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ABSTRACT

This report considers some of the problems involved in generating the
required short pulses for the laser-fusion program. Short pulses are
required to produce the laser fusion, and pulses produced synchronously
with this primary pulse are required for plasma diagnostics. The require
ments of these pulses are first described. Then we consider several methods
to generate pulses at 1.064 u to drive the NdrGlass amplifiers to produce
laser fusion. Conditions foi' optimum energy extraction per short pulse for
Nd:YAG and Nd;Glass lasers are given. Four methods are then considered to
produce these pulses:

(1) Using a fast switch to chop the required pulse

out of a much longer Q-switehed pulse; (2) Active node locking; (5) Passive
mode locking; and (If) A combination of active and passive mode locking.
The use of cavity dumping is also considered to Increase the energy per
short pulse. In each case we evaluate these systems and indicate future
research work. We then consider several methods to produce the synchronous
pulses for plasma diagnostics.
Finally, we evaluate these short pulse generating techniques from the
laser-fusion program point of view, and establish a "roadmap" for future
reseaich work.
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CE.NEKATION OF SHORT OPTICAL PULSES FOR LASER FUSION
by
Dirk J. Kulzengt
Microwave Laboratory
Stanford University
Stanford, California 9V505

INTRODUCTION

'Che purpose of this report is to present an overview of the state of
the art of short optical pulse generation, and then to carefully evaluate
these short pulse generation techniques from the point of view of the re
quirement (or laser fusio.i. There are two main areas Where short pulses
arc required: first, the short pulses to drive the oain amplifiers to pro*
duce the laser-induced fusion, and secondly, short pulses for plasma diag
nostics. The requirements for these pulses, as we understand then now, are
discussed in Section I of this report.
To limit the scope of this report somewhat, we will only direct this
report at the requirement for laser fusion with the solid state Nd;Glass
amplifiers. We will thus not consider short pulse generation In the C 0

p

laser,
The final objective of this report will be to draw some conclusions
from the evaluation of various short pulse generation techniques, and to
establish a "roadraap" for future research efforts on short pulse generation
for laser fusion work.
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I. SHORT PULSE REQUIREMENTS

We will consider here the two main short pulse requirements for laser
fusion, i.e., the primary pulses to drive the Hd:Class amplifier, and short
pulses for plasma diagnostics.

A. PRIMARY PULSES FOR LASER FUSION
Pulse Energy.- The pulse energy out of the oscillator should obviously
be as high as possible to keep the required gain in the amplifier to a min
i m a and hence reduce instabilities in the amplifier such as self-focusing.
Presently, a reasonable requirement seems to he about 1 mJ in a single short
pulse from the oscillator. In a typical l.o6-um laser, the beam area is
about 1,0 x 10
TEM

-2

2
cm ; for a jO-ps (FWHM) pulse, the peak power deneity in a

beam for the 1-raJ pulse is about 1.9 GW/cm , and is larger than this

inside the cavity. At these power densities, damage to optical components
in the laser can occur, Problems due to self-phase modulation and selffocusing can also occur at these power densities. It thus does not seem
very likely that nore than about 1 mj can be expected from the oscillator,
unless larger diffraction-limited beams can be maintained in the oscillator,
but this is difficult.
The energy repeatability in a single short pulse from the oscillator
should be such that the energy fluctuations from pulse to pulse are less

than ?$,

Since these pulsus will pass through many optical components

that are close to the damage limit, large pulse-to-pulse fluctuation*
cannot be tolerated.
Pulse duration and pulse shape: present requirements fur laser fusion
call for a pulse duration that is selectable from ^ 30 ps to - l.g ns and
the repeatability of this pulse duration from pulse to pulse should be
better than 5$.
the required pulse shape is a pulse with smooth, nonotonic increase
to a single peak, presently, a gaussian pulse shape is acceptable, but
later a precisely shaped pulse will be required. There should be no fine
structure in the pulse amplitude. As an example of the type of pulse that
will eventually be required, present target studies require 3 pulse with a
leading edge that increases smoothly over about 1» orders of magnitude in
power during 10 ns. An analytic expression of chit pulse shape is

i(t) = Ko) fi - ~ f

(1.1)

for 0 t 9,* ns and T - 9.^5 ns , This pulse shape is plotted in
s

£

i

Fig. 1.1,
Peak to Background Ratio: The ps'-vr level between the short pulses
from the oscillator should be at least 10 less than Che peak power of the
short pulses, and at the target a peak-to-background ratio of > 60 dB is
required.
Spectral Characteristics: The pulse should be transform limited, and
presently should have no frequency chirp, but later a compressible chirped
pulse may be required.

? -

Tirae - naec.
FIC. I.l--Typical :;tiape of pulse required for laser fusion.

i
I

I
j
a

Spatial Profile: This should be cylindrically symmetric, with a

>•
j

smooth monotonic decrease from an axial peak, A TEH., mode will be required from the oscillator. This profile will then be apodized to an
optimal shape for propagation through the amplifiers.

?
•
i

Positional Stability: Ihis applies to actively mode-locked lasers
or lasers where the short pulse generation process is driven by an extemal source, If this external signal is going to be used to synchronize
two or more lasers, the stability of the short pulse with respect to this
signal should be better than 10 ps,
Directional Stability: For good shot-to-shot target alignment and
Interaction, a directional stability of <. 10 urad for the oscillator is
required,
Selection of a Single Pulse: A given single pulse must be selected
reliably and reproducibly from the pulse trains,

B. SYNCHRONIZED PULSES FOR HASHA DIAGNOSTICS
these pulses should be 10-ps wide or less, and should be synchronized
to the primary pulse to better than ± 10 ps. Short wavelengths are desirable,
and presently " 550 nm seems preferable, but shorter wavelengths will be re
quired later. The pulse energy should be > 1 mJ and the pulse energy re
peatability requirements are not very stringent,

-5 -
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II, SHORT PULSE GENERATION TECHNIQUES FOR PRIMARY LASER FUSION PULSES

There have recently been a number of review papers on short pulsu fen
eration [l-h]

and pulse measurements [5], and In this report, wo dc not

merely want to duplicate, the material in these papers, but rath, r rv^in-ite
many ideas in these papers from the point of view of laser fusion.
There are basically four methods thai: are presently being considered
to generate thes-. short puises, These methods are:
(a) A fast switch external to the laser to chop out a small segment
of a much longer Q-switched pulse;
(b) Active node locking;
(c) Passive mode locking;
(d) A combination of active and passive node locking.
We will consider each of these methods in some detail below.
One thing that all these methods will have in cocoon is that the leser
is Q-switched. This obviously is the best way to extract large peak powers
from a solid state laser.

In this report we will refer to many character

istics of the Q-switched laser. Instead of referring to various publica
tions where these characteristics are discussed, almost all using different
notations, it was considered appropriate to include an analysis of Q-switching that mainly emphasizes those points that are relevant to short pulse
generation. This is presented in Appendix A and Appendix B. The first

-6-
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lapoitaitt characteristic of the q-switched solid stat* laser we want to
consider in energy extraction in a single short pulse.

A, ENERCV IS A SINGLE SHORT Plfl.SE
The Q-svitching behavior of the Nd:MG k i e r can be analysed very
accurately using a rate-equation approach. Usually this laser Is con
sidered an ideal four'l*vel sysied, and this analysis is presented in
Appendix A. Krom this analysis, we obca:.« a.i expression for the peak
pover in the ij-switehed pulse under optimiB coupling conditions with the
laser in the high-jain regime as defined in Appendix A:

Vm • ' « " (7X j ) ^

<"•"'

where

~ - cross sectit>n of the laser transition for small sig>-.al
amplification
5

- ' . 0 x ID* at far Nd;VAG
n

*20
«• 3,0 :< 10
cat for N«:Glass
<" - cavity length
A - effective area of beam in cavity
ft - roundtrip pover gain coefficient of the active aiiius at
a certain pump level with w saturation

fVs mentioned above, this expression is valid in the high-gain regiise of the
laser. This means that the output coupling of the laser is large wnapsred

7 .

(

to the other losses in the cavity. Under these conditions, the optiwum
output coupling is given by:

=

(Vopt

where S = in (l/R) and R

°'

2 8 a

(11.2/

is the reflectivity of the output coupler.

The Nd:YAG laser is not really an ideal four-level system, and in
Appendix )), we consider the additional complications in the M:YAG laser.
These are:
(1} The

F, r,

upper level is two-fold degenerate, and the levels

are split by 88 cm" .
k
(2) The \ifrto*
l
61

e v e l

i s

six-fold degenerate, and these levels

are also split, as shown in Fig. B.l,
(5) The lower level has a finite lifetime, and although this lifetime
has not been measured accurately, it is thought to be a few nano
seconds long,
We now assume that the levels ir. ooth the upper and lower manifolds
of the LOb^-pm transition thermalize very rapidly, and that these levels
have the same relative distributions, even during the amplification of the
short picosecond pulses. Let k_

and 1c. te the relative population dis

tributions of the upper and lower levels of the l.Ofili-uin transition. For
Nd:YAG we get:

k, --= 0.592
^

=

0.186

"•*•"•'

V s

':•'•-:••'•

For Nd:Glass we get:

kg

= 0.517

k

= 0.167

x

As shown in Appendix B, we can obtain analytic solutions for the peak power
in the Q-switched pulse for the two extreme conditions where the lower level
lifetime is either very fast or very slow.
In the case of very fast relaxation, this peak power under optimum
coupling conditions is given by:

0.0501 /hv\/ c ,

We also find that fast relaxation of the lower level means that
T, < T _/(H - 1 - fn K ) , where
1
cu' e
e'
v

T „ is the cavity lifetime and H
cO
e

T
1

is the lowar level lifetime,

is the number of times the laser

is above threshold. For optimum coupling, N = J,57
T. < 0.77 T

, and we get

. It is interesting to note that for the same unsaturated

gain, we obtain, more output power from the laser due to the sj>lit degeneracy
of the upper level. This is because the energy that is stored in the second
upper level does not contribute to the gain, hut due to rapid thermalization,
it does add considerably to the output power.
We have also considered slow relaxation from the lower level, and in
this case the peak power becomes:

:m

0.0501 / h v W c \
c

V°pt % ~

M

M

A

g

a

(IIllc)

"-IPV'.?.,^!^

:,^'ii}»5S&=,«#

In a simple two-level system, slow relaxation of the lower level would re
duce the output power by a factor of two, but due to the six-fold degeneracy
ll

and low relative distribution of the lower level for the l,06 -^m transitienthe reduction in output power is much smaller. We also show that slow re
laxation of the lower levels means

T, > i „ ,
1
cO
1

In typical Nd:YAG lasers, the cavity lifetime is tens of nanoseconds,
and hence this laser is somewhere between the two above extremes. In this
report, we will take the somewhat pepsimistic approach, and consider that
relaxation from the lower level is slow, and use Eq. (il.lc) to predict the
peak output power from the Nd:YAG laser. In the Nd:Glass laser where the
lower level lifetime is longer and ~ 20 ns, and this approximation is
justified.
We can now also consider the generation of the short pulses simultaneous
with the Q-switching.

