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I. IYNTRODUCTION

The goal of this grant was to pursue research on the generaéion of
tunable visible, infrared, and ultraviolet light, and on the control of
this light by means of novel mode~locking and modulation techniques. The
grant, and the program, was a continuation of NASA.Grané NGL-05-020-103 .
Active projects during the year Included an analysis of mode-locked and
frequency-doubled lasers, a study of energy storage and extraction using

metastable atomic levels, the first observation of laser action using an

atomic pair absorption process, and the development of a tunable VUV source

for spectroscopic studies.
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II. SUMMARY OF RESEARCH

A. Energy Storage and Extraction Using Metastable Levels

(R. W. Falcone, G. A. Zdasiuk, J. F. Young, and . E. Harris)

The objective of this project wuis to demonstrate the use of atomic meta-
stable states as energy storage media for potential use as high energy lasers
and Raman pulse compressors. In particular, we have demonstrated that the
barium 655d3D levels can be optically pumped (via an indirect path) and that
these levels have long storage times. We have found that it is possible to
transfer ~ 90% of the ground state atoms into the 6sSd3D manifold, and to
maintain this population for storage times on the order of tens of micro-
seconds at densities of 1016 atoms/cm5. These conditions correspond to a
stored energy density of approximately 2 Joules/litre. We have measured the
storage time as a function of the barium ground state density and as a func-
tion of inert buffer gas densities. We have also observed laser action from
a barium éxcited state to the‘ground state on the 791l R 3P-ls intercombina-
tion line and also on the 1P-18 resonance line at X = 5535 R . These re-
sults point strongly to the possibility that the individual 655d3D sublevels
may be inverted relative to the ground state. If this is the case, the Ba
system is potentially a very practical Raman' medium for upconverting HF lasers

from the 2.7-2.9 pm region to the near IR at T500-8000 .
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B. . Atomic Pair Absorption and Inversion

(R. W. Falcone, G. A, 2dasiuk, J. F. Young, and S. E. Harris)

During the grant period we have demonstrated the use of a novel optical
pumping technique based on "atomic pair absoxption” as .a practical means of
populating atomic energy levels. The term "atomic pair absorption" refers to
a process whereby twn colliding atoms simultaneously absorb a single photon
at a frequency corresponding to the sum energy of two levels in the separated
atoms. Atomic pair absorption has been observed in bariuwm-thallium mixtures
using white light sources.1 By the use of more intense laser pumping sources
we have found that it is possible to construct atomic pair absorption pumped
lasers. The details of this work are given in the attached paper "Pair

Absorption-Pumped Barium Laser" (see Appendix A).

T ,
J. C. White, G. A. Zdasiuk, J. F. Young, and S, E. Harris, Optics Lett.
L, 137 (1979).




C. Development of a Tunable, Narrowband VUV Light Source

v

(3. E. Rothenberg, J. F. Young, and S. E. Harris)

The spontaneous anti-Stokes VUV light source was proposed by Harrisl in

2

1977 and tirst demonstrated by Zych, et al.” in 1978, and is a convenient

technique for generating intense, pulsed, narrowband, incoherent VUV radi-
ation. The practicality of this source was demonstrated by Falcone, et al.3
who used it as a tunable spectroscopic source to measure the isotopic shift,

and absolute energies, of the 3He and l‘He 1s2s 18 states with a resolution

0]
of 60 pev. This represented the first direct measurement of the isotopic
shift and illustrated the potential of this technique for performing high-
resolution VUV spectroscopy without the limitations of traditional VUV ap-
paratus: the lack of bright sources, and the low efficiency and resolution
of VUV spectrometers.

Falcone, et al. in essence performed an emission spectroscopy experi-
ment using the anti-Stokes source., The goal of this project is to develop

this source and to apply it to absorption spectroscopy of high lying atomic

levels., The practical requirement is to produce a - tunable source of high in-

tensity which has an overwhelming majority of its energy in a narrow bandwidth,

thus eliminating the need for a (lossy) VUV spectrometer.
A schematic of the source and its energy level diagram are shown in

Fig. 1. The tunable, visible pump laser illuminates a length L of a He

1
2

S. E. Harris, Appl. Phys. Lett. 31, 498 (1977).
L. J. Zych, et al., Phys. Rev., Lett. %0, 1493 (1978).
SR. W. Falcone, et al,, Optics Lett. 3, 162 (1978).
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éischarge. The anti-Stokes generation process is merely a scattering process;
a fraction of the incident photon flux is scattered at the tunable sum fre-
quency Wy g0g + wp into U steradians. The number of generated VUV photons

is

do
v = npump ;;'le2sL

where npump is the number of incident pump photong, is the He lsZs

leQs
metastable density, dG/dQ is the differential cross section for anti-Stokes
scattering, and L 1is the interaction length. The fraction of the generated
photons which are actually used in a particular experiment will depend on the
effective solid angle AQ ,

The differential scattering cross section depends strongly on the fre-
quency of the applied pump wave, becoming very large‘when the VUV frequency
approaches a resonance line. Initially, we proposed to pump with radiation

in the range of 5300 R and to scatter off the 1s2s 18 He level excited by

0]
a dc discharge. The critical parameter of the source is the ratio of the
anti-Stokes light to the background He resonance line radiation at 584 R.
Therefore, we have been investigating the optimization of the ratio of the
anti-Stokes light to the background radiation using different discharge
ls2s ? L , and the collection angle A2 . We have

found that a hollow cathode discharge and a positive column discharge are

geometries to maximize N

comparable in these respects,
We have measured this ratio using a flashlamp pumped dye laser which
provides peak powers of a few kW as our pump source (see Fig. 2). The anti-

Stokes light is seen superimposed on the background radiation over the range
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shoun in the figure.' Outside of this range the fluctuations of the back-
ground exceed the anti-Stokes intensity making its observation impossible.
However, we will be using a Nd:YAG system capable of producing MW peak powers
which would allow observation of the generated anti-Stokes light over the
entire range of available dye lasers (~ 50,000 cm_l). In order to use this
laser we have developed a detector with a high work fuqction cathode which
will not detect scattered visible laser radiation (at high lasei powers this
radiation can be comparable to the anti-Stokes light).

As a preliminary test of the Nd:YAG system we have used its second har-
monic (5320 R) at a peak power of 5§ MW as our pump laser. This corresponds
to & detuning of 1100 '::m-1 (3 R) from the resonance at 537.04 &. The result
was an observed anti-Stokes signal five times brighter than the background
radiation. We believe this is confirmation that the source will be useful
over the broad tuning range of available dyes.

The bandwidth of the generated anti-Stokes iight is equal to the con-
volution of the pump laser bandwidth and the Doppler width of the metastable
storage state. In our case this is only a few cm-l, making the resolution
and spectral brightness of the device much better than conventional labora-
tory sources. In the future we propose using this technique to measure the
linewidth of the innershell excitation of K 3p5h353. An energy level diagram
is shown in Fig. 3 and an experimcntal schematic is shoﬁn in Fig. 4. There
are good theoretical grounds for believing that the linewidth is relatively
ﬁarrow, and thus, that the lifetime may be long enough so that it can be used
in a VUV laser. To date, this linewidth has not been resolved. Generally,
the linewidths of innexshell excitations are very large because they are

prone to Auger or "autoionizing" decay. This very fast decay occurs when

4
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‘one electron drops into the closed innershell and ionizes the other elec-
tron. We plan to investigate a number cf autoionizing lines in K, as well
as in other alkali metals.

We note that this source of tunable, intense, incoherent VUV light has
a number of other possible apiiications: photolithographic fabrication of
microstructures; the analysis of surface composition and properties, in-
cluding catalytic surfaces; and the testing and evaluation of the compati-

% bility of materials and components in a high VUV flux environment.
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D.. Generation and Applications of Ultrashort Optical Pulses

(A.E. Siegman and J-M. Heritier)

Satellite optical communications systems which are under development
use mode-locked lasers to generate the very short, high repetition rate
puises needed for high data rates in optical links bétween satellites.

