expression.
In the following section, a similar derivation is used to find inversion
perturbations caused solely by fluctuations in the round-trip cavity loss.

2.5.3 Loss-Induced Power and Inversion Fluctuations
Starting again with the four-level rate equations, Eqs. 28 and 29, we define a
time-dependent cavity loss rate

where y, << yo. The pump rate, W,,,
is held constant in this case. For small
fluctuations of N and q about the steady-state values No and qo, we find

and

where 2nd-order terms have been dropped and

r is defined as before.

Differentiating

Eq. 44 and substituting Eq. 45 into the expression gives an equation for 6N,

with the solution

where

and

4 = tan-'

As in the case of pump modulation, expressions for the (normalized) peak magnitudes,

6N .
6N,,eukand 6qpeuk,
are of interest. Solving for - In Eq. 44 results in
64

6N1L'uk , the time dependence and phase shifts of 6N and
In order to find -

BN are

'qpeuk

ignored and the absolute value taken. The absolute value of

6N , from Eq. 47, is
peuk

'Npeuk

Equation 50 becomes

The expression for

r can be approximated

since Nc << N, for lasers of interest here. Thus we find again that small fluctuations in
output power accompany the population inversion fluctuations. Substituting Eq. 34
into Eq. 52, the peak inversion modulation is given by

While the relationship between power fluctuation and inversion fluctuation still
, functional form differs
remains a function of the modulation frequency, o mthe

dramatically from that for gain modulation (see Fig. 19 which is plotted for a Nd:YLF
laser with .rc= 40 ns and pumped twice above threshold).
In the next section, the implications of population inversion fluctuations on
timing jitter are considered.
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Fig. 19. Ratio of relative inversion fluctuations to laser output power
fluctuations if the cause of the fluctuations is either loss or pump
modulation. For this plot, z,= 40 ns and r= 2.

2.5.4 Timing Jitter and Inversion Fluctuations
This section investigates how group velocity changes in the gain medium
transform into timing shifts in a CW mode-locked laser system. The group velocity is
affected by the refractive index dispersion of the medium, which, in turn, is related to
the gain of the medium.

2.5.5 Phase and Group Velocity
Consider a canonical quasi-monochromatic Gaussian-pulse plane wave
propagating in a dielectric medium:

with k , the propagation constant, defined as

A change in the refractive index of the medium will change the round trip time
of a laser pulse in a cavity because its velocity, v =

%, changes. Index dispersion can

also affect the pulse velocity, and the above expression for v becomes invalid for cases
with large dispersion. In this case, a distinction is made between the phase velocity and
the group velocity. Definitions for the phase and group velocities of a laser pulse
within a medium of refractive index n(w) are22

and

V

do

E-=

dk

1

C

(dk/do) =n(o)+m(d"/do)'

respectively. The group velocity has the same value as the phase velocity for the case
of negligible dispersion. However, in cases were the index dispersion is large, such as
near an atomic transition, they can differ significantly. The group velocity is the
relevant velocity for determining laser pulse timing.

2.5.6 Natural Round-Trip Frequency

In the discussion of laser pulse timing, the laser's round-trip (RT) frequency in
the absence of a modulator, its natural RT frequency, will be distinguished from the RT
frequency during active mode locking. The actively-mode-locked RT frequency always
equals the modulator drive frequency when the laser is reasonably well tuned.

The natural round-trip frequency of a pulse in a cavity of length L which
contains a gain medium of length 1

i ~ 2 : ~

v?
f = .2~ ([ L - Cl)vx
+ lc

1.

This formula can be used to determine both the change in f for a small change in L in
a cavity, or due to a small change in vr. The formula differentiated with respect to L is

and with respect to vg is

These formulas indicate that small changes in the group velocity will affect the
laser in the same way as small changes in the cavity length. Experimental results (see
Fig. 11) show the (steady state) effect of cavity length changes on pulse timing; group
velocity fluctuations will produce similar changes in pulse timing.
The following section relates a .DCchange in laser cavity length to a
corresponding DC timing shift.

2.5.7 DC Phase Shifts and Cavity Length

It is found experimentally that a mode-locked laser's pulse timing will shift,
relative to its rf drive frequency, as the laser cavity length or modulator frequency is

adjusted. This effect was investigated in Sec. 2.3 and it has been discussed in the
In Eq. 24 we found the steady-state timing shift for a lengthscientific 1iterature~~.~5.
detuned cavity to be

6T,,= -VAL,
Am
where 6T,, has units of seconds, 77 = o m ,

1

, and At was replaced by

2 c d G

2AL
-.
The typical range of 77 for lasers considered in this report is 1 - 100 pslpm.