Ihis can easily be introduced with a few assumptions.

First, we assume that the average power envelope of the Q-switched pulse
remains the same with or without short pulse generation. Secondly, we as
sume that a short pulse appears at the peak of the Q-switched pulse, and
that all the energy in the Q-s«itched envelope within a cavity roundtriptime,

T^ = (£*/c) , is concentrated in a single short pulse. If the Q-

switched envelope is at least several roundtrips long, the energy in a
single short pulse is given by:

'

o p t

=

0.
5.0501

/hv\

k,
k + k

\a /

x

2

With short pulse generation, the assumption of slow relaxation of the
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lower level is further justified, because we would now require a lower
level lifetine that is fust compared to the short pulse for fast relax
ation, and this is not the case. To obtain the ({-switched pulse shape with
short pulse generation under these conditions, is quite complicated. This
is particularly the case under high-gain conditions, with strong saturation
and where only a few pulses appear within the Q-switehed envelope. However,
the energy per short pulse can never be less than that predicted by Eq. (ll.Ja),
where we assume slow relaxation of the lower level. With this in mind, we
will use this equation for short pulse energy calculations in this report.
For Nd:YAG, the pulse energy i s given by:

(E)

= 0.0867 U j

opt

2

to

(n.jsb)

With this equation, we can now investigate the conditions in the Nd:YAG
laser to obtain a pulse energy of 1 nj. We recognize the term ftiv/c) as
the saturation energy density of the laser medium, and for the l , Q 6 h - ^
transition in Nd:YAG, for the given cross section cr , we get:

h V

«

,2
_ = O.J j/cm

cr
We mist now assume a reasonable beam area A in the laser. It is
easy to put a large area in this equation, and show that tens of mJ en
ergies are possible. However, if we require a stable, TEtL mode in the
laser, it is very difficult to get good, large beam areas in the cavity.
At high average pump powers, thermal focusing in the rod makes the cavity

- 11 -

unstable, but this can be avoided by operating in a low-repetition-rate
pulsed node. With high peak powers in the laser, self-focusing makes
large beams unstable. A bean area of 10

-2

2
cm is considered a reasonable

value for reliable operation of a Nd:YAG laser, and with this estimate,
the energy per short pulse is:

2

{&) ,. = 0.26 O mj
1

For 1-mJ output, a ™ 2,0

'opt

. This value of a clearly puts the Nd:KAG

laser in the high-gain regime under these conditions. The optimum output
coupling, 6

, is 0.28 a , and hence

<Vo t = °-*
P

or the output coupling R = 57$ , This is large compared to typical ad
ditional losses of 5$ to 1($, and the initial approximation to use liq. (II. 1)
that the NdjYAG laser is in the high-gain regime, is valid. For these con
ditions, we can now also calculate the cavity lifetime. From Eq. (A.5) in
and b = 0,28 a , we get:

Appendix A, for & » B

T

c Q

= T.lU £/ot

For a = £.0 , the condition to get approximately 1-roJ output, and
i = 50 cm , we get T
can now get the width,

= 6.0 ns , From Fig. A.3 in Appendix A, we
r

Q

, of the Q-switched pulse envelope. For
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optimum coupling conditions, we get T = 2 . } t .
we get T = ij,7 ns

, and for T

= 6.0 rus ,

. The Q-switched pulse is thus only a few roundtrips

wide. This is a very general conclusion for the Sd:YAG laser. With the
large CTOSB section for Nd:YAG, we will find that in general the gain Is
quite high to get 1-mJ output per short pulse, and consequently, under
these conditions, the Q-switched pulse envelope will always be only a few
routidtrips long.
We can now also calculate the tjild-up time for Q-switching. Equation
(A,27) in Appendix A gives the build-up time as:

T

B

= 0.388 t

c 0

m

\o )(~

For the above parameters we get T ~ 82 ns , or about 2k roundtrips.
Hiis is a very short build-up tine, IMs is the next very important con
clusion we draw here. To get 1 nsJ from the laser per short pulse, the qswitching build-up ttaas are very short, and as we will show in the next
section, this build-up time is always much shorter than the time necessary
to build up short pulses.
It is also interesting to consider Nd:Glags, say ED-2, where the
cross section is Si times smaller and (hv/ff) - 6.0 j/cia' , To extract
I ml, Eq. (JI,5) predicts a gain of o = ojio

, and fot lc,$ loss in the

cavity, tliu laser is really not in the high-gain regime any more, and one
has in (lu the calculations a little more carefully.

• U-

Hie important conclusion,

though, is that in glass one can extract the 1-nJ energy at much lowr
gain, and the Q-svitching buildup time and the Q-switched pulse are both
about «/20~ longer, i.e., more like 100 ruundtrips buildup tine and 18
roundtrips Q-switched pulse width. These calculations for glass are over
simplified, and detailed knowledge of the saturation of the more inhomogeneously broadened line is required. However, the general conclusion, that
to extract 1 mj from a Nd:Glass laser the gain of the laser remains quite
low, is still valid,
Other materials like NdtGGG and NdiSOAP have smaller cross sections
and could have interesting properties for mode locking. For all these
materials, the maximum energy that can be obtained in a single short pulse
may finally only be limited by either damage of the material, or selffocusing and self-phase modulation. Accurate values for n„ will have
to be obtained for each material.

- lit -

B. SHORT PULSE GENERATION WITH EXTERNA! SWITCHING
Present state o£ the art fast optical switches operate in the sub*
nanosecond regime, and henc chopping a short segment out of a Q-switehed
laser pulse appears to be a simple way to generate suitable l.o6-uo pulses.
Let us compare this method with mode locking from the point of vtew of pro
ducing the same energy in a short pulse.
Considering again the expression for peak power from a q-switched
laser with optitmio output coupling, as given in Eq. (II,l), the energy in
a chopped-out pulse with pulse vidth T

ext « o.oBf

where T

0

(—

is

)(-) Aa

2

,

(11,5)

is the cavity roundtrip time. For a node-locked laser, the en

ergy per short pulse is

/S

2

E = 0.0867 { — I A a

,

(II.6)

and we immediately see that we need a gain in this laser Jiat is at least
*/T /T 7

1

larger than the gain in the mode-locked laser. If, for ex

ample, we want to get a 100-ps pulse from a laser with a 5-ns rouudtrip
time, we have to pump this Q-switched laser about 7 times harder, and for
VAG, the laser power gain coefficient would be about lit, which is rather
high.
Another way ui' looking at this, is that the peak power in the long
Q-switched pulse should be the same as in the short mode-locked pulse and

15

the question now becomes what the probability of damage in the laser is for
these two pulses. It is a reasonable assumption that the longer-pulse lase:
will always be more susceptible to damage at the same peak power, and we will
always get more energy per short pulse with mode locking, Thisa from this
point of view of energy extraction we can conclude that, for pulsewidths
of a few nanoseconds or more, one can get the sane energy in the choppedout pulse and in a mode-locked pulse, but for shorter pulses, the choppedout pulse will have less energy.
However, the fast switch need not be put right after the Q-switched
oscillator, but the Q-switched pulse can be amplified right up to the
damage limit of the switch and one will certainly be able to get more
than 1 mJ in thp short pulse. The fast switch acts as an isolator be
tween the initial amplifier and the final amplifier; if a switch with a
large enough area can be developed, the total required gain can be divided
about equally between the amplifiers before and after the switch. This is
an interesting possibility, and certainly warrants the development of fast
optical switches, particularly a fast switch that can produce the preciselyshaped pulses for laser fusion as ihown in Fig, 1,1, For these fast switche
one must consider RLC effects, as well ae longitudinal and transverse transi
time effects,
This method of short pulse generation will easily satisfy almost all
the other requirements, except for synchronization with the plasma diagnos
tic pulse. Let us consider this in more detail.. We consider the case where
the fast switch is a Pockels cell driven by an appropriate high voltage
switch, as are now being developed.

It seems unlikely that this same

- 16 -

voltage switch or any Pockels cell could produce a 10 ps pulse, and it also
seems unlikely that this switch could be synchronised with another electri
cal signal to better than 10 ps, where this other signal could be a RF sig
nal to an actively mode-locked laser or a signal from a fast photodetector
on the laser producing the short diagnostic pulses, Thus it seems tnat one
is limited here to the method of producing a short, synchronized pulse from
f

the primary siiort pulse. We will consider possible methods to do this later
In Table I, an evaluation of the external switch method is given, sum
marizing the ideas presented in this section,
C, ACTIVE MODE LOCKING

The theories of steady-state and transient active mode locking in the
Nd:YAG laser have been developed in considerable detail, and have been con
firmed by a substantial amount of experimental work [6,7,8),

In this sec

tion we will briefly review this theoretical work, and then carefully eval
uate this method to generate short pulses far the laser-fusion program,

1. The Steady-State Analysis
In the steady-state analysis of active mode locking, we assume that
there is a short pulse traveling around in the cavity. This short pulsa,
which is assumed to be temporally gaussian, is followed once around the
cavity and the effects of the modulator, active medium and losses in the
cavity are carefully lakeii into account,

After one roundtrip, a self-

consistent solution is required, i.e., tlie pulse must have exactly the
same shape as it had at the start of that roundtrip.

In this report We

will primarily consider an amplitude modulator, and for either an

- IV -

TABLE I
Evaluation of Short Pulse Generation With an External Fast Switch

Pulse Properties

Requirements

Pulse Energy

1 nj (oscillator)

No

1 mj (with amplifier)

Yes

5$ stability

Yes

Pi'lse Duration

50 ps to 300 ps

7

300 ps to 1.5 ns

Yes

55t stability

Yes

Precisely shaped pulse

1

peak-to-Background Ratio

>10*

Yes*

Spectral Characi.eristics

Transform limited

Yes

Spatial Profile

T E M

Yes

oo

Synchronizing Signal:
Optical:

Electrical:

Single short pulae

Yes

Pulse train

No

Single pulse

Yes

Short burst

Mo

Periodic

Ho

Present stste-of-art switches can do 30 dB, and Uo dB is marginal.
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acousto-Dptic or electro-optic modulator, the single pass amplitude trans
mission Is given by

m(t) = cos (9 sin w t)

where 9

,

(H.7)

can be considered the depth of modulation. Since Nd:YAG has a

homogeneously broadened line, it is possible to write down what the shape
of the line under saturation conditions in the laser is, i.e.,

B

g>)

where g

= exp

0
*
II + 2j {a.a)/A»)]

,

(n .8)

is the saturated amplitude gain through the active medium at
*

line center

('" ) for one roundtrip in the cavity.