In particular, the CW mode-locked Nd:YAG laser is a promising candidate
for such space-borne communications systems. It is very desirable,
however, to convert the near infrared oscillation wavelength of the

YAG laser (1.064 microns) to its second harmonic in the green, in order

to obtain both much better detector sensitivity and better beam collima-
tion at the shorter wavelength. Because of the low power level involved
in a CW mode-~locked laser, especially in space-borne applications,
doubling the laser pulses in the usual fashion with a nonlinear crystal
outside the laser cavity cannot be done with adequate co.version efficiency.
The solution is then to place the doubling crystal inside the laser cavity
where the circulating optical pulse intensity is much larger; and in
essence to use the harmonic conversion process as the output coupling from
the YAG laser.

While this completely solves the harmonic conversion efficiency
problem, the presence of a nonlinear doubling crystal inside the mode-
locked laser can have serious negative effaects on the laser mode-locking
process, and can substantially broaden the mode-locked pulses in the lasecr.
A reliable and detailed analysis of the pulse forming process in a laser
which is simultaneously mode-locked and intracavity frequency doubled is

thus important for optimizing the design and the understanding of such

- 12 -




lasers., During the past period we have completed such a detailed

analysis that overcomes essentially all of the disadvantages associated
with earlier treatments of this problem. Our work includes both computer
studies and purely analytical results which provide new insight into this
mode of operation, a3 well as providing detailed numerical results for all
aspects of the laser performance in terms of the fundamental design
parameters of the laser system. In addition to simblified analytical
design formulas, a simplified but realistic physical description of the
important detuning behavior of this laser is developed. Good agreement
has been found between our analysis und experimental studies carried out
in industrial laboratories. In particular, our analysis confirms that ]
the mode-locked pulse width actually decreases as the modulation frequency
is detuned off resonance; the harmonic power output initially increases

for very small detuning, but then decreases; and the pulse shape develops

a sharp edged asymmetry which is of opposite sense for opposite signs of

detuning.

- 13 - e
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Vair-absorption-pumped barium laser

R. W, Falcone and G. A. Zdasiuk

Edward L. Ginzton Laboratory, Stunford University, Stanford, California 94305

Received November 11, 1979

This is the first reported demonstration of the use of pair-shsorption transitions for optically pumping lasers. In
a mixture of barium and thallium metal vapors, single ;photon absorption of 3867-A laser light caused simultancous
excitation of colliding ground-state atoms to the Ba(6s6p 1P}) and T1(6p 2P;.) excited states, Excited-state densi-
ties of about 10" ¢m=? were created, and subsequent laser emission on the Ba(6sGp 'P}) -» Ba(6s5d '1y) atomic

transition at 1.5 um was observed,

We describe the first reported demonstration of laser
excitation of pair-absorption transitions as a technique
for optically pumping new types of lasers. In particular,
we have simultaneously excited colliding ground-state
barium and thallium atoms to the Ba(6s6p 1P}) and
TI6p 2P3/) excited states by single-photon absorption
of laser light at 3867 A. Subsequent laser emission on
the inverted Ba(GsGp 'P}) — Ba(6s5d 'Dy) transition
was observed at 1.5 um.

Pair absorption, or simultaneous excitation, refers to
a process in which two colliding atoms absorb a single
photon at a wavelength corresponding to the sum energy
of excited states of the individual species. After the
collision the atoms separate, leaving both atoms in ex-
cited states. In the case of a dipole-dipole collisional
interaction, one species makes a (dipole) allowed tran-
sition while the other species makes a (dipole) nonal-
lowed transition. The use of laser excitation of pair-
absorption transitions for pumping new types of lasers
was proposed in Ref. 1. The pair-absorption process
is a specific example of a general class of reactions now
called laser-induced collisions.? Pair absorption has
recently been observed in atomic-metal vapors in the
visible spectrum?; previously it had been observed in
molecular systems in the infrared.?

We have studied the pair-absorption process

Ba(6s? 1So) + TI(6p 2P}p) + hew, (3867 A)
— Ba(6s6p '1’}) + TI(6p 2P5p). (1)

As shown in Fig. 1, the Ba atom is excited on an allowed
transition and the T atom is excited on a nonallowed
transition. The absorption process of Eq. (1) maxi-
mizes when the photon energy, hiwp, is equal to the sum
of the energies of the atomic excited-state products.

The absorption coefficient for pair absorption,
a(em™1), is given on line center by

o= 306&_’!3/'1/".)]3['”"]“30"] , ()
m3cV p2(Aw) 2w wacwy -

where ¢ is the electronic charge; w,, = 2we/A, is the
angular frequency of the absorbed light; £y, fo, f4 and w),
wy, wy are the oscillator strengths and {requencies of the
atomic transitions PGy 2P%p) - TUTs 28, ), TI(7s
28172) == TUGp P4 ), and Ba(6s? 1Sy) > Ba(GsGp 11°3),
respectively; [11°] and [Ba®] are the ground-state

.

number densities of the colliding atoms; m is the elec-
tron mass; ¢ is the velocity of light; V is the relative ve-
locity of the colliding atoms: g is the Weisskopf radius®
or dephasing radius of the collision (11 A in this exper-
iment); and Aw is the frequency detuning of the pump
laser relativeto the atomic transition in T, as indicated
in Iig. 1. Bquation (2) was derived by using pertur-
bation theory as detailed in the treatment of laser-
induced collisional processes given in Ref. 7. The ex-
cited-state densities of both species, Ba*(6s6p 'P3) and
TI*(6p 2P3),), are given by
P/A
k] = *) o 1112
[Ba*] = [T1*] ho, aTp, (3)
where P/A is the power density and 7, is the pulse
length of the applied laser.

An experimental schematic is shown in Fig. 2. The
3867-A radiation was produced by sum-f requency
generation in KD*P of 6075-A and 1.06-um laser light
by using a Quanta Ray Nd:YAG dyc-laser system; pulse
energies at 3867 A of up to 5 mJ in a 5-nsec pulse were
available. This beam was collimated to a spot size of
0.15 cm? and directed into a metal-vapor oven con-
taining Ba and T heated to 1400°C over a vapor-zone
lengih of 10 em. The cell also contained ~250 Torr of
argon gas to prevent metal-vapor diffusion and con-

———— 2
-1 s "Sys2
Aw =625 cm

4

A=1.5um Ap=3867 A

— 6p 2P§ )

\ 652 'smitm- —H— 6p 2P0,

BARIUM THALLIUM

Fig. 1. Barium and thallium energy levels for the pair-ab-
sorptlion-pumped atomic barium laser,

. . Roprintv(l.I'mm‘ Optices Letters, Vol 6, No. oA, page 155, April, 1980
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densation on the cold cell windows. The 1.5-um output
light from the cell was filtered with a spectrometer and
detected with a room-temperature InSh detector.

Figure.3 shows an absorption scan of the metal-vapor
cell in the region of pair absorption made by using a
continuum discharge lamp. The shape of the curve
agrees with the data of Ref. 4. A curve-of-growth
analysis of the resonance-line absorptions of Ba and Tl
yielded ground-state vapor densities of [Ba®] = 4 X 1017
em~3and [T1°] = 2 X 10!'7 em~3 in the cell. The mea-
sured absorption at 3867 A was 35%, compared with the
predicted value of 80% at these densities using Eq. (2).
This discrepancy is most probably due to uncertainties
in our measurement of the ground-state number den-
sities,

When the pump laser was tuned to 3867 A, laser
emission at 1.5000 % 0.0001 gm, corresponding to the
Ba(6s6p 'P;) — Ba(6s5d 'Dy) transition,8 was observed.
The emission was narrow band (less than 0.2-A spec-
trometer resolution) and exhibited threshold behavior
at a pump energy of 1 md. Spatial collimation was
verified by placing a variable aperture between the de-
tector and the cell. As the pump wavelength was tuned
about 3867 A, the observed emission wavelength at 1.5
um remained constant. Our measurement of the du-
ration of the 1.5-um emission was limited by the re-
sponse time of the InSb detector to <100 nsec. [The
spontaneous decay time of the Ba(6s6p 1/°}) — Ba(6s5d
1Dg) transition is ~200 nsec.8] The intensity of the
emission as a function of pump-laser wavelength is
shown in Fig. 4. The intensity maximizes at a pump
-wavelength of 3867 A, and the profile has an asymmetry
to longer wavelengths that is also seen on the absorption
scan in Fig. 3. This asymmelry is predicted from a
consideration of the interaction potentials? of the col-
liding atoms.