-

C

Equation 62 can be recast in terms of a small shift in natural cavity frequency

or in terms of a small group velocity shift

2.5.8 Gain and Group Velocity

The relationship between gain and index dispersion is well known." The
propagation constant k is written as the sum of a material propagation constant, k,,
and a correction term, Ak, due to the atomic transition,

k=- on, . k,
C +T ~ ' ( o ) ,

where no is the refractive index of the material without the resonant transition, and X'
is the real part of its atomic susceptibility (including the resonant transition). Following
Siegman, the gain of the material, written in terms of the imaginary part of the atomic
susceptibility, is

The two variables ~ ' ( o and
) ~ " ( o are
) related, for Lorentzian line shapes, by the
expression:26

where Ao, is the FWHM of the atomic transition. From this, the propagation
constant, written in terms of the gain, is

In order to write the group velocity in terms of the gain, Eq. 68 is first
differentiated :
dk no
-=-+-+2do c

2a(o)
Ao,

d a (m-a,)
d o Am,

At the center of the transition, the right-most term in the above expression evaluates to
zero. The group velocity is then written

By comparison with Eq. 58, the refractive index dispersion term is

where the vertical bar indicates that the derivative must be evaluated at the noted value.
Note that dispersion is directly proportional to gain.
Equation 70 is a very useful result. Differentiating Eq. 70 with respect to gain,
produces

Using Eq. 6 4 and the relationship

A a AN
= -, we can write the timing jitter in terms of

a

N

the population inversion fluctuation:
2 q l c a AN
6Trs= ---.
Am, N

This result is based on a relationship between cavity length and pulse timing (See
Eq. 6 2 ) which is accurate only at lower frequencies. It was previously shown that
very fast changes to cavity length have a reduced effect on pulse timing due to the finite
response of the laser cavity (see Sec. 2.3.3.1).

2.5.9

Discussion
For low frequencies the inversion fluctuations due to pump modulation vanish.

Thus, there are negligible low frequency pump-induced timing changes in the laser
(excepting for possible thermal changes which were discussed earlier). Inversion
6qp"k for typical operating
fluctuations due to cavity loss modulation are -0.5 qo

conditions. Thus, slow changes in cavity loss due to factors such as cavity
misalignment or airborne dust could have a significant effect on timing.
Equation 73 combined with the results in Fig. 19 can be used to predict the level
of timing noise expected from pump or loss modulation in a solid state laser from a
measurement of the output power fluctuations and some insight into the likely source.
For example, the test laser has a small intensity modulation under normal operation. It
has been traced to a power supply voltage ripple and produces an optical pump
modulation through changes in the lamp output power. The frequency is -360 Hz and
the laser rms noise level is about 1 % of the average output power. Using values typical
of systems like this in Eq. 73 gives

AN
N

ST,, = -23011s -.

AP

Using Eq. 42 with -=0.01,
P

AN
an inversion modulation of -=9*
N

10-7 produces a

periodic timing shift of -0.2 ps. This degree of pump modulation at the power supply
ripple frequency therefore is not a significant source of timing noise for most
applications.
Another example is a small misalignment of the laser beam path within the
cavity. If added loss produces a 0.1% change in the laser output power in 10 ms, it
AN
would result in -=4*
10-4, producing a worst-case timing shift of over 100 ps. The

N

second test laser, used for collecting the data in Fig. 12, is probably more typical. For
this laser the timing shift would be -7 ps. These examples illustrate that it is important
to keep the laser free from time-dependent changes in cavity loss.

3.0 General Discussion and Conclusions

3.1 Comparison of Results
Of the several sources of timing jitter and drift investigated, the a.0. modulator
is potentially the most significant source. Long-term drift can come from rf power
fluctuations, cooling system instability, and environmental temperature changes. The
measured sensitivity to temperature and rf input power in the test laser was -350 psI0C
and -600 pswatt, respectively. A related source of timing jitter is that from beam
position changes within the modulator due to cavity perturbations. This effect can be
large if the laser is not well centered on the narrow acoustic "beam" of the modulator.
The slope in the test modulator was 600 pslmm just 0.3 mm above or below center.
Thus, small displacements of the laser beam are important if the modulator is not
carefully positioned.
Next in importance is cavity length stability. We have made measurements on
two lasers with significantly different results. The first laser showed extreme
sensitivity to cavity length changes (worst case -120 pslpm over a small region, other
regions - 15 ps/pm) while the second laser exhibited a more modest sensitivity of -4.5
ps/pm. The source of the difference between these two lasers is not yet identified,
though improper angular alignment of the first modulator could have contributed to the
poor laser timing performance. In either case, achievement of sub-picosecond timing
stability requires careful attention to sources which produce cavity length changes. The
several sources of cavity length fluctuations include thermal changes to cavity
components and support structures and vibration in these components, especially in the
lamp-pumped water-cooled gain medium which was shown to exhibit small optical path
changes at kHz rates.