As explained in de

tail in reference 6, we can assume that the pulse width is short compared
to the cavity roundtrip rime, and the pulse spectrum is narrow compared to
the linewidth. With these assumptioas, the self-consistent analysis gives
a pulse width T (FWHM) :

'«• "
where f

7T

7$

(f

-Af/

is the external modulation frequency and Af is the linewidth,

bcCh in Hz. The gain g. is related to the cavity losses and output

Note that in this analysis we use the rouftdtrip amplitude gain g ,
vhile in the Q-switelling analysis in Appendix A we used the power gain
coefficient a . They are related by j ^ a/2 ,

- 19-

coupling by

°°

1

1
- In

2

]
(II.

R(l-L)

Tor a typical cw Hd;YAG laser ve have

R = 0.8 , L = 0.05
f

= 150 MHz

,\

g

Q

= O.llt

(cavity length = 50 cm)

Af = 120 GHz

l/2
this gives t = 53.7/0. ps , This expression has been verified exper
ts
*
imeacally for S

over almost two orders of magnitude, and hence Eq. (II.9)

is nov considered a very accurate description of the active mode-locking
process. Practical modulators have a maximum depth of modulation of
B, *" 1 to 2 and hence one can generate 50-ps or longer pulses quite
easily in the cw Nd:YAG laser, and the pulse width is continuously ad
justable by simply changing the drive to the modulator. From this point
of view, it looks like an ideal short pulse generator for the present: needs
of the laser-fusion program. If one, however, considers that a typical cw
Nd:YAG ha6 an output power of about 1 to 10 watts, the energy in the short
a

pulse is about 5 iJ to 50 J * Q

ttea u s t

consider Q-svitching the laser to

approach the desired energy of 1 nj, and then one has to consider transient
mode-locking in a pulsed and Q-switched laser, V7hich we will consider lai^r.

- 20 -

-..,.V-M

'.•*'*•:.'•.•-

-'- .«.-•

2. Etalon Effects
First, we want to consider some other properties of the steady stats
mode locking analysis that are pertinent to the laser-fusion program. This
analysis has been extended t.o include the effects of an etalon in the cavity,
and the p..ise vidth is now given by
1/2
T p

where Af

1/*
,_,

=

.1/2

l

,_,

x

1/1*

,_*.+ __,

t

[ H J 1 )

is the effective bandwidth of the etalon, and is given by

\nhTr/ ^ I R

1

where h is the etalon thickness, a is the etalon index of refraction, and
R is the reflection of each surface. This shows that one can conveniently
generate longer pulses with the use of an etalon and one generally must
use an etalon to generate stable pulses longer than ~ 5^0 ps. Mote that
for the active medium one should consider Af/*|g^ as the effective linewidth. This is the term appearing in Eq. (II.11), and it also imnediately
follows from the expansion of the line shape fEq. (II.8)] into the gaussian
form to give an effective line shape Df

ej;p

,/\ /to

a

One can already predict that the higher gain in the pulsed and Q-switched

SI.

I
Nd:YAG laser will increase the width of the pulses. He will consider this
in detail later.
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3. Pulse Synchronization Conditions
There is one more question that one wants to answer with the steadystate analysis and that is, just how well synchronized is the short pulse
with the external modulation signal?

To be more precise, it is well known

that if there is a small rimngi in the modulation frequency, there is a
shift in the pulse position. Just to see how this comes about, when there
is a small shift in frequem.7, the short pulse still has the same roundtrip
time in the cavity and hence gets out of step with the modulator. As the
pulse shifts away from the minimum-loss condition of the modulator, it gets
to a portion of the modulation cycle such that there is a change in loss
during the pulse, and this effectively shifts the pulse back in the direc
tion of the minimum-loss condition. A steady state is reached with the
pulse moved slightly sway frois the minimum-loss condition, which means there
is a relative phase shift between the short pulse and the modulation signal.
One can analyze this problem with the circulating-gaussian-pulse model, and
if t is the shift in time when we change the modulation frequency

f

,

one can show that [6,9l>

dt

Af
(II. 1

df

in

f
mo

*W <£ *

where the parameters have all been defined previously. To consider a speci
0

fic example, we take the same laser parameters as before to give a 5 "P
pulse

S

(9 = 1.15) and we get, lor At = 5 ps ,

=• 2 X 10"°
f
mo
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This frequency stability can easily be obtained with a good crystal-stabi
lized signal generator, However, the cavity length stability 6hould be the
sama, i,e., A l / ( = 2 x 10

, and for a 50-cm cavity as considered here,

this requires a length stability of 1 tm, which becomes a teal problem. ,
In a cw-pumped laser it may be possible to maintain a short term stability
of ljjin, but in a pulsed laser, as we will consider later, this may not be
possible, It thus becoaes obvious that before one can realiy say that the
short pulse is synchronized with the external signal and use this to syn
chronize two actively mode-locked lasers, a lot more experimental work in
this area is needed.
One can look at this synchronization problem in more general terms,
Assume that in some (fictitious, maybe glass) laser, that has a suffi
ciently wide line, so that for a depth of modulation 6. , we can generate a
pulse width T

. Substituting the expression for the pulse width in Eq,

(Il.l^), we can write

/»nr

2v

(f)" £) W B •
How assume that we want to generate a 10-ps pulse in this laser; for
0 = 1
i

and f = 150 MHz , we get df/f =• 10
m
m

or At = 0.05 im '<
'

It becomes obvious that even if there were a laser with this linetfidth,
the synchronization of such short pulses becomes very difficult. The
above equations immediately show the direction one has to go to solve
these problems, i.e., shorter cavities, stronger modulation, etc, Going
to shorter cavities will help to get shorter pulses and improve synchron
ization, but will wake subsequent pulse selection more difficult. Present
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pulse selectors require about 5 to 10 ns between pulses. However, looking
at the previous equations more carefully, we required higher modulation
frequencies for short pulses and good synchronization. The direction to
go is to drive the modulator at a multiple of the fundamental mode-locking
frequency, but one then has to avoid the problem of having

N pulses in

the cavity. This will require an additional signal at the fundamental
mode-locking frequency to suppress multiple pulses. With this added com
plication, one will be able to obtain optimum conditions for short pulse
generation and single pulse selection, A considerable amount of experi
mental work is still required here.

It. The Transient Analysis
It became obvious from our previous discussion, that we have to do
simultaneous mode locking and Q-switching to increase the energy in the
short pulses to a useable value. The question now becomes whether the
mode-locking process can approach the steady-state conditions during che
buildup of the Q-switched pulse, One can analyze this with basically the
same model as for the steady-state conditions. In the transient analysis
[8], one allows a small change in the pulse width per roundtrip, and one
can eventually obtain an analytic expression that gives the pulse width
as a function of the number of roundtrips

(M) from the time the mode-

locking process starts;

T = T /[tanh M/M P

-2k

-

2

,

(H.l

where

«„

-

-

(-)

,

(11.17)

and T
is the steady-state pulse width. The laser is within 5$ of the
po
steady-state conditions when M =« 1.J52 M

. It is important to note that

the factor Af/t. appears in the expression for M ; for a typical
Nd:YAG laser, this is on the order of l(r, and it takes about this number
of roundtrip timec to reach steady-state conditions. Using the parameters
for the typical Nd.-YAG laser we considered before, we get

M = 470

Comparing this with Eq, (A,15) in Appendix A, it becomes obvious that for
any reasonable conditions where the laser is well above threshold, the
mode-locking process does not approach the steady-state conditions during
the Q-switchtsvg buildup times, particularly in the high-gain regime of the
NdiYAG laser, where the buildup time is only about 24 roundtrips to obtain
1 mJ per short pulse from the laser.
Transient mode locking with an active modulator now naturally divides
into two types. The first type, which can be called slow transient mode
locking, is where we do not reach steady-state conditions during the Q-switching
buildup time and conssquently do uot get nort pulses. This is usually where
we have a sinusoidal type of modulator. The second type, which we shall
call fast transient mode locking, is where short pulses are obtained during
the Q-switching buildup tine. In this case we usually have a very fast
modulator that opens for only a very short time and really chops out a
short pulse in the first roundtrip, and then narrows this pulse to a
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steady-state condition in only a few roundtrips. This type of fast tran
sient mode locking has been demonstrated by Johnson at LLL [10] in Nd:YAC,
and pulses as short as ~ 250 ps have been generated under conditions where
the buildup time was only ~ 20 roundtrips. We shall return to this type
of node locking later, but first we want to consider the slow transient
mode locking in more detail.

5. Slow Transient Mode Locking
We have found a way to get around the problem of the slow buildup of
the mode locking. The Q-svitch loss is adjusted so that it does not hold
off the laser completely, but the laser is allowed to oscillate or "prelase"
at a low level, During this time the modulator is on and short pulses
build up and, if the prelasing time exceeds the transient buildup time
given by Eq. (11.17), the steady-atate pulse width is reached. When the
Q-switch is now opened, the initial conditions for the Q-switching are
short pulses, and these short pulses continue through the Q-switched envelopi
with very little further changes. Saturation and the change in gain during
Q-switched regime do not affect the short pulses in any significant vay.
If we again consider the expression for steady-state pulses,

( 2 ^
T

. =
P

we should remember that

*

1

,'A/
TTT
9
l

^
,

'm

(ii.:

'

g is now the gain in the laser with the q-switch

in the high loss condition; as we showed previously, to get 1 ml from
the laser, the power gain coefficient is 2.0 and hence
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g = 1.0

. If wc

put this in E<|. {II.IB),

wc get
fib. }
;

This illustrates that under high-gain conditions, it is no longer possible
co get 50-ps p u W e s , because the effective llneuiuth, Af/*/g" , hai de
creased considerably. For good active node locking, it become* clear that it
is much better to have o snallcr cross section and wider linevidth and, from
this point of view, NdiGlass looks very attractive for generating reasonably
energetic pulscv with Active modi- locking. The best situation seems to be
where the Hncwidth of the active laedfuiu ie so wide, chat an etalon is
required to give the desired pulse width. In this case the effective
bandwidth of the system becomes independent of the gain, and one can ob
tain the same pulse width at an> pumping level,
The next question one wants to ask is, whether the actively-modelocked Q-$ulcched Laser with nrelasing will produce trans form-limited
pulses. To Answer this we have to look at the build-up of mode locking
in more detail, As the laser goes above threshold, a large number of
axi.il modes start to build up. These axial modes are randomly phased.
As the number of roundtrips increases, the number of axial modes decreases
due to repeated passes through the active medium, and hence the total spec
tral width, B

, decreases. All these axial modes are essentially inde

pendent, and we can view the amplitude muduiator as modulating each axial
mode independently. Each of these axial nodes now gets a set of side
bands; one usually thinks of this as coupling between the axial modes
that originally started to build up and that, due to this coupling, all
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the axial modes are eventually pulled in phase to produce short pulses.
This is not the correct view during the transient buildup period. One
should rather think In terms of all axial modes except the centermost
dying away, and that only this one axial mode with its sidebands survives.
When only this one made with its sidebands is present, the output of the
laser is transform-limited. To get an estimate of how long it takes to
reach this condition, we can simply consider the Q-switched laser without
mode locking. During the buildup

the gain

g is constant and, after M

roundtrips, the envelope of the power spectrum rapidly takes on a gaussian
shape, with a spectral width

B

q

B

(FWHM) given by

/in2\ 1/2
= [—|
Af
\8Mg/

.