The bandwidth of the pair absorption is about 1 A (7
em~Y), This absorption linewidth is characteristic of
light-induced collision processes® and is independent
of both metal-vapor density (in the linear absorption
regime) and buffer-gas density.

The measured cell absorption of 35% at 3867 A
implies an optically pumped excited-state density of
Ba(6s6p 1P3) of about 5 X 10! em™3 at the lasing
threshold pump energy of 1 md per pulse. This esti-
mated excited-state density is consistent with calcula-
tions of the required threshold excited-state density,
allowing for the 7 X 10! em™3 thermal population of the
lower laser level. -

METAL VAPOR

OVEN
inSb
SEPRRATOR . / | FULTER DETECTOR
Ij?}—‘-’g—“-{} L.UB {1 spectromerer :]
SUMMING (-
crysTaL 2]
BEAM 1,06 jum
COMBINER
. co7s A
| OYE |0534m[ Nd:YAG
3 LASER %] \ LASER
BSR
DOUBLING
CRYSTAL

Fig. 2. Experimental schematie.

W

~ 1

TRANSMISSION

1 1 i
3865 3870 3875 3860
WAVELENGTH (R)

Fig. 3. Absorption scan showing barium-~thallium pair ab-
sorption at 3867 A.

RELATIVE INTENSITY

1 { 1 ]l 1 |
3867 868 2069

WAVELENGTH (A)

Fig. 4. Relative intensity of the A = 1.6 um atomic barium
laser as a function of pumping wavelength.

This experiment demonstrales a new technique for
optically pumping high densities of atomic (and mo-
lecular) species using the relatively large-bandwidth
cross section of pair-absorption transitions. Oneof the
most promising aspects of this technique is that new
absorption wavelengths are created by mixing different
species together; this provides a method for channeling
the energy of high-powered, fixed-wavelength lasers into
specific target states of atloms that otherwise would not
absorb the radiation.

A further possible application of this technique isthe

use of pair absorption for the inversion of atoms and
molecules to the ground state, as pointed out in Ref, 1.
A high density of one species will permit the inversion
of the second species to the ground state when sufficient
pump-laser energy is applied at the pair-absorption
wavelength, One application of this technique would
be the temporal and spectral compression of high-
powered excimer lasers. The energy stored in the in-
verted species by optical pumping with the excimer laser
could be rapidly extracted in a narrow-bandwidth pulse
by Raman, two-photon, or another lasing process to the
emptied ground state.

We wish to thank S. E. Harris and J. IV, Young for
helpful discussions,

This research was supported jointly by the National
Aeronautics and Space Administration under Contract
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- Analysis of Mode-Locked and Intracavity
Frequency-Doubled Nd:YAG Laser

A. E. SIEGMAN, reLLow, 1EEE, AND JEAN-MARC HERITIER

Abstract—~We present apalytical and computer studies of the CW
modedocked and intracavity fiaquency-doubled Nd: YAG faser which
provide new insight into the operation, including the detuning behavior,
of this type of laser, Computer solutions show that the steady-state
pulse shape for this laser is much closer to a truncated cosine than to a
Gaussian; there is little spectral broadening for on-resonance operation;
and the chirp is negligible. ‘This leads to a simplified analytical model
carricd out entirely in the time domain, with atomic Lnewidth effzets
ignored, Simple anutytical results for on-resonance puitse shape, pulse
width, signal intensity, and harmonic conversion efficiency in terms of
basic Jaser parameters are derived from: this model, A simplified physi-
¢al description of the detuning behavior is also developed, Agreement
is found with experimental studies showing that the pulsewidth de-
creases as the modulation frequency is detuned off resonance; the
harmonic power output initially increases and then decreases; and tie
pulse shape develops a sharp-edged asymmetry of opposite sense for
opposite signs of detuning.

I. INTRODUCTION

NE CW mode-locked Nd: YAG laser provides a reasonably

efficient, reliable, and well-enginecred source of optical
pulses with high repetition rates (~500 MHz2), narrow pulse-
widths (£100 ps), and moderate powers (~1 W average). The
Nd: YAG wavelength of 1.064 um is, however, further into
the IR than is desirable for some applications, and the peak
pulse intensity in the output beam is too low to permit effi-
cicnt second-harmonic generation outside the cavity,

A possible approach is then to employ intracavity second-
harmonic generation (SHG), with the harmonic crystal placed
inside the laser cavity. The harmonic conversion cfficiency is
substantially increased because of the larger fundamental
intensity circulating inside the laser cavity, and at the same
time only small conversion is requirest :vgause the harmonic
conversion efficiency need only equar the usual output cou-
pling per pass from the laser (typically $10 percent) to effi-
ciently extract most of the available fundamental power at the
second-harmonic wavelength,

This type of laser can be important in satellite optical com-
munications systems, laser radars, and other applications, and
several previous studies of this mode of operation have been
published [1]-[9]. In general, the intracavity harmonic-
generation and mode-locking processes are found to be in
opposition, with the harmonic-generation process producing
a “peak-clipping” effect which substantially broadens the

Manuscript received Augus? 15, 1979, This work was supported by
NASA under Contract NGL-05-020-103 and Grunt NSG-7619,

A EL Siegman is with the Department of Fleetrical Eogineering and
the Edward Ginzton Laboratory, Stanford University, Stanford, CA
94305,

)M, Heritier is with the Department off Applied Physics, Stanford
University, Stanford, CA 94308,

mode-locked pulses, In addition, the laser performance is
found to be extremely sensitive to small detunings between
the active mode-locking modulation frequency and the actual
roundtrip transit time in the laser,

Previous analyses of the mode-locked and frequency-doubled
laser [4]~[8] have used approximations such as assuming a
Gaussian mode-locked pulse shape and then manlpulating the
parameters of the Gaussian pulse to obtain a self-consistent
steady-state situation. It will become apparent from this paper
that a Gaussian pulse is not an adeguate approximation for the
actual pulse shape in a mode-locked and frequency-doubled
laser (as was in fact noted much earlier [4]). Previous analyses
have also generally established only indirect connections be-
tween basic laser paramcters and the resulting mode-locked
laser performance, and have in general not explored the impor-
tant detuning behavior,

In this paper, we present both “exact” computer calculations
and new analytical results describing the performance of 4
typical C\WV mode-locked Nd:YAG laser with intracavity SHG,
including detuning effects, Insights provided by the computer
results enable us to develop simple analytic expressions which
give the mode-locked pulse shape, pulsewidth, power output,
and harmonic conversion efficiency for zero detuning directly
in terms of the basic design parameters of this type of laser,
We also develop a physical picture and analytical results for
the detuning behavior of the laser in response to small changes
in modulation frequency or cavity length, These results
appear to be in good agreement with such experimental results
as arc available.