Population inversion fluctuations in the gain medium were also shown to affect
laser timing through changes in the group velocity in the medium. Inversion
fluctuations due to the laser pump source were shown to be negligible except at
relatively high frequencies. However, inversion fluctuations due to cavity loss changes
are significant at low frequencies and do contribute to pulse timing jitter. In an example
calculation, a 0.1% change in cavity loss predicted a 3.5 ps shift in pulse timing in one
of the test lasers. Precautions such as beam tubes may reduce cavity turbulence and
dust enough to control this source of jitter.
Laser output power fluctuations can be measured and used to predict the level of
population inversion fluctuation and, thus, the timing jitter. Unfortunately, output
power fluctuations are related to inversion fluctuations in a way which depends on the
noise source. Determination of the source, either pump modulation or cavity loss
modulation, could be performed in practice by direct measurement of the pump source
noise frequencies and comparing them to the laser output power noise frequencies.
Any additional noise in the output power spectrum will then be due primarily to cavity
loss fluctuations.
None of the above cases can produce large changes in laser pulse timing at
times much faster than the response time of the laser cavity (Fig. 14). This result
indicates that the most stable timing from CW mode-locked lasers will be achieved over
short, typically less than 10 ps, time periods.

3.2 Approaches for Improved Timing Performance
Modulator performance is critical for overall laser pulse timing stability. A well
characterized and well aligned device is necessary for maintaining a fixed phase
between the rf source and the laser pulse train. Precise control of the rf power level and
attention to the cooling system stability will reduce long-term drifts. Because of the

added heat load due to incident laser absorption, a warm-up time may be needed for the
modulator. The laser output power will be relatively constant once operational, but the
startup could slightly shift the device timing. For this reason and for other side-effects
in the laser cavity, the laser output power should not be adjusted during the course of
experiments.
Some commercial vendors have implemented feedback circuitry in the
modulator driver electronics in order to improve long-term modulator stability. These
systems typically track the acoustic wave timing by monitoring the reflected rf signal
and can prevent large drifts in timing. The circuitry itself must be very stable to achieve
long-term picosecond modulator stability. Since the dominant goal of such systems is
to maintain pulse duration performance, the timing stability may not be adequate in all
cases.
Cavity length fluctuations can be reduced through use of low-expansioncoefficient materials such as Super Invar in the cavity support structure and through use
of beam tubes to limit air turbulence and temperature changes. Diode-pumping is an
attractive scheme for low-jitter laser systems because the lower excess heat produced
during pumping allows for reduced cooling flow and, therefore, reduced vibration.
The present calculations indicate that the lowest timing errors are expected from
mode-locked lasers with high round-trip frequencies, high modulation depths, and
limited amplifier bandwidth. Increased cavity loss (e.g., a lower reflectivity output
coupler) is also expected to reduce timing jitter somewhat. If timing jitter cannot be
reduced to acceptable levels then other techniques can sometimes be used to circumvent
the noise. One technique is to use the output rf from a photo detector which samples
the laser source to synchronize another system. For example, instead of using an rf
source to drive both a synchronous timing system and a laser system, the rf source
would drive the laser and the laser output rf signal would be used to drive the timing

system. In this way, any jitter or drift in the laser will be imprinted on the timing
system and they will track accurately.

3.3 Conclusion
A variety of sources for timing jitter and drift have been measured or predicted

in this report. Several sources of "technical" noise have been investigated with the
understanding that, although laser systems have unique sets of noise levels and
sources, the areas considered here will provide an indication of the sources likely to be
of practical significance to laser pulse timing. In addition, high frequency noise
sources of any sort are predicted to be relatively unimportant for timing jitter, and they
can be excluded from consideration in most cases.
The detailed behavior of the intra-cavity modulator impacts laser timing
performance. Temporal measurements indicated that the test modulator did not perform
as an ideal a.0. modulator but exhibited distortions indicative of the presence of
acoustic harmonic generation. The presence of this phenomenon does not introduce
timing jitter, but it is relevant because it will modify predictions made here and in the
literature which assume an ideal time profile and use a single parameter, the modulation
depth, to denote the modulator performance. This result along with the measured phase
shift along the vertical position in the device aperture suggest that a clear understanding
of laser timing must include detailed knowledge of the modulator characteristics.
Laser timing jitter and drift can be controlled with proper attention paid to the
several noise sources and time scales which are most important in a specific modelocked laser system. Elimination of some noise sources, such as cooling system
vibrations, may require modifications to the laser which are not practical in an existing
system. Knowledge of these items is primarily of value in the design of new systems.
However, several of the items discussed in Sec. 3.2 can be implemented on older

lasers. In these situations significant improvements may be possible simply by careful
alignment and measurement. In either case the estimates for the timing sensitivity due
to various sources given in this report can provide useful data for achieving improved

levels of timing stability in other systems.
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