To obtain a single axial mode, we must satisfy the condition that
'

where f

(II.;

B < f
q

,

ax

is the axial mode spacing. From this, we get the condition for

the number of roundtrips to give a single axial mode,
in2 Itl

\2

8g \f

/

(11.2
"

>

If this condition is satisfied under mode-locking conditions, very good
transform-limited pulses result. Note that the term

Af ^
ax

- 28 -

appears, which is on the order of 10

for N'J:YAG, and we can immediately

conclude that it will take a very large number of roundtrips to satisfy
this condition.

For example, if we consider the typical cw laser as bem

fore, we get M > 1.0 x lo' or 0.J5 >

In the higher-gain regime of the

pulsed and Q-switched Nd:YAG laser, to obtain a 1-mJ nhort pulse, M > 1.}
);
x 10

.
, or ^2 \is . It generally takes more roundtrips to satisfy the

transform-limited condition than it takes for the pulse envelope to reach
steady state, and hence the prelasing time should be long enough to satisfy
this condition,
the prelasing time should satisfy one more condition, particularly in
a pulsed laser. When the laser goes above threshold with the Q-switch in
the high-loss condition, spiking occurs and the prelasing time must be long
enough for this to die away. The spiking is highly nonlinear, and one can
not easily establish a time for this to die away. The simple linearized
theory suggests that this time should be at least equal to the upper-level
lifetime of the laser, or about E^O us for Hd:YAG. If this condition is
satisfied, and the modulator is on throughout this prelasing period, one
can get very good transform-limited
6.

short pulses.

Fast Transient Mode Locking
As was mentioned previously, fast transient mode locking is where the

laser reaches steady-state short pulse conditions during the buildup of a
normally Q-switched laser. In this case, the modulator opens for a very
short time

(< 1 nanosecond); a short pulse is formed on the first

roundtrip and then narrows very rapidly. To obtain a transform-limited
pulse, the bandwidth in the system lias to be very narrow;
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if we

consider the analysts

in Che previous section,

which is not quite

applicable

here, Eq, (11.21) suggests that the.bandwidth should only be a few axial
modes wide. This is, in fact, what wis done experimentally by using a fourelement etalon in the cavity to narrow the laser bandwidth sufficiently to
get transform-limited short pulses, and pulses as short as - 2^0 ps have
been obtained.

7. Amplitude Instabilities
Amplitude instabilities in these node-locked lasers, in the form ot
pulse-to-pulse variations, can arise from many causes such as pump supply
variations, arc instabilities in lamps, mechanical vibrations, etc. We
really do not want to evaluate these extrinsic causes in this report, we do,
however, want to consider one intrinsic source of instability that is In
herent in the mode-locking and Q-switching system.

Under high-gain condi

tions such as in the Flash-pumped Nd:YAG laser, the Q-switched julse is
only a few roundtrips long, and thus only a few mode-locked pulses appear
(luring the Q-switched envelope. A typical case is shown in Fig. II.1. It
now becomes important that the position of the short pulses be stable relativ
to the Q-switched pulse envelope. It is reasonable to assume that, as the
Short pulse position varies underneath the Q-switched pulse envelope, the
energy in the short pulses will trace out a stable envelope, given that the
pumping conditions remain constant, Figure II.£ now illustrates the two
extreme conditions that can exist; one where a short pulse is right at the
peak of the Q-switched envelope, and one where there are two equal-amplitude
pulses on either side of the peak of the Q-switched envelope. The best that .
a single-pulse selector can do is to always select a pulse between these
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extremes, and when the Q-switcher) envelope beeones short, It is obvious thtt
we can get considerable pulse-to-pulse instability, even uader idttl pimping
conditions. To eliminate this problem, the ({-switched envelope his to be
synchronized with the position of the short pulse*.
4

In general, three conditions have to be satisfied to achieve this
synchronisation;
(1) Constant Gain; the gain has to be sufficiently constant from
shot to shot that the variation in the total Q-cwitching buildup
tine is much less than one cavity roundtrip time.
{2) Constant Initial Conditions: The fluctuations of conditions when
the Q-svltch opens have to be much less than the roundcrip excess
gain during the Q-jwitching buildup,
(J) The opening of the <j-BWitch has to be synchronized with the modelocking modulator.
We can now review the various short-pulse generation techniques from
this point of view. First, we consider slow transient mode locking with
prelasing. Due to the prelasing, the gain in the active medium will be
determined exactly by the loss in the Q-switch if the prelasing period Is
sufficiently long that steady-state conditions are reached. From shot to
shot, it will be possible to stabilize the loss in the Q-switch sufficiently
to stabilize the gain. The initial energy in the short pulses at the time the
Q-switch is opened is determined by the excess gain during prelasing, and
this excess gain will have to he stabilized to within a few percent, sa^
lebs than lOjt, to give sufficiently stable initial conditions. This/frill
generally mean that the total gain, and hence the pump power, will .have to

35 -

V

be stabilized to within a fraction oE one percent to satisfy these condi
tions. It will have to be determined experimentally how constant the pump
power can be maintained from shot to shot for this type of laser. Finally,
the synchronization of the Q-switch opening to the mode-locking modulator
is well within the state of the art of fast switching circuits, and should
pose no problems.
We next consider fast transient mode locking [10]. Even if the
gain is sufficiently stabilized, there is simply no way in this type of
setup to stabilize the initial conditions. When the fast modulator is
opened the first time, the initial condition in the cavity is random noise,
and hence the energy in a single selected pulse from this system can be ex
pected, at least to soma extent, to show random variation between the two
extremes depicted in Fig. 11,2. It will be interesting to evaluate the
pulse-to-pulst> stability in this system from this point of vie'*.
The main conclusion that we can draw here is that., by allowing a long
enough period jf prelasing, we can eliminate the noisy initial conditions,
and only then does it become possible to eliminate the short pulsi: fluctu
ations in a situation where the Q-switched envelope is cnly a few roundtrips
long. We can also conclude that in a laser material with a cross section
considerably smaller than Hd;YAG, the Q-awltched envelope will be much longer,
and therefore this problem will disappear.

i

8, Evaluation of the State of the Art of Active Mojfe Locking
Table II below presents an evaluation of active mode locking and sum
marizes some of the ideas presented in this section, and makes some reason- {
able predictions,

I
i

-$-

:

TABLE I I
S t a t e of t h e A r t o f A c t i v e Mode L o c k i n g

C W Nd:Y.iG
Ptxlse Properties

Requi rerneats
Mode Locked

Mode Locked
Q-Swltched

Pulsed Nd:YAG
Slow
Mode Locked

Fast
Mode Locked

Pulse Energy:

1 mj
5%> Stability

No
Yes

No
Yes

Yes*
Yes*

Yes
Yes(?)

Pulse Durations

5 0 to 5 0 0 ps
2 O 0 p s to 1.5 ns
•yfi Stability

Yes
Yes
Yes

Yes
Yes
Yes

Yes\7 )
Yes
Yes

No
Yes
1

Yes

Yes

Yes*

Yes (? )

Peak-to-Background
Ratio

>10

Spectral

Transform Limited

Yes

Yes

Yes

Yes

T E M

Yes

Yes

Yes

Yes

Single Short Pulse
Pulse Train

Yes
Yes

1. "

Yes

Yes
Yes

S i n g l e Pulse
S h o r t Burst
Periodic

No
No
Yes

No
No
Yes

NO
Yes
No

Characteristics

Spatial Profile

U

oo

Synchronizing S i g n a l :
Optical:
Electrical:

Predictions.

Yes

9. Future Directions of Active Mode Locking
Most of the experimental work in active mode locking has been done in
cw lasers, at low power levels, and only more recently have pulse energies
of more than 10 uJ been obtained in the mode-locked and Q-switched Nd:YAG
laser with cw pumping. In all these experiments, the power levels have
been low enough to avoid a large number of problems. Damage in laser com
ponents and self-focusing in -:he laser material have not been problems, and
self-phase modulation and subsequent changes in the pulse shape due to dis
persion in the cavity have also not been experienced.

In the experimental

work now in progress with mode-locking and Q-switching the pulsed
Nd:YAG laser, some or all of these problems will occur, and they will even
1

tually limit the amount of energy that can be obtained in a single short
pulse from the NchYAG laser,

It presently seems reasonable to expect about

1 roJ from such a system that will satisfy the requirements for the laserfusion program.

Future experiments will establish the maximum energy per

short pulse that can be obtained from this laser, but it seems highly un
likely that it will exceed 1 mJ by even an order of magnitude.
Some of the problems with Nd:YAG have become quite obvious from the
past discussion, particularly the large gains one needs to extract the max
imum energy from the Nd:YAG laser. Future research should be done on ma
terials with smaller cross sections, and Nd:Glass is probably one of the
first that should be investigated, Very few, If any, experiments have been
done In Nd:Glass using an active modulator to get short pulses. Nd:Glass
will bring along its own particular problems, such as the extremely wide
linewidth, which will have to be effectively narrowed down to get 50-ps
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or longer pulses for the primary pulses, but the wide linewidth may also
make it possible to generate considerably shorter pulses. Theory indi
cates that this will be possible, but active mode locking in any laser
has not produced pulses much shorter than *t0 to 50 ps> and trying to gen
erate shorten pulses is an almost unexplored area, Active mode locking in
the cw dye laser has been notoriously unsuccessful in getting to the 1- to
10-ps range, and active mode locking in NdiGlass to get to these short
pulses will add much to the understanding of mode locking in this pulse
width range. The extremely long buildup times and consequently the long
pulsed pumping of Nd:Glaes can already be seen as one problem,
Other materials with intermediate cross sections will also be of in
terest, One interesting possibility Is to operate Nd:YAG at higher tempera
tures, in going from J00°K to W K , the linewidth doubles and the gain will
be about half, but the relative distribution in the upper and lower levels
will also change, as discussed in Appendix B.
In all of the active-mode-locking work in Nd:YAG, very good gauseianshaped pulses have been obtained.