In the remainder of the paper, Section I briefly reviews the
basic analytical model, while Section Il presents exuct com-
puter solutions based on that model. Section IV then develops
a simplificd form of the analytical model for zero detuning,
leading to simple analytical expressions for all the basic on-
resonance performance characteristics of the system, These
expressions are also expanded into greater detail in the Appen-
dix. Finally, Section V gives further results for the detuning
behavior of the luser, based on the simplified anglytical model,

The work described here was [irst motivated by experimental
results obtained by D, Radecki and A, Kramer at GTE Sylvania
[9]. The agreement between these analytical and experimental
results is found (o be quite good,

11, ANALYTICAL MODEL
A, Laser Pulse Paramceters
We employ the same analytical model used in earlier anplyses
[4]-17], as iHlustrated in Fig, 1. We consider a fundamental-
frequency optical pulse civculating inside the Jaser cavity of
the form

0018-9197/80/0300-0324500.75 @ 1980 ELLE
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) " 4 related to the usual saturation intensity Iy, of the laser me-
[or Bter Y] 3] [ o2 ] Ej dium by
LASER M-L MG CAVITY Wit = Ty s = Dsarlfm (9]
,ROD  MODULATOR XTAL  LOSSES

Fig. 1. Analytical modcl for the mode-ocked und internally frequency-
doubled laser,

&(1) = Re £y (1) /™" _ M

where £'y(t) is the complex phasor amplitude and fq is the
center frequency of the atomic line, For simplicity, the field
amplitude Is normalized so that the instantancous intensity
(power/unit area) in the pulse is

L) =|E @) @)

Similar expressions with subscript 2 and frequency 2/, repre.
sent the second-harmonic quantities, The pulse amplitude
spectrum, or the complex frequency transform of &,(¢), is
written as &, (f)=E\(S~ [o), so that E\(f) is the Fouricr
transform of the pulse envelope £,(¢), We write the trans-
forms using hertzian frequencies f rather than radian frequen.
cies w = 27f because this matches more naturally the discrete
Fourier transforms used in the computer calculations,

The single pulse energies = unit area at the fundamental
and harmonic frequencies insl, 2 the laser cavity are given by

W, = f 1) dt

W, =f/2(f) dt (3)

where the integrals are over one period of the mode-locking
frequency. It is assumed that the second-harmonic power wiil
be efficiently coupled out of the laser cavity by an appropriate
dichroic mirror,so that W, also represents the second-harmonic
output encrgy per pulse per unit beam arca,

B. Gain Medium

Fallowing carlier analyses [S], (7], the one-way or single-
pass voltage gain through the homogencous laser medium
and once down the laser cavity of length L is given by the
Lorentzian gain expression

. v £
fa()=exp {l ¥ 2(f~ 1D
where g is the saturated one-way voltage gain coefTicient in the
laser medium and &/, is the FWHM atomie linewidth (~120-
150 GHz in Nd: YAG). In the lasers of interest here, the pulse
repetition rate is much higher than the inverse relaxation time
of the laser medium, Hence, the laser gain saturates homoge-
neously on the averpge rather than the instantancous circulat-
ing power in the form

- ;'zfrf/,/c] @)

&y
¥ = v i it 5
TN ()

where gg is the unsaturated single-pass voltage gain coefficient,
The saturation energy W (per unit area and per pulse) is

where the modulation frequency f,, ETht is the repetition
frequency of the mode-locked laser pulses, and is typically
several hupdred megahertz, The factor of two appears in (5)
because the laser medium is saturated by the circulating power
going in both directions inside the cavity,

C. Modulator

The single-pass amplitude transfer function through the AM
mode-locking modulator, together with the linear cavity
losses, is given by [4]

T (1) = exp [~a - & sin? (nf,,1)] )

where a is the single-pass voltage loss coefficient due to ohmic
losses, scattering, mirror-oufcoupling, and any other linear
cavity loss mechanisms, and 6 is the AM modulation index,

D, Nonlineyr Crystal

The roundtrip or double-pass harmonic conversion in the
SHG crystal is defined by the instantancous relationship

L) =24 15 (1) @)

where /,(f) is the circulating instantaneous fundamental inten.
sity in the cavity; [5(¢) is the instantancous second-harmonic
intensity generated after a complete double pass through the
SHG crystal; and a, is an effective nonlinearity coefficient for
the SHG crystal. For small fractionai conversion and weak
focusing in the SHG crystal, this parameter is given in practical
terms (and MKS units) by

2a; = 2Mwh d*(ufe)? sinc® (AkI/2) ©)

where 24 is the ratio of instantancous nonlinear polarization
to instantancous clectric field in the nonlinear material; M is
the ratio of beam cross-section arca in the laser rod to the
same quantity in the SHG crystal, as controlled by the cavity
optics; A& is the phase mismatch between waves at w, and
2wo; 1 is the total effective interaction length in the nonfinear
crystal, which can range up to twice the physical erystal length
if' the crystal is double pysied with proper phasing between
passes; and sinc x = (sin ¥)/x.  As long as the fractional har-
monic conversion per pass is small (which will always be the
case in practice), the double-pass amplitude transmission of
the nonlinear crystal for the fundamental frequency can be
expressed by

(=& O - ar| 6,1, = & (N1 - a1, () (10)
where &} () is the value after the SHG crystal.

I, Detuning Parameter

The detuning behavior of the actively mode-locked Jaser is
of particular importance, The (small) frequency difference £
between the externally driven modulation frequency f,, and
the ¢/27, axial mode spacing of the empty laser cavity may be
defined as

TaE@2L) = [ ()
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This expression considers only the “cold” cavity repetition
frequency ¢f/21 and does not take into account the frequency
shift or added time delay contributed by the linear dispersion
of the laser transition itself, From (4), the lincar portion of
the overall roundtrip cavity phase delay versus frequency at
midband will be 0 when the modulation frequency is given by

f =..£....Z£G'.
™oL wal,

This occurs when the frequency difierence of (11) has the
value

(12)

Ja=Jao =~ (13)

The situation fy = fyo is thus what one would call the *“zero-
detuning” condition, or the condition in which the modula-
tion frequency f,, cxactly matches the loaded roundtrip
dransit time, including the dispersive effect of the laser trans-
sition, The value of f;,, however, dedends on the saturated
gain g of the laser medium, and this depends in tum on the
circulating power, SHG nonlinearity, modulation depth, and
other operating parameters. Thus, there does not exist any
unique zero-detuning point for a mode-locked laser, indepen-
dent of the actual operating conditions of the laser, One can
estimate fy, by knowing approximately the usual saturated
gain in the laser, For the cases analysed in this paper, fi;o has
a value around 15 kllz,

Note that the differential relationship between modulation
frequency f,,, and cavity length L is given by

T
51, L 1.67 kHz/um (14)
for a cavity with L =30 c¢m and f),, =500 MHz. A value of
Jao = 15 klz thus indicates that the atomic dispersion makes
the cavity seem to be ~9 um Jonger than its cold electrical
length, Changes in . 3¢ physical cavity length of as little as
£10 um can cause signiticant detuning effects,

I. Available Encrgy and Power Quiput

If the same laser mediwm as above is operated CW (i.c., with
both mode locking and SHG turned off), with the same unsat-
urated gain go and loss «, and with an output mirror having
power reflection factor R = e len - 6., then the CW output
intensity (W/unit area) at the fundamental frequency will be

5.1, 4g
Tow = tzw Ll"“‘“a _"06‘“" i] . (15)
¢

For optimum output coupling given by 8, = da[(go/a)'/? ~ 1),
the maximum available fundamental output intensity will be

Tnax =280 (1 - (“/"1'0)”2]2 Lo (16)

This can be viewed XIS. representing a maximum available power
per unit area that can be extracted from the laser medium,
namely 2g0ly, reduced by an internal cavity loss factor
[~ (afgo)'/?}?. Hence, there will be a maximum available
energy per unit arca, per pulse, that can be extracted from the
laser medium in the mode-locked and doubled laser at the Tun-

- 2 -

damental plus harmonic frequencies, A figure of merit for tie
laser is then how close the second-harmonic encrgy per pulse
W, approaches this available pulse energy, taking into account
also the internal cavity loss factors, We thercfore define the
second-harmonic extraction efficiency as

W, '
B2 = 280 (1 - (/20)'"*)* We* a7

We will sce later that n, has a maximum value of around
80 percent [4], [8) for the mode-locked and frequancy-

i

.

doubled laser, v

G. Conncction with Real Lasers

The analysis up to this point has been formulated entirely
in terms of per-unit-arca wave intensities, A rigorous analysis
of the gain, saturation effects, and harmonic conversion pro-
cesses inside a real laser of this type, taking into account the
Gaussian transverse mode profile with spot size w, would be
very much more complicated. To a good approximation,
however, the second-harmonic power generated inside such a
real laser can be related to the harmonic energy per pulse per
unit area by

1’2 '""Acfffm WZ (IS)
where
A mw? (19)

is an effective cross-section arca for the laser beam inside the
laser rod. The useful output power at the second harmonic
may be reduced below this value by a coupling factor <1, in
order to represent output coupler losses and other effects
which may keep some of the harmonically generated power
from being extracted out of the cavity, The circulating funda-
mental power P, canalso be related to the fundamental encrgy
per pulse I, by the same area A,¢p without any coupling
efficiency factor,

In making the connection between a real laser and the plane-
wave theory, the effective area A, gy, the elfective saturation
intensity I, and the effective harmonic conversion factor a;,
can all be regarded as adjustable parameters which may have to
be adjusted slightly from their ideal or plane-wave values in
order to take into account averaging effects across the Gaussisn
beam profile. To first order, this will have little effect on the
predicted pulse shape, the pulsewidth, or the overall depen-
dence on other laser parameters predicted by the present
analysis,

111, CompruTER SOLUTIONS

Because of the difficulty in obtaining accurate analytical
solutions for the mode-locked and frequency-doubled laser,
we initially approached the problem by carrying out brute-
foree compuer calculations, attempting to find more or less
“exact™ steady-state solutions to the analytical model of
Section 11, In essenee, we propagated pulses repeatedly around
the luser cavity by numerical simulation and observed the evo-
lution of the pulse after repeated roundtrips. The results of
these computer simulations are sunmymarized in this seetjon,
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A, Stmulation Procedure

To perform the calculations, we replaced the fundamental
pulse cnvelape £(f) during one period of the modulation
cycle -7,,/2 <t <T,,/2 by N discrete sampled values &), =

M2 E(1,) where 1, =nAt for n=-(N/2)+ 1 to (N/2), and
At =T, /N =1[Nf,. The pulse spectrum E(f - fo) was simi-
larly replaced by the discrete spectrum £, = W2 E(f), - fo),
whiere the frequency components f,, = fo + nfy, correspond to
the modulation sidebands of the periodically repeated pulse
with »# running over the same range, (Scaling the pulse ampli-
tude to Wzi/? is merely a computational ¢ venience.) Note
that n =0 corresponds to the peak or midpoint of the modula-
tion cycle and also to the center of the atomic line in the fre-
quency domain, With this notation, the pulse sample value £,
can be efficiently transformed back and forth between the
time and frequency domains using the fast Fourier transform
algorithm [10], [! 1]. Depending on circumstances, from
N =64 to N = 1024 discrete samples were employed.

The straightforward simulation procedure was then as
follows. An arbitrary initial pulse %, in the time domain (for
example, a pulse with an initially uniform amplitude through
the full modulation cycle) was stored in the data array; trans-
formed (in place) into the frequency domain; and then muls
plied by the discrete double-pass version of the complex
amplifier-cavity transfer function, namely

28
L4 2j(fnfaf)n

A suitable initial value of the gain 2¢ was used to start the cal-
culation, The amplified pulse spectrum was then inverse trans-
formed back to the time domain (call this result £,) and
double passed through the modulator and SHG crystal by
calculating

Th(fu)=cxp [ +j2n(falfm) "]. (20)

By = T (1)) - a2 W ) £ @n
where the modulator double-pass transmission is
TR () = exp [-2a ~ 28 sin® (naf,, AN]. (22)

This computer simulation of one roundirip was then repeated
some number of times, typically 10-20, after which the total
pulse encrgy and other pulse parameters were computed and
stored. A new saturated pain value was then computed from
(5), and using this new value of g the amplifier gain function
(20) was recalculated and another 10-20 roundtrips carried
out in a repeated cycle. This process was continued for as
many as scveral thousand roundtrips for each set of basic laser
parameters,

B, Windowing

A Jdiscrete simulation carried out using discrete Fourier
transforms actually represents a model in which the discrete
pulse samples are periodically repeated in both the time
domain and the frequency domain. To avoid the well known
aliasing effects that arise in this situation [10}], [11]}, both the
time and frequency transfer functions T4(f,) and Ty, (1)
were also multiplied by a window function given by

W) = exp [-1.2(2n/N)'6]. (23)

This more or less arbitrarily chosen window function smoothed
out high-frequency ripples in the computer pulses and their
speetra without materially altering the overall pulses, Mode-
locked faser pulses are known to be very sensitive to the curva.
tures of the time and frequency domain transfer functions
T4 (/) and Tpg (1) near f'=fo and ¢=0. Therefore, the use of
a window function like (23) with zero low-order derivatives at
the center is important, Other more standard window func-
tions [12] which have significant curvature near n =0 were
also tried but were abserved to distort the computed pulses,

C. Numerical Parameters * .

These simulations were carried out primarily for a set of
laser parameters similar to those of a typical laser system
planned for a space-borne communications system [9], namely

Unsaturated single-pass power gain = 2g, =003
Single-pass power loss = 2a=0.007
Modulation frequency = f,,, = 500 MHz
Modulation depth = 28 =008
Atomic Jinewidth = Af, = 120 GHz
Nonlinearity coefficient = a;Wgy=4 X 107" s,

Preliminary calculations showed that the saturated gain corve-
sponding to these parameters was typically 2g ~0.023, The
zero-detuning value gorresponding to this standard gain
value is

o 2 gfl?l
najg

fao = 15250 Hz, 24
Therefore, we tentatively establish the vatue fy =~ 15 000 Hz as
the “zero-detuning” point in these calculations.

Note that the steady-state mode-locked pulsewidth 7, given
by the Kuizenga--Siegman madel [13] without doubling would

be
(4 n 2)!/2 (gO )1/4 ( 1 )l/2
T = e L eauand ——
i : \6 SnBJa
~55 ps. (25)

n

The transform-limited spectral widih (FWIIM) corresponding
to this pulsewidth would be ~7.5 GHz, or ~15 modulation
sidebands, We will argue later that for pulsewidths substan-
tially larger, or spectral widths substantially smaller, than these
values the atomic lineshape must be playing only a minor role
in the pulse-shaping process,

D. Computer Results with Zero Detuning

Fig. 2 shows a typical result of these computer caleulations,
including the fully converged fundamental pulse Z-field
envelope amplitude, the fundamental amplitude spectrum, and
the sccond-harmonic pulse shape (pulse power), for the near-
zero-defuning case after a Jarge number of passes starting from
a uniform input pulse, Essentially, the same converged solu-
tion was obtained with various initial conditions, and using as
few as N=106 sample points, For the value of a Wy, =
4 X 107" s, which is not far from optimum, the fundamental
pulsewidth (FWHM) is 7, =405 ps and the second-harmonic
pulsewidth is 7,5 =315 ps, both of which are much larger
than the value for the same laser and modulator without intra-
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Fig, 2. Example of o fully converged steady-state pulse obtained from
the cortputer simulation of the mode-docked and frequency-donbled
lazer under conditions of near-zero detuning and near-optinuim
harmonic coupling,  The curves show the fundamental pulse field
amplitude Iy (r); the second-harmonic pulse intensity /o (1); the funda-
mental amplitude spectram £(f): and the Nd:YAG gain curve
1) l..l The nonlincarity volue used for the figure is a0y =
4 %107 s,

cavity doubling. The pulse spectrtum correspondingly remains
very narrow, and examination of the phase of the complex
pulse envelope shows io evidence of “chirping” {14},