In the future one might like to change

this in order to generate pulse shapes more suitable for laser fusion.
This is an area that is totally new and quite unpredictable, acid at pre
sent some good ideas and experiments are needed.
We can now attempt to set up a "roadmap" for future research work in
active node locking for the laser-fusion program, and some reasons why it
should be done.
(1) Nd:YAG:
Reasons:

CW pumped, mode locked with or without Q-sswitching,
(a) Repeat earlier work with better modulators to ob
tain shorter pulses.
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(b) Measure transform-limited properties of pulses.
(c) Measure peak-to-valley ratios.
(d'l Test several single-short-pulse selection schemes
under well controlled pulse generation conditions.
(e) Investigate synchronization of short pulses with
respect to the modulation signal,
(2) Nd:YAG:

Pulse pumped, mode locking and Q-switchIng with pie-

lasing,
Reasons:

(a) More energy per pulse.
(b) All of (b) through (e) in Section (1) above to see
how much the laser properties deteriorate under the
higher-gain conditions.
(c) Establish maximum energy per short pulse available
due to limitations of damage, self-phase-modulation
and self-focusing.
(d) Measure shot-to-shot stability.

(3) Nd:YAG:
Reasons:

Pulse pumped with fast transient mode locking.
(a) Attempt to get pulses as short as 50 ps.
(b) Evaluate pulse-to-puise stability from the point of
view discussed earlier in this section, i.e., rela
tive short pulse and Q-switched envelope stability.

C O Nd:Glas6 and other materials.
Reasons:

(a) Extend active-mode-locking experience gained from
Nd:YAG lasers to NdiGlass.
'b) Generate shorter pulses.
r,
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(c) Possibly more energy per ahort pulse,
(d) Study self-phase modulation, and possibly generate
chirped pulses.
(e) The ability to select any glass for laser-fusion
work, and not be limited to those that can be
driven by Nd:YAG.
(5) Pulse shaping in actively mode-locked lasers, starting from cw
pumped and mode-locked lasers, and once some pulse shaping tech
niques have been developed, progress with these techniques through
the Q-switched lasers, and then pulsed and Q-switched. The final
aim is then to obtain a mode-locked NdiGlasa laser with a precisely
shaped pulse.

D. PASSIVE MODE LOCKING

Passive mode locking was first observed by DeMaria, ,et,al. [11] and,
since then, an enormous amount of work has been done in this area. In this
report, we shall not attempt to review all of this work. A recent paper by
Laubereau and Kaiser [2] gives a good review, and a paper by Duguay, ,et .al.
[12] gives a good treatment of the Nd:Glass laser and a particularly good
reference list.
In the past years, considerable theoretical understanding of pas
sively-mode-locked systems has been developed, and two distinct theoretical
models are now accepted,

The first is the so-called "Fluctuation Model"

first proposed by Letokhov [ljjl'i] and further developed by Kryukov and
Letokhov [15], Kuznetsova [16], Fleck [17,18], and Hausherr, Mathieu and
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Weber [19]. This model mainly considers the selection of a single noise
spike, and the growth of this noise spike into the mode-locked output of
the laser. The most recent works on this model by Glenn [20] and Zherikhin,
et al. [21] have presented considerable progress in this area, and both
papers treat the passively mode-locked Nd:YAG laser that is now being used
in the laser-fusion program.

The discussion in this section will largely

be based on these two papers.
The other theoretical approach that has developed is the so-called
"Quasi-continuous" theory, as presented by New [22], This theory mainly
considers the shaping of short pulses by the saturable absorbers and the
laser media,and is most useful for dye lasers.
Both of these theoretical approaches will be needed to understand the
short pulse generation problems associated with the laser fusion program.
The fluctuation model is now well established as explaining the behavior of
the MdrGlass and Nd:YAG lasers. The quasi-continuous theory will help in
the development of short-pulse dye lasers that may be useful for plasma
diagnostics.
In this section, we want to consider passive mode locking of the
Nd:YAG and Nd:Glass lasers. First, a qualitative review of the "fluctuation
model" will be presented, and we will attempt to draw some conclusions on
the behavior of the passively mode-locked NdjYAG and Nd:Glass lasers, and
compare them with the short pulse requirements for the laser fusion program.
A simple model of the behavior of the laser and bleachable dye will be
used, and we will follow the model and notation used by Glenn. The dye cell
is treated as an inertialess absorber and thus saturates instantaneously with
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the intensity in the laser cavity.

The transmission coefficient is given

by

K

K

=
I

where

K

fi

+

o
I/I

,

is the unbleached absorption coefficient.

intensity, and is about 50 MW/cm

(11.22)

B

I

is the saturation

for the common bleachable dyes at l,o61 pm.

The laser medium has a very long upper-level lifetime compared to the Qswitching times considered here, and thus saturates on the total energy
extracted from the laser medium.
There are four very distinct regions in the operation of the passively
mode-locked Nd:YAG laser;
Region I;

The pump power is turned on, but the laser is below threshold,

the intensity in the laser cavity is dominated by spontaneous emission.
Region 11; The laser is above threshold, and the intensity grows un
til it reaches the saturation intensity of the dye.
Region 111: Saturation of the dye occurs, and a single pulse is selected,
if and only if the laser medium saturates at the same tine, as pointed out
by Glenn.
Region IV: The laser Q-switches, and the stored energy is extracted by
a single short pulse.
We will now consider each of these regions in more detail.
Region I. The purap is turned on at time

t = 0

, and spontaneous

emission in the cavity is amplified. At the start of this region, the
field in the cavity is pure white noise, and by the end of this period,
it has more bandwidth-limited properties.
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I

I

Region H .

As the laser goes above threshold., the spontaneous emis

sion is amplified, and after just a few roundtrips, it becomes bandwidthlimited noise, and after more passes, the bandwidth is further narrowed.
If there is an etalon or other bandwidth-limiting element in the cavity,
this can dominate the bandwidth-narrowing process. In the time domain,
the cavity field consists of a large number of noise spikes, with random
amplitudes and widths. As this noise is amplified in region II, the finite
bandwidth of the system lengthens each pulse; the width of these noise
pulses at the end of region II is largely determined by the bandwidth of
the system, and the number of roundtrips in the cavity, but it also depends
on the statistical properties of these noise spikes at the start of region II
Consider a simple model here of a single temporally-gaussian pulse *ith
pulsewldth

T

at the beginning of region II. After M

the cavity with an effective linewidth Af

roundtrips in

[see Eq, (11,12) and discussion

there], the pulse width becomes;

(

T

h fn 2

M

)

1 / 2

now has all the statistical properties of the initial noisy pulse. There '

is further no reason to believe that there is any correlation between the
amplitude and width of the noise spikes, and hence the largest amplitude
pulse that will finally be selected by the dye, can have a random variation
in pulsewiuth. At the beginning of region II, the mean pulsewidth will be
approximately equal to the inverse of the effective linewidth, with a stan
dard deviation of the same order of magnitude. To reduce the statistical
fluctuations in the final pulse, we must have the second term in (11.23)
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much larger than the initial pulsewidth, and this requires a large number
of roundtrips. We can now draw our first important conclusion. To reduce
the statistical fluctuations of the pulsewidth, the laser must be brought
slowly above threshold so that we can make many roundtrips in the cavity
during the linear amplification region of the build-up. Ihe pulse that we
will obtain at the end of this region will be much wider than the inverse
of the bandwidth, and will approximately be given by
M »

1

of ia

.

T ~
N

M /if

, with

. At the end of region II, the laser will have an excess gain

Region III. In this region, a single pulse must be selected from the
large number of noise pulses in the laser at the end of Region II. In the
early discussion of the fluctuation model by Letokhov and others, only the
nonlinearity of the dye was considered responsible for single-pulse selec
tion, Glenn argues that the dye aloue can never select a single pulse with
good probability and that, if only the dye acts as the single-pulse selec
tor, a single pulse can be obtained only 36.8$ of the time.

"This is con

trary to experimental observation" [Glenn]. He then continues co show that
the saturation of the active medium must be considered for single-pulse
selection, and he supports this argument by very good numerical solutions
of a typical system. The argument is best presented by quoting Glenn's
paper:
"In more physical terms, it is necessary to invoke some mechanism by
means of which one pulse can capture the stored energy of the laser
at the expense of the other pulses. Only in this way can an output
consisting of a single large pulse be obtained consistently.

In terms

of the statistics, the joint probability distribution must be such that
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the presence of a large-intensity pulse implies that the intensities
of the other pulses ore low. There are a number of mechanisms that
could cause this. Perhaps the simplest is gain saturation. The net
gain experienced by a pulse is a function of its intensity. The ef
fective gain coefficient is

a

„ = a - y - K /(1 + I. .)
net
0
ki
n

At the start of region III, this quantity is positive for all pulses,
although it may be quite small. Only a minute amount of saturation
is necessary, however, before this quantity can become negative for
pulses of very low intensity while remaining positive for pulses Df
higher intensity. The higher intensity pulses continue to g r w while
the lower intensity pulses decay. This provides a powerful discriminant.
It is convenient to think of a critical intensity I for which
c
a - r - K,/(l + I ) = 0
0'
c'
v

c

a -i

K. + t a

At the start of region III, I < 0 , i.e., all pulses have gain.
As the gain becomes depleted, tsx = a - J - R. goes to zero and be
comes negative, and I > 0

. Only pulses with greater intensity

than this continue to grow. Clearly, the presence of a very large
pulse will deplete the gain faster and will cause I

to rise more

rapidly. This results in more effective elimination of the smaller

- kh -

pulses, To achieve good mode locking, one wants to have the intensity
of only the largest pulse 'outrun' the rising value of I

. This

picture is botne out in detail in the results to be described below,"
There is another way of looking at this, and this is essentially the
approach presented by Zherikhin, et al. [21), As the laser goes above
threshold at the beginning of region III, the laser will gain-switch.
Consider first the case where there is no dye in the cavity, or the in
tensity in the cavity never reaches the dye saturation intensity. As the
intensity in the cavity increases during region III, it ""ill reach the
saturation density of the active medium. If the excess gain at that
stage is &a , the laser will Q-switch subject to this initial condition.
Since the active medium will be saturated by the average energy in the
cavity, there will essentially be no change in the distribution of the
noise pulses. With high loss in the cavity due to the dye, the excess gain
Xx will be small, the laser will be just above threshold, and we ex
tract very little energy from the laser. This low-level pulse will have
all the noisy characteristics of the cavity field at the end of region II.
We can now consider the other extreme, where the dye saturation inten
sity is low and is reached before the active medium saturates. The field
in the cavity rapidly grows through the level where the dye is nonlinear,
and there is only partial selection of a single pulse. Poor mode locking
results.
Now we consider conditions when everything is just right. The laser
starts to gain-switch as described above. The active medium is saturated
by the average energy in the cavity, and the net gain goes to zero. However,
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the strongest noise spike saturates the dye most, and if conditions are
right, this noise pulse has net gain and grovs, but is still close to
threshold, A competing pulse with a little lower amplitude is much
closer to threshold, and almost all the other pulses are below threshold.
It is this difference in net gain that acts as a very strong pulse selec
tor, and the strongest pulse grows rapidly, saturates the active medium
and keeps all the otlver pulses below threshold and suppresses them com
pletely.
Glenn ha:i simulated this process on the computer and shows that three
to five orders ofrani'.njtudepeak-to-background can be obtained.

The simu

lations also show that an outstanding characteristic of the optimum pulse
selection ronclitior i<s .-> distinct pre-pulce in the averagp intensity out of
the laser.

J

In flic p.ipcr by Zherlkhin jet al, |L U, this prc-pulse is clearly

observed under conditions where very good peak-to-background ratios are
obtained.

They find that to get these conditions, the beam area in the dye

has to be twice as big as in the Nd:YAG crystal. For smaller area ratios,
Lliey get poorer mode lucking, and for larger ratios, the pump power is too
high to get saturation of the dye -and good Q-swiiching. One can thus con
clude that there are certain conditions that have to be untisficcl to get good
pulse selection in region 111.
During region III, the single pulse that is finally selected makes
many passes through the dye with an intensity that is comparable to the
saturation Intensity of the dye. One can expect that during this time,
the nonlinear behavior of the dye will tend to make this pulse shorter.
Tills pulse shaping now has to be treated using the approach taken by
New [?£], Both Letokhov and Glenn consider this a secondary effect in
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the pulsev/.dch determining process, and claim that tHe action of the finite
bandwidth in region II is most important. However, to\do 3 complete analy
sis, the approach by New in this region must be considered to obtain accurate
results. Some of the work presently done by New is apparently going in this
direction.
Region IV. Once the dye has been saturated, the single.pulse that has
now been selected sees a large excess gain and the laser Q-switches. The
peak of the Q-switched pulse envelope under good conditions is one to two
orders of magnitude above the peak of the pre-pulse. Under good conditions,
it is reasonable to expect that the envelope of the Q-switched pulse will be
quite independent of the position of the pulse relative to the peak of the
envelope, and hence variations in peak pulse energy should only be limited
by the fact that the pulse positions are random w.r.t. the peak of the pulse
envelope, as shown in Fig. I1.2,
During thia Q-switching region, other effects and problems can occur.
The intensities in a typical laser now can get high enough that the non
linear index of the laser medium and other components in the cavity become
important. Self-focusing and subsequent damage of components can occur,
and self-pliase-modulation can occur. It appears that Nd;Glass laser is
more susceptible to these effects than Nd;YAG, This is stated very strongly
by Zherikhln [21], and is supported by the work of Carmen, et si. [23]. Vet
the results by Owyoung [2i] clearly show that the n_ coefficient for Nd:VAG
is considerably larger than for Nd:Glass. One must conclude that the smal
ler cross section for glass is mainly responsible. As pointed out in the
previous section on energy extraction, fur a given change in loss with a
Q-swttch in the cavity, the glass laser will give considerably higher peak
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powers, and the CJ-switched pulse envelope for glass will also he much longer
One can simply store that much more energy in glass, Thus in the long pulse
trains that are generally obtained for gliss, the pulse makes many more
passes through the glass. The nonlinear effects such as self-phasenodulation are cumulative, and the trailing pulses can display large ef
fects due to n

. An enormous body of literature with associated TPF

patterns exist to support this.
At this stage, no simple rules have teen developed for optimum pulse
selection, and suppression of the initial statistical properties of the
mode-locked pulse, and it is not certain that all these conditions can be
optimized at the same time.
The research direction for these systems for the laser-fusion program
is now fairly obvious. The analytical model for passively tnodt-locked
systems has to be developed further, to the point where general rules for
optimum behavior are obtained. We can then evaluate the trade-offs in
operating conditions to get the output characteristics of the laser as
close to the requirements for the laser-fusion program as possible. This
work then has to be closely supported by experimental work to carefully
measure the properties of the laser under given conditions. Measurement
of the statistical properties will be particularly important.

From this

work, one has to answer whether the following three conditions can be met
simultaneously:
(i) 5$ pulse energy stability
(2) 5$ pulsewidth stability
(3) 10 peak-to-background ratio.
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It presently seems unlikely that a purely passively mode-locked sys
tem cart satisfy these conditions, but if this approach is going to be use
ful, one must find how close we can get to these requirements under reason
able operating conditions.
Table 111 presents the state of the art for passive mode locking.
Note that the appearance of the mode-locked pulse will always be completely
random within tha roundtrip time of the cavity, and this will make syn
chronization with other short-pulse lasers difficult and in most cases im
possible, This is a very serious shortcoming of the passively mode-locked
laser.

E.

A COMBINATION OF ACTIVE AND PASSIVE MODE LOCKING

Combining active and passive mode locking is an attempt to get all the
best properties of both methods in one system.

Each method has the follow

ing unique properties:
Active Modt! Locking:
(1) The process can be completely deterFir.cd gnd there are no statisti
cal properties left in the final short pulses,
(2) The pulses are synchronized to an external signal.
Passive Mode Locking;
(1) The pulses are generally shorter than for active mode locking in
the same laser.
Two very distinct approaches are apparent,
(I).

An active modulator is used to give a much narrower window within

which a single pulsja i^an be selected by the bleachable dye. VTe now only have
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TABLE III
Scate Q £ the A r t of Passive Mode Locking

Requirements

Pulse Properties

Nd :YAG

Nd- Glass

Pulsis Energy:

1 mJ
5$. Stability

Yes
No

Yes
No

Pulse Duration:

3 0 to 300 ps
3 0 0 ps to 1-5 ns
5^. Stability

Yes
Yes
No

Yes
Yes
No

M

Peak-to -Background Ratio:

>io

Yes

Yes

CO*

Spectral Characteristics:

Transform Limited

Yes

Yes

Spatial Profile:

^"oo

Yes

Yes

S i n g l e Short Pulse
Pulse Train

Yes
Yes

Single Pulse
Short Burst
Periodic

No
No
No

h

O*

Synchronizing S i g n a l :
Optical:
Electrical:

(Short)

Yes
Yes

(Long)

No
No
No

1
Peak-to-background ratio in the range of 3 0 dB to 50 dB are observed for good
mode-locking conditions in the laser.
Transform limited pulses are usually only observed early in the pulse t r a i n .

to consider the statistical properties of the noise pulses within this win
dow, and in general the probability of obtaining spurious pulses is reduced
by the ratio of the cavity roundtrip time to the modulator window. This can
be a considerable improvement.
(II)•

An active modulator takes the mode-locking process to comple

tion at a low level in the laser and, after a Q-swltch is then opened, the
saturation intensity of the dye is reached, and thus will shape the pulse
and make it shorter. This method can be viewed as a use of the active
modulator to eliminate the initial noisy conditions of spontaneous emis»
sion and replace it by well-determined short pulses. However, the function
of the dye now also changes completely, from a selecting and discrimination
process to a pulse shaping process, and with this, we have to switch from
the "Fluctuation Model" to the "Quasi-Continuous Model" by New [22],
A. system following the first approach has been demonstrated by
B, Johnson at LLL with a fast modulator in a Kd:yAG laser and a saturable
absorber, and very good results have been obtained. The same approach with
a slow, sinusoidal modulator has not been demonstrated, but in general the
sama results can be expected, except that the effective window will be con
siderably wider.
The second method, to use an active modulator to change the initial
conditions, has not yet been demonstrated. However, one can show that
pulse narrowing due to the dye will not be very large, and only a factor
of 2 or J can be>expected.

In some cases, such as in the Nd:VAG laser,

r
this can be very significant.
The question that now arises is, just how well are the pulses syn
chronized to the external signal in these two approaches?
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In the first

Efciiod, the dye can still select a short pulse anywhere within the window
of the modulator, and hence the short pulse is at best synchronized with
external signal to within the width of the window. This will almost cer
tainly not, be within i 10 ps, and hence the method will still not satisfy
«r"it> stringent synchronization requirements for the laser fusion program.
In the second method, the synchronization will be the same as that of the
ac^ivel; mode-locked system without the dye.
Future research should be aimed at improving the first method where
the modulator just acts as a narrow window to improve the statistical
properties of the pulses from a passively mode-locked laser. The other
method, where the dye is used to further shorten the pulses from an ac
tively mode-locked laser should be demonstrated and evaluated.
Table IV presents the state of the art and predictions for com
bined active and passive mode locking.
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TABLE IV
State of the Art and Predictions fox Combined Active and Passive Mode locking

Method X
Active Modulator
as Window

Pulse Properties

Requirements

Pulse Energy:

1 mj
5 $ Stability

Yes

3 0 to 3 0 0 ps
^ 0 0 ps to 1.5 ne
5# Stability

Yes
Yes

(
Pulse Duration:

?

u

Peak-to-Baskground Ratio:

>io

Spectral Characteristics;

Transform Limited

Spatial Profile;

Method II
Active Modulator
for Initial Conditions
Yes*
Yes ( ? ) *

•?

Yes*
Yes
Yes*

Yes

Yes*

Yes

Yes

Yes

Yes

Synchronizing Signal:
Optical:
Electrical:

Predictions,

Single Short Pulse
Pulse Train
Single Pulse
Short Burst
Periodic

?

Yes
(Very Short)
Yes
Yes
Mo

Yes
Yes
No
No
Yes

F.

CAVITY DUMPING

We will not consider cavity dumping as a technique for generating
short pulses, but together with either active or passive mode locking,
this can be a useful method to obtain high energy pulses. We will
consider ideal cavity dumping here, i.e., we have a cavity with high
reflectoi's, and somewhere near the peak of the Q-swltched pulse train,
a single pulse is completely dumped out of the cavity. Cavity dumping
has some obvious advantages:
(1) Short pulses can be obtained with peak powers equal to the
limits In the laser due to component damage or self-phase-modulation.
(2) With low losses In the cavity, the required pump power to gat
the same energy in the pulses as with conventional output coupling, is
much lower.
To consider these advantages in more detail, we can obtain an
expression for the peak power of a (J-switched pulse inside the laser
cavity.