The internal harmonic conversion efficiency (average SHG
power generated over avesage circuliting fundamental power)
is agyg EWL/W =2 percent; and the second-harmonic
extraction efficiency is 0, =45 percent, The mode-locked
and frequency-doubled laser does a reasonably good job of
extracting the available encrgy in the laser rod, However, it is
clear that the made-locked pulse shapes are far from Gaussian,

During the evolution of the numerical simulation process
from an arbitrary initial pulse shape toward convergence, we
observed that for zero detuning the fundamental pulse shape
and pulse speetruim converged to essentially their final forms
fairly quickly, However, the fundamental circulating power,
the second-harmonic power, and the exyet pulsewidth all
continued o drift very stowly toward their final values even
after a very large number (3>1000) of roundtrips., This charac-
teristic of the caleulations (and presumably of the real laser
also) apparently results from a delicate bhalance between the
small ard competing gain and loss mechanisms in the laser,
For finlic detuning the pulse ealeulations converged even more
slowly, which represenied a serious difficulty in performing a
large number of such caleulations, Whether the final conver-

gence of these calculations could be sipnificantly accelerated
by more sophisticated numerical methods is not clear,

E, Computer Results with Finite Detuning

Experimental results obtained by Radecki and Kramer at
GTL Sylvania [9] show that, for small but finite detuning of
either the laser modulation frequency f,,, or the cavity length £,
the pulsewidth narrows; the circuluating power and the second-
harmonic output increase at first, and then decrease; and the
pulse develops a steep asymmetric edge on one side of the
pulse. Fig, 3 shows by way of comparison the computed pulse
envclopes and spectra for three different yalues of f; =0 Hz,
~15000 Hz, und -065000Hz after 10000, 15000, and
38 600 roundirips using N =128, 512, and 512 points, respec-
tively, all starting from the same initial pulse shape, The initial
pulse shape in each case was the zero-detuning pulse shape of
Fig. 2, The development of a sharp asymmetric leading edge
on the detuned pulse envelopes and a broad pedestal an the
pulse spectra is evident, The experimentally observed decrease
in pulsewidih and increase in harmonic output with detuning
is also at least qualitatively matched by these caleulations,

Similar but less extensive caleulations were carried out
using detunings of fy =15000, 0, -15 000, -30 000, and
+60 000 i1z, These results showed the same general features
and in particular the f; =+ 60 000 Hz casc showed essentially
the same results as the f; = -30 000 Hz case except {or a sym-
metric inversion of pulse shape about the pulse center, indicat-
ing that the zero-detuning value of fizp = 15 000 2 is reason-
able, The broad pedestal in the pulse spectium developed
sufficient breadth in these caleulations, however, to indicate
that a sizable number of sidebands must be included in the
simulation; and convergence to the final pulse shape for larger

- detunings was slow, requiring many thousands of passes,

A general conclusion from these results is that instructive
results can be obtained for both zero and finite detuning, I
however one wishes to obtain more extensive results using this
type of direet computer simulation, especially for larger detun-
ing, one needs {o use a large number of sample points and
some form of convergence algorithm that will lead to faster
convergence to steady state than the simple direct modeling
used in this work, These resulis are useful, nonetheless, in
indicating the peneral character of the detuning behavior for
larger detwmiing. We may hypothesize, for example, that the
experimentally observed deervase in power output for larper
detuning resulls, at least partly, from spectral broadening
causing a decrease in effective gain,

IV, SIMPLIFIED ANALYSIS FOR ZERO DETUNING

The foreword to Hamming's well-known book on numerizal
analysis [15] gives the maxim:

“The purpose of computing is insight, not numbers.”

The work reported in this paper might serve as a case study of
this principle. The numerical computations deseribed in the
previous section were initislly undertaken primarily to provide
“numbers.”  The numersical rosults, however, also provided
insipht which led to the simplificd analysis presented in this
section, In this section, we show how one can simplify the
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Fig. 3. Examples of essentially converged pulses obstained from the com-
puter simulation process for three inereasing amounts of modulation-
frequency detuning with otherwise the same parsmeters as Fig, 2.
Note that for the laser in question a detuning of 15 klz would be
cquivalent to u cavity length change of ~10 um,

physical model so as to obtain much simpler analytic expres-
sions for the performance characteristics of the mode-locked
and frequency-doubled laser,

A, Simplificd Analysis

The computer results of the previous section make clear
that, “for zero detuning, the mode-locked pulse spectrum
Ey () is very narrow compared to the atomie linewidth, while
the pulse shape 27y (1) is wide but essentiully truncates outside
a cortain wange.  We conclude from this that the very wide
atoag linewidth of the Nd:YAG Liser medivnm is essentially
irrelevant,  For the pulse shapes occwring in the frequency-
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doubled laser, the atomic medium may be modeled as simply
an infinite-bandwideh amplifying medium with gain equal to
its saturated midband value,

The pulse roundtrip transformation can then be described
entirely in the time domain, On a differential basis, the net
change in fundamental pulse amplitude £,€7) in one roundtrip
may be written us

ALV = |27 2a= 28 sin® (af,y, 1) - a2y (D] F (1)
=0 for steady-state operation. (206)

Hencee, the fundamental pulse shape must be given by
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Fig, 4. Zero-detuning pulse shape given by the analytical approximation
of (27), compared to the computer simulation results for the same
case, with no adjustable parameters, The two pulse shapes are essen-
tially identical,

2g - 2a - 26 sin® (nf),0)

L()= Yy

[ <t (27
and 1,(1)=0 for |1| > 1., where the cutoff points ¢ =%, at
which the pulse amplitude goes to 0 are given by

L o\Y2
o= T‘r'r—"-sin"l (g__ad) R <Tm/2.

(28)
'The pulse shape is that shape which must make the net round-
trip gain equal to 0 at each instant of time, including the non-
Jinear effect of the SHG conversion process,

These concepts of essentially infinite bandwidth and zero
net gain have been stated previously, especially by Bernecker
[4]. However, the consequences do not scem to have been
systematically followed up as is done here. As a test of the
validity of (27), Fig. 4 shows a comparison of the analytical
results of (27) with the “exact” result of the computer simula-
tion from Fig. 2, with no adjustable parameters in either case,
The analytic approximation (27) is cvidently an excellent
approximation to the real pulse. The cutoff points at which
the nct gain equals 0 are also indicated in the figure.

Equation (27) far the pulse intensity can be integrated over
the pulsewidth (-1, <t<{,) to obtain the fundamental
frequency pulse encrgy

Wy = [(4g -~ 4o - 28)+ 26 sinc 2nf,, 10)] fofaz (el2))

and also the second-harmonic pulse energy
Wy = [(4g - da- 28)* + 48 (dg - da- 28) sinc (27f,,, 1)
+28%(1 + sinc (@nfi, 1N telar (30)

where sitic x = (sinx)/x.