If P

is the peak power external to the cavity, then the

internal power traveling towards the output coupler is given by
P.
l n t

=

ext

, where

R is the output coupler reflection.

From

(1-R)

Eq. (A.2S) in Appendix A, with the additions due to the finite life
time of the lower level and thermalization within the upper and lower
manifolds, we get for the internal peak power of the Q-switched pulse:

w

W
(II .git)
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All these parameters ate defined in Appendices A and B. We can now let
the output coupling go to zero, i.e., R -+1 and 6\ -*0 . We can
also show that in this limit, 5 /(l-R) -+1
t

. In a low loss cavity,

the internal peak power now becomes:

(H.25)

a

a

\a'I

and finally, the energy per short pulse inside the low loss cavity i6:

E i n t

=

(k

+ k,) U ' 2

f

a

a

\af\

this equation has an interesting interpretation: a is the roundtrip
power gain coefficient of the laser, and we can write this as a = 2ffN I ,
where N

is the upper level population when the Q-switch is opened.

The collection of terras (~) £ a now become N (hv) • A • I

, and this

we recognize as the total energy stored in the upper level. Thus, in an
ideal two-level laser with zero cavity losses (i.e., 5, = 0 ) , all the
energy that Is in the upper level prior to the Q-switch opening, is
transferred to the single short pulse at the peak of the Q-switched pulse.
Equation (II.2o) does indeed obey conservation of energy! The factor
v. '•. \ accounts for the thermalization in the upper sad lower levels,
and the quantity in brackets must be considered an energy reduction fac
tor due to losses in the cavity. Wc plot this factor in Fig, II.3 as a
function of (8./of) , and we note that the available short pulse energy
is reduced very rapidly as the losses increase.
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Prom Eq. (11,26), we can now obtain the conditions to get 1 oJ in a
sii.jle short pulse. Using the same parameters as In Section A, i . e . ,
a

2

2

(hv/<r) = 0.3 j/cra , A * 10* cm and k = 0.J92 , kj ~ 0.186 , we get
g

E, ,
int

E

2 • 60 a l l - — 4—inl-^lf uu

(

a

a

.

(11.27)

'ct'j

For an extremely low loss cavity, 8. = 0 , the required gain to obtain
I mJ is 0.J9, which we can compare with a required gala of 2,0 for an
external pulse of 1 mJ with optimum output coupling. The required pump
power has been reduced by more than a factor of JJ Assuming zero losses
in the cavity Is not realistic, and to get an Idea of the effect of cavity
losses, Fig. ll.it gives the required laser roundtrip gain to give a 1 aj
short pulsa, as a function of the cavity Josses. We note that the
required pain does not Increase very rapidly, and even for 10$ losses la
the cavity (8 s 0.1) , the required gain is *> 0,7. This is still a fac
tor of three legs than for a laser with optimum output coupling. It should
be noted that for the NdiYAG laser, roundtrip gains in the range of Q.k to
0-7 ate available In a cw pumped laser.
The required pimp power is, &£ course, proportional to a , and with
cavity duaptng, the pump power is reduced considerably, However, effi
ciency of the oscillator is not an Important consideration for laser fusion,
but the reduced puup poweT could help to stake the oscillator mare stable.
However, the reduced gain has an important effect on short pulse
generation, The equation (11.18) in Section II.C shows that for active node
locking, the short pulse width te proportional to (g) '
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, where g is

1.0

1
I
4J
Tl

>

V

S
0
M

0.5
9
U
U

0

o

s
o

0.05

0.1

6 - Cavity Loss Coefficient
FIG. II.h--Required roundtrip gain for 1 mJ pulse from cavity dumped Nd:YAG
laser as a function of cavity losses.

59

the roundtrip amplitude gain. Since 0( = 2g

, ve also have that

T « (a) ' ' j and with the reduced gain for cavity dumping, we can
now generate considerably shorter pulses. From Eq. (II.18), for a

)

depth of modulation $. = 1 and modulation frequency f = I50 MH2 ,
we get that the pulse width Is given by:
T

p

= 74-3 ( a )

l / 4

ps

(11.28)

With cavity dumping we can now generate pulses in the range of about
60 ps to 68 psj while for a laser with optimum output coupling, for
the sane parameters, we get a pulse width of 88 ps. Cavity dumping
thus has a considerable advantage with the lower gain to generate
shorter pulses.
Cavity dumping has one further advantage. With a low loss cavity,
the fall time of the <;-switched pulse is very Blow, and this will help
considerably to reduce the pulse-to-pulse instabilities as shown in
Fig. II.2.
We see that cavity dumping has some very Important advantages, and
this technique should be investigated for the laser-fusion program.
This will require development of a suitable cavity dumper. The acoustooptlc cavity dumpers that are presently available, cannot be used in this
case. To get the fast switching time in the acousto-optic cavity dumper,
the laser beam has to be focused very tightly into the gcousto-optic
substrate of the switch, and this will then damage at very low pulse
energies. An electro-optic switch is required and presently KDP looks
like a good choice for this switch. Obtaining low insertion loss for tills
switch is important and should receive careful attention. The other problem

.

5 9

.

will be to get the appropriate high voltage drive pulse that is properly
synchronized with the short pulses. It should be noted that the com
plexity of the cavity dumper Is about the same as an appropriate single
pulse selector for a laser with normal output coupling, and this should
further encourage the development of a cavity dumper.
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111. PULSES FOR PLASMA DIAGNOSTICS

The requirements for these pulses have been mentioned in Section I,
and can briefly be stated as follows:
(1) Pulse width: < 10 ps .
(2) Synchronization with primary fusion pulse: ± 10 pe .
(j) Wavelength: - JJO um or shorter.
(1) Pulse energy: ~ 1 mj .
We shall not concern ourselves too much with the wavelength require
ment here. If these short pulses with the required synchronization can be
generated anywhere in the visible or near infrared, one can. probably use
nonlinear methods to shift thes.e pulses to the desired wavelength range.
Preserving the very short pulse width may become a problem with these
techniques due to group velocity dispersion.
The two major problems for the plasma diagnostic pulses we want to con
sider here, are the very short pulse width and the synchronization require
ments. Let us first consider the pulse width requirements. There are very
few lasers that are capable of producing pulses 10-ps wide. The best known
systems that can do this are:
(1) Passively node-locked HdjGlass, usually close to threshold, with
carefully controlled conditions [25].
(S)

Jlashlamp-pumped dye laser with saturable absorber, such as
Rhodamine GG laser with DODCI saturable dye
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(5) Dye laser pumped synchronously by a train of short pulses, with
the roundtrip time of the dye laser the same as the time between
the short pulses. The best known systems here are the R6G dye
laser pumped with the second harmonic from a passively modelocked HdiGlass [26] or Nd:YAG [27] laser, and a passively
mode-locked ruby laser pumping a dye such as DTNCT [28],
(It) CW dye laser with saturable absorber [89].
(5) <M dye laser pumped synchronously with mode-locked argon laser [%
There are other systems that have been proposed but not demonstrated;
(6) Parametric oscillator pumped by a mode-locked laser [31].
(7) A very thin dye cell, ~ 10-um thick, pumped by a single picosecond
pulse.
In an attempt to evaluate these systems, we can classify them as follow
First there are those that must be considered unsynchronizable. The passive
mode-locked fld:Glass and flashlamp-puaped dye lasers must be considered in t
class. It Is particularly unfortunate that the flashlamp-pumped dye laser
must be classified as unsynchronizable, since it is a well developed and rea
sonably reliable source of short pulses.
The next class of short-pulse lasers are those pumped by a short train
of pulses from a mode-locked laser. This must be considered the most promis
ing class of short-pulse lasers to produce the synchronized pulses for plasm;
diagnostics. The main advantage is that they can be pumped by either passivi
or actively mode-locked lasers. The R6G dye laser pumped with either a doub:
NdiGlass [26] or Nd:YAG [27] laser has recently been investigated in conside)
detail at NEl. The following properties of these systems become apparent frc
this work:
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(1) Synchronization between the pump laser and dye laser is extremely
good, and well within the ± J ps required for plasma diagnostics.
(2) The pulse width from the dye laser is somewhat wider than the pump
pulse. Close to threshold for the dye laser, the pulse widths are
almost the same, but further above threshold, the dye pulses were
about 50$ wider than the pump pulse. Thus to get 10 ps pulses from
the dye laser, the pump pulses must be less than 7 ps wide'.
(3) Matching of the cavity lengths to withisi a small fraction of a
millimeter is very important to obtain good operation of these
systems,
More research work on these systems is required to investigate the following:
(1) How long a pulst> train is required to pump this system to get good
pulses!

This iii particularly important because, as we showed in

Section II.A, that to get high energies per short pulse out of the
Nd:YAG laser, the pulse train becomes quite short, with just a few
pulses, and this will probably not be enough pulses to synchronously
pump a dye laser,
(2) How much energy per short pulse can be obtained out of the dye laser?
One can easily visualise amplifying the Nd:YAG output to get the en
ergy in the pulse train up to a fraction of a Joule or more, and it
seems that the energy conversion limitation will be how much energy
can be stored in the dye. The important parameter here is how large
an area in the dye can be used,
(5) Can the pulses in the dye laser be shortened by a saturable absorber?
This is very important, because if a pump source with a pulse width
less than 10 ps is required, one really does not need the dye laser
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at all to generate synchronized pulses, except If one needs tunable
short pulses. With a saturable absorber, it may be possible to ob-;
tain the 10-ps pulses from the dye laser, when we pump it with a
train of 50-ps pulses from the mode-locked Nd:YAG laser.
The next class of lasers that can generate these short pulses is the cw
dye laser, either with a saturable absorber or pumped by a mode-locked argo
laser. This laser can easily produce the 10"ps pulses, and the cw dye laser
with a saturable absorber has operated in the sub-picosecond region. One
prcblem with this type of laser is the very small energy per pulse, typicall
about 1 nj [29] or less for present systems, requiring amplification of thes
pulses by 60 dB, Before one considers amplifying these pulses, the problem
of synchronizing these pulses with a mode-locked Hd:YAG (or Nd:Glass) laser
should be considered. This laser can only be synchronized with an actively
roode-locked laser. With a fast detector, the repetition rate of the cw dye

;

laser can be obtained, and after amplification, this signal can then drive
the actively mode-locked Nd:YAG laser. Synchronization of these two systems'
can then be studied. The synchronization problems associated with the NdiYA
laser have been discussed in Section II,B, and this will probably be the
weakest link in this synchronization problem.