The pulse parameters given by (27)-(30) depend on the satu-
rated gain cocfficient g, The saturated gain coefficient how-
ever depends on the fundamental pulse energy through the
saturation relationship (5). A self-consistent set of solutions
for the pulsc cnergies W) and Wy, the saturated gain g, and all
the other pulse parameters can be found in terms of the basic
Juser purameters @y, «, 8, fo, &o, and Wy, by simply iterating
(28), (29), and (§) slarting with an arbitrary trial value of g.
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Fig. 5. (a) If the maximum possible gain go in the laser medium is
less than the maximum loss « + 6, which occurs at the modulation
period edges, then the laser pulse will be cut off at a finite point
t =1, € 7),/2 under all operating conditions, (b) If the maximum
gain go is greater than a + §, then under certain operating conditions
with large nonlincarity the pulse cutoff points move out to £, =
7,,/2, and the laser intensity does not actually drop to 0 between
pulses,

This procedure is easily carried out on a small programmable
hand calculator or desk calculator,

The above analysis does require extension in ong minor
respect, as ilJustrated in Fig, 5{a) and (b). In the limit of Jarge
enough nonlinearity a,, the circulating -power in the laser
cavity will always become small, and the saturated pain will
approach the unsaturated value go. So long as the unsaturated
gain gy is less than the maximum loss a4+ &, which occurs at
the outer edges of the modulation cycle, ie., at 1=+7T,,/2,
then the zero-gain point or pulse cutofl point ¢, will always
accur somewhere within the modulation period, i.e., for
1, <T,, /2, so that the pulse will have a definite cutoff point.
Il go > a+ 8, however, so that the unsaturated gain go can
exceed the loss even at the edges of the modulation period,
then the pulse cutoft points 7, can move out until they bump
into each other at the outer edges of the modulation cycle,
ie,at £7,,/2. Beyond this point, the luser intensity no longer
drops to zero between “pulses,” and (28) for £, is no longer
meaningful. We will refer to this as the “no cutoff™ condition,
In this case, (27)~(30) still remain valid except that £, must be
clamped at the value 7,,/2. The iterative routine that solves
for g, 1., Wy, and W, is casily modificd to handle this minor
complication,

B. Typical Analytical Results

Figs. 6 and 7 show the fundamental circulating power
Wy Wy, the cutof! ¢, the SHG conversion efficiency gy =
Wa /Wy, and the harmonic extraction efficiency 1y, all as given
by the simplified unalysis versus the nonlincarity purameter
ay Wy shown for two typical cases. The second case illustrates
the *‘no cutofl™ behavior that oceurs for gy >a+ & at larpe
ay. Note that these results predict the laser’s pulse perfor-
mance entirely in terims of basic faser parameters, namely go,
@, 8, [, and aalWyo In particular, the second-harmonic con-
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version efficiency agyy = W, /Iy appears here as a dependent
variable rather than an independent variable as in earlier analy-
ses [S], [7]. The resulls given here are essentially analylic in
that iteration of the analytic formulas (28)-(30) can be
handled at the programinable calculator level,

For a pulse having the shape of (27) with a base width any-
where in the fully cutoff region f, < 7,,/2, the fundamental
pulsewidth (FWIHM) is given by

27"71 r -1

Tpy = sl [271% sin (nto{T),)). Gn

The harmonic pulsewidth (FWIHM) is given by

. 2T o 2]/2 “ ] ‘/2 .
Tpy = —sin™! [(“;‘;/’2“") sint (mle/ Ton ) | (32)

Hence, we will plot only ¢, in the remainder of this paper.

C. Further Analytic Approximations
Further approximations and simplilications of the zero-
detuning formulas in (27)-(30) we casily made in various

Fig. 8. Sketch illustrating how the circulating pulse intensity at any
relative time ¢ during the modulation period with a finite detuning
can be {raced back {0 a noise burst originating at the refative time
t = -, several roundtrips cartier. The super-exponential growth of
this noise burst leads to the shurp edge on the pulse, as in the bottom
curve, Harmonic generation then clamps the remiainder of the pulse
at its usual undetuned value,

limiting cases, so as to produce various useful and entirely
analytic results. For brevity, the details of these results have
been deferred to the Appendix.

V. SIMPLIFIED DETUNING ANALYSIS

The simplified -analysis of the previous section can be ex-
tended to take into account detuning effects, The analytical
approach in this case is based on the physical model outlined
in Fig. 8. The solid curve on each line of this figure (except
the bottom onc) shows the net gain, ie., the laser gain minus
the fixed plus time-varying losscs, as a function of relative time
¢t within the modulation cycle. “Relative time” herc means
time measured within each modulation period with respect to
the center of that period, so that ¢ is limited to the range
[11< 7T, /2. Suppose the laser has been detuned so that the
Jaser cavity is slightly Jonger than the on-resonance value,
Then a small segiment or “packet” of laser energy that passes
through the intracavity modulator at a certain relative time ¢
during one modulustion cycle will return to the modulator at a
stightly later relative time 7+ ¢, during the next modulation
cycle, and will pass through the modulator at progressively
Jater times on subsequent cycles, The added time delay 74
per pass is related to the frequency detuning fi; by

Jawo - f,
’(1 = -—————i".

mo (33)

The dashed lines in Fig. 8 show, for example, how a small
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packel of*noise encrgy originating at the zero-gain point ¢ = -¢,
will move outward into higher gain regions on successive round-
trips. This packet of encrgy will be amplified more strongly
on cach syc-rssive pass, until it grows to an intensity sufficient
to produce significant harmonic conversion, which will tead to
limit its further growth,

Now, in steady-state operation, the output laser pulse /, (r) is
astationary function—that is, the intensity at any given relative
time ¢ during a cycle is constant from cycle to cycle. Fig. 8
shows that the intensity /,(¢) at any relative time ¢ during
the modulation cycle can be traced back to the noise encrgy
that originated at relative time t = -¢,, a number (¢4 £.)/ty
of roundtrips carlier, To phrase this in another way, the
evolution of the initial noise packet in Fig, 8 as it walks its
way across the mosulation cycle on successive passes is just
the intensity profile 1,(t) of the detuned laser pulse. The
characteristic sharp leading edge seen in the detuned computer
results of Fig. 3 represents the rapid “super-exponential”
growth from noise of the initial noise packet. This packet
grows exponentially, with increasing exponent, until it reaches
the level where harmonic gencration stabilizes its amplitude,
Similarly, the delayed trailing cdge in the finite-detuning case
represents the packet walking past the zero-gain point £ =+,
on the trailing edge of the modulation cycle and rapidly dying
away.

Based on this explanation, we note that the intensity gain of
a packet in one roundtiip around the cavity for a packet hitting
the mode-ocking modulator at relative time # during the
modulation cycle will be

Al = [4g - 4a~ 46 sin? ()~ 20 L (D] L(1).  (34)

But in the stationary pulse intensity picture the change in
intensity AZ, is also the change in /; (t) between relative time ¢
and relative time ¢ +#;. Hence, we can write this as a differ-
ential equation in relative time t in the form

1AL 14l 4g-4a- 48 sin® (nf, 1) - 2a,1,(1)

~

[l t{i I‘l dt la

(35)

since #y is by definition the change in relative arrival time for
one roundtrip. This equation can be integrated in part to give

ING) =)| (-t,) exp {l;’ [(4g - 4o - 28)(t+ 1)

+ (8 /nfy)(sin (2, 1) + sin Qafy 1))

- Zan‘ 1,(1)d1]}. (36)

t

This cquation can then be integrated numerically to find /, ()
given an initial noise value for /) (f) at ¢ = ~1,. The exact initial
noise value is not at all critical. Fig, 9 shows a detuned laser
pulse calculated by integrating (36) for a frequency offset
£1=0 Uz and 2g=0.0233, The close comparison with the
computer result of Fig. 3 is evident,
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Fig, 9. Example of a detuned fundamental frequency laser pulse celen-
lated using (36), to be compared with computer result in Fig, 3.
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Fig. 10, Typicul variation of laser parameters versus detuning as pre-
dicted by the simplified analysis of Section V of the text, for the smne
laser parameters as in other examples in this paper.

The detuncd laser performance can then be found, in general,
by the following iterative procedure. Starting with a specified
set of laser parameters, an initial cstimate for the saturated
gain g, and an injtial noise estimate for /,(~1,), (36) is inte-
grated 1o find [, () and hence the pulse encrpy W,. A new
value of saturated pain g is then found from (5), and used again
in (36). This process is repeated until it converges to give final
values of W, , W,, und other pulse parameters, The procedure
can then be repeated fora new detuning or new values of other
basic laser parameters,

Fig. 10 illustrates the behavior of the major pulse parameters
versus detuning for a typical ease as predicted by this analysis,
In caleulating the results shown in Fig. 10, we used an initial
noise intensity /, (=£.) equal to 107" times the peak intensity,
after verifying that the results did not change significantly for
variations as large as 3-5 orders of magnitude in the starting
noise level,
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The gzncml detuning behavior shown in Fig. 10 appears to
be in close qualitative and even quantitative agreement with
unpublished experimental results [9]. That is, the funda.
mental pulsewidth 7, decreases steadily with increasing de-
tuning becausc of the sharp edge produced on either the leading
or trailing edge of the pulse due to the processes described in
Fig. 8. The fundamental pulse energy also falls off mono-
tonically, presumably because of the same pulse clipping. At
the same time, the conversion efficiency actually increases
slightly, probably because the changed pulse shape means the

. fundamental pulse spends more of its total time at high in-

tensities. The peak pulse intensity may also rise slightly. As
a result, the second-harmonic pulse energy falls off somewhat
more slowly. Our analysis even gives some indication of a
slight increase in second-harmonic energy output for very
small detunings. Similar effects have also been seen experi-
mentally [9). However, some caution must be exercised be-
cause of the difficulty in controlling tightly all of the possibly
significant effects (e.g., nonlinear absorption in the SHG
crystal) that can occur in real lasers,

V1. CONCLUSION

We believe the analysis and the physical processes described
in this paper give a good description of the primary effects
controlling both the zero-detuning performance and the de-
tuning behavior of the mode-locked and intracavity frequency-
doubled laser under conditions typical of the CW Nd:YAG
laser. The analyses are simple cnough that results should be
readily obtainable for other sets of laser parameters, In ac-
cordance with experimental experience, the nonlinecarity of
the SHG is not particularly critical, while the detuning be-
havior is extremely critical.

APPENDIX
ANALYTIC RESULTS FOR ZERO DETUNING
This appendix presents several useful analytic approximations
derived from the zero-detuning formulas of (27)-(30) in
various limiting cases.

A. Large Nonlinearity

For the limiting case of very large nonlincarity, a, — oo, the
circulating fundamental pulse intensity I, becomes very small,
and hence the gain approaches its unsaturated value g=g,.
The pulsewidth then approaches either the cutoff value

1 - a\'?
t, &~ ——sin”! (&-—-)
7?:/m )

in the finile cutoff case gy < a + 8, or else the value £, = 7, /2
in the noncutoff case go > a+8; In cither case, the pulse
energics approach the limiting values

W, = [(4gy - 4= 26) + 28 sinc Cn/,, 1)) t.]uq
Iy = [(dg - o= 25) 4 48(4g - da - 268) sine 2t/ t,.)
+282 (1 +sinc (daf, t )] tofas. (A2)

The primary conclusion here is that Ity and W, vary as a3' for
farge @y, while ¢, and ag)j; approach constant values, as shown
in FFigs. 6and 7.

(A1)
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B. Noncutoff Behavior

For lasers with unsaturated gain go > a+ 8, the pulse cut-
off point ¢, bumps into the cdge of the modulation period,
4. =T,u/2, above a certain value of the nonlinearity, call it
a; =da,,,, so that the laser intensity /,(¢) no longer drops to
zero between “pulses”. The fundamental and harmonic pulse
cnergices for a, > a,,, are given by

W, = (4g -4a- 26) T,,,/Za;
W, = [(4g - 4a - 28)* + 262} T;,/2a,. (A3)

However, the saturation formula for the gain g may be written
as

W, _go-& .
Wae 28 (A9)

Eliminating W, between (A3) and (A4) gives the noncutoffl
relationship
_(4g- 4a - 28)gT,,
a,=
(8o = &) Weat

The noncutoff range of g is a4+ &§ <g<gn ora; >a,,,, with
the lower end of this range being given by g = «+ & and hence

by

(A5)

26(a+8) Ty
(go - @~ 8) wsat.

This value is the boundary between cutoff and noncutoff regions
marked by the dashed vertical line in Fig, 7.

If the modulation index § is reduced to 0, the Jaser is always
in the noncutoff regime for all values of a,, i.¢., it runs CW
rather than mode locked, The analytical results above are still
valid, however, and in fact they connect smoothly with the
analysis developed by Smith [16] for the CW nonmode-
locked laser with intracavity frequency doubling.

(A6)

Qam ~

C. Quadratic Pulse Approximation

The most important limiting case in practice is the case in
which the modulation depth & is sufficiently large compared
to the excess gain g - a to produce a comparatively narrow
pulse with #, S 7,,,/4. In this limit we may make the approxi-
mation sin (1, 1) = nf,,¢ for 1¢1<1,, so that the pulse shape
becomes the quadratic approximation

2Ag - @) - 28(nf)° 1

I‘([)‘*: ?
a>

i<, (A7)

The vavious pulse parameters are then given by

ul‘ B s

128 (g- )"

"/2 [ TR A

1S ma;, f,0V% (A8)

A common Tactor in all of these expressions is (g~ @), How-
ever, this factor is related to the harmonic conversion ratio
agpi by '
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aspg ~ (16/5)(g - a). (A9)

Hence, all of the above quantities can be directly related to
agpe as was done in several earlier analyses [S]~{7].

More basic results can be obtained by using the gain satura-
tion formula (5) or (A4), One can then pick matching values
of W, and g from (A4); obtain the corresponding value of a,
from the middle one of (A8); and obtain all the remaining
pulse parameters from the remainder of (A7)-(A9).

D. Small Nonlinearity

For small nonlinearity a, -0, the laser will always be in
the quadratic pulse limit, assuming a finite modulation depth
) & >0 and hence a finite a,,,. From (A7) and (A8), the limit
: as @, - 0 requires (g - @) — 0 to keep W, finite. Making g~ «

requires, fiom (A4)

W, zgo -

, wsm 20 (A]O)
? Using this in the middle equation of (A8) then gives
36V (go - a) W,
- 32 o 0 sut
(g O:) [ 16(1[;" ay
~NKa, (A1)

where A depends on the laser parameters as shown, The other
pulse parameters are then given by

KPR,
o™= 61/;" af?
128K°5R T,
iy
16K %3
agrig =~ "“‘g"" (17/3 . (A12)

Figs. 6 and 7 confirm lhc a}® and a3/ variation of thcse quan-
tities at low a,.

E. Optinnan Pulse Results

For most applications, optimum laser performance is prab-
ably considered to be maximum second-harmonic output I,
even though this does not quite correspond to the shortcst.
pulsewidth 7, or 7,,. Within the quadratic pulse approxima-
tion, (A8) and (A4) can be manipulated to give

Wy 8g-a)(a - 8)

i sut ch (Al 3)
Optime:: harmonie power output thus occuns at the saturated
fin value

glopt) = (goa)'2, (A14)

The other pulse parameters for this optimum SHG output are
then piven, in terms of basic laser parameters only, by

L 16ef(ge w2 - o) 2
@a(opt)~ = 308,612 Wiy

Wiopt) _ (00" - &

Weu 2a
Wa(opt)  8[(g00)"? - a] ?
W Sa

s..c<opt>z— [(g00)"? - a]. (A15)

The maximum efficiency with which the frequency-doubled
laser can convert the available energy from the laser medium
into harmonic output at the optimum operating point is thus

I (opt)
280 [1 - (/80)"?]) % Wiy
=0.8.

na(opt) =

(A16)

The factor of 0.8 represents exactly the inherent efficiency
factor for pulsed frequency doubling as defined by Bernecker
[4] and Kennedy [8].

Note that none of these optimized results depend (to this
degree of approximation) on the modulation frequency f,;;
and only the normalized pulsewidth #,/T,, depends on the
modulation index §. Examination of (A15) shows that the
normalized pulsewidth is given to a good first approximation
by /T =~ (1) (go/8)? with a very slow dependence on
a/go over the range 0,05 < afgy <0.6.
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