If this synchronization is

successful, amplification of the dye laser should be attempted.
The final class of lasers that must be considered, comprises those purap
a single short pulse. One possibility is to make a very short laser with a
sub-picosecond cavity lifetime. A theoretical analysis of a 10-nm thick dye
laser, filled with high concentration of R6G, shows that this will oscillate
pumped with a 50-ps pulse. The energy per short pulse from this system is
very small ( « 1 nj). However, it will be useful to demonstrate this type
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of laser. Another system that falls in this last class involves compressing
a "chirped" pulBe to 10 ps; this seems very difficult to do.
The discussion in this section has largely been based on well known
and state-of-the-art systems, and it does not attempt to cover all the
possibilities now being considered by many other workers in this field.
Many other ideas are presently being proposed, and as new developments
come along, they may offer new and possibly better approaches to the syn
chronization problem. However, based on these state-of-the-art systems, we
can establish a reasonable "roadmap" for the research program for plasma
diagnostic pulses in the near future. There are presently only two ap
proaches that should be considered, i.e., the dye laser pumped synchronously
with a train of short pulses, and the cw dye laser system. The following
should be investigated in each system:
Synchronously pumped dye laser:
(1) Generation of pulses much shorter than the pump pulse with the use of
saturable absorbers,
(2) Obtaining more energy per short pulse in an attempt to get 1 mJ per
short pulse from the oscillator. This may not be possible, and thus
amplification of these pulses must be investigated.
CW dye laser:
(1) Synchronize with actively mode-locked NdiYAG laser.
(2) Obtain more energy per pulse from cw dye laser,
(5) Amplify these pulses to 1 mJ.
Once these pulses have been obtained, well synchronized and with suf
ficient energy, nonlinear processes can be investigated to generate the
desired wavelength for plasma diagnostics,
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IV. SUMMARY AND CONCLUSIONS

In this report we have investigated the various methods for short
julse generation, and in each section we have made some recommendation
for further research work to improve the state-of-the-art of short pulse
generation. Some of these recommendations are very important to obtain
the required pulses for laser-fusion, but some other recommendations can
be considered as interesting research work, but not really vital to the
las'jr-fusion effort. In this section we will attempt to draw this dis
tinction and then make recommendations for a systematic research program
on short pulse development for the laser-fusion program.
Let us first view the present state of affairs. The present short
pulse oscillator is a passively mode-locked NdrYAC laser. This is,in
principle, a simple system to obtain short pulses. This system has been
well engineered, and is probably as reliaMe as such a system can rea
sonably be. However, the pulse-to-pulse stability is far from the
desired 5$, and the appearance of low level pre-pulses have been trouble
some in target interaction experiments. An intense research effort on
this system will probably not improve the situation very much. The basic
problem in the passively mode-locked laser is that the initial conditions
for short pulse generation are noise spikes, and the statistical proper
ties of these noise spikes are still evident in the single short pulse
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that Is finally selected, Ji Section II,D this problem is diacuased in
some detail, and we must conclude that the passively mode-locked system
has inherent deficiencies. One recent improvement in this system is the
use of a fast modulator to reduce the "window" vithin which a short pulse
can appear, as discussed in Section II.E. This approach can best be con
sidered an Interim improvement of the passively mode-locked system, but
will probably not produce the desired short pulse source.
The passively mode-locked laser has one further problem. It will
be very difficult, if not impossible, to produce synchronized short
pulses for plasma diagnostics. This problem i,7 discussed in detail in
Section III. The only reasonable method to obtain these synchronous
pulses with a passively node-locked oscillator, is to use the entire
pulse-train from the laser, generate the second harmonic, and then syn
chronously pump a dye laser, i.e., the dye laser has the same pulse
roundtrip time as the Nd:YAG oscillator. This method has been demon
strated and can produce the plasma diagnostic pulses. However, there is
an inherent contradiction here in the operation of the Nd:YAG laser. To
obtain about 1-mJ energy In a sinf.le pulse, the entire pulse train will
only consist of a few pulses, and there will not be enough pulses to drive
a dye laser as described above. A longer pulse train can only be obtained
with lower gain in the laser and this will reduce the energy per short
pulse ta a level too low to drive the main amplifiers for laser fusion,
This problem comes from the large cross section for the 1.061f urn transi
tion in tfd:YAG, as explained in Section II.A. Even if this problem can
be solved in materials with smaller cross sections, it still seems unlikely
that this approach can be developed into a stable oscillator for laser fusion
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The first major recommendation then is not to do further development work ,
on the passively mode-locked Nd:YAG laser,
The main emphasis to develop a reliable short pulse oscillator should
be on active mode locking. This approach has produced very stable pulses
I
as short as 50 ps in the Nd:YAG laser, but pulse energies in present mode- j
locked and Q-switched Nd:YAG lasers are still more than an order of magni
tude less than the desired 1 mJ. However, there are clearly two methods
to increase the energy per short pulse. The first is simply to pulse pump
the laser, then Q-switch, and simultaneously mode lock this laser. The
analysis in Section 11.11 shows that quite a high gain is required in the
Nd;YAG laser, and that there are only a few pulses in the train of pulses
from this laser under these conditions. The shortest pulse widths will be
in the range of 80 ps to 100 ps. We conclude in Section II.C that the
main source of pulse-to-pulse instability will be due to the fact that
there will only be a few pulses in the pulse train, and if the pulse
1

envelope shifts relative to the pulses, this will lead to pulse-to-pulse

i

instabilities. Figure 11.2 illustrates this effect. However, this system
should be able to satisfy all the requirements for a good short pulse source,
for laser fusion.
The second approach with active mode-locking is to use a cavity damper ;
in addition to the Q-switching and mode-locking. The analysis in Section
i
II.F shows that the required pump power to get 1 mJ per short pulse is
reduced by a factor of 5 to 5, depending on how low the cavity losses can
be made. These gains can now be obtained in a good cw pumped Nd:YAG laser, \
or in a low duty cycle quasi-cw pumped laser. The lower gain allows shorterj
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pulses in the range of So ps to 70 ps, and the lower pump power will probably
also help make the laser more stable. However, what will really help pulseto-pulse stability, is that in this low gain and low loss cavity, there will
be a large number of puls.es underneath the Q-swltched envelope if we do not
dump a pulse, The pulses near the peak of the Q-switched envelope will all
have about the same energy, and hence we can dump any one Of these pulses,
and still get good pulse-to-pulse stability.
The next major recommendation for the laser-fusion program is that both
these methods with active mode-locking and either normal output coupling or
cavity dumping should be very thoroughly investigated. Both look like very
good methods to generate the required pulses, and both will most probably
be very useful in this program. Where a train of pulses is required,
normal output coupling will of course be used, but it seems that when only
a single pulse is required, cavity dumping has some potential advantages.
This approach of active mode-locking should also be extended to other
materials, such as Nd[Glass, As discussed in Section II.A, the smaller
cross section will make it easier to obtain 1 mj pulses. In addition, if
Nd:Glass can be actively mode-locked, this will allow the use of new types
of glasses.
Once it has been demonstrated that active mode-locking can indeed
produce the desired pulses, synchronizing of these lasers with plasma
diagnostic pulses can now be considered. As discussed in Section III,
the two most promising systems to produce these pulses are the syn
chronously pumped dye laser, and the cw dye laser with passive modelocking. The synchronously pumped dye laser will require the syn
chronization of two actively mode-locked M ia-.ers, either Hd:YAG or

-69"

Nd:Glass or one of each. One laser will produce a single short pulse
for the laser-driven fusion, and the other will produce a long pulse
train with pulses as short as possible, to pump the dye laser (after
SHG). The first laser will probably be a cavity dumped NdiYAG or
NdiGlass laser, and the second will probably be a NdjGlass laser to
give short pulses in the range of 10 ps to 50 ps.
The passively mode-locked cw dye laser should also be considered.
It can produce sub-picosecond pulses. This laser will now have to be
synchronized with the actively mode-locked Nd laser. This is discussed
in Section III, and it seems possible to do this, Amplification of these
short pulses to about 1 taJ or more will now be the main problem.
For the laser-fusion program we strongly recommend that both these
methods for plasma diagnostic pulse are thoroughly investigated. We
further recommend that future proposals in this area should be encouraged
and that the merits of each scheme are given careful consideration.
The remaining topic that has to be considered is that uf shaping the
pulse for the laser-driven fusion, No specific recommendations will be
attempted here, except to say that investigators in this field should be
encouraged to think about this problem, and each proposal should be given
careful attention.
From the previous comments, we can now briefly outline the "roadmap"
for this research program:
(1) Investigate active mode-locking of the Kd:YAG laser to produce
the pulses for laser-driven fusion, The laser should be simultaneously
mode-locked and Q-switched. Both conventional output coupling and cavity
dumping of a single pulse should be considered.
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(2) A major effort to improve the passively mode-locked laser should
not be pursued, unless major problems are experienced with the active modelocking,

(This seems highly unlikely.)

(5) Investigate active mode-locking of the Nd:Glass laser,
(I4) Attempt to synchronize two actively mode-locked Nd:YAG lasers
to ± 5 ps,
(5) Investigate both the synchronously pumped dye laser, and the
passively mode-locked cw dye laser for generation of plasma diagnostic
pulses,
(£) Encourage new ideas on pulse shaping and carefully evaluate
all proposals.
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APPENDIX A
Q-SW1TCHIKG OF AN IDEAL FOUR-LEVEL LASER

Ihis appendix presents a detailed analysis of active Q-switching that
is particularly useful for the Nd:YAG laser, but applies to any four-level
laser with a fast lower laser level relaxation time. We start off with
the basic rate equations given by:

n = K(n + 1)S - n/r
N = - KnJJ - N / T + R
a
p

(A.l)
,

where
K = constant (see below)
n = total photon number in cavity
N = N„ = total population inversion in cavity
T

= upper level lifetime

T

= cavity lifetime

R

= pumping rate

and
i
T

c

= 2f/cF-

= cavity length

,
5 = total roundtrip loss coefficient-

- 7? -

(A.2)

It is useful to split

T

up in its components due to output coupling,

other losses in the cavity and additional loases due to the Q-ewltch, He
can write

1

—

1

=

T

T

c

1

+
T .

ct

1

+

,

{A J )

T

ci

cq

where

—

—-t

V

21

1

, !i2.1

\t

and

6

=

and

fi =

/n(l/(l-L)) ,

and

6

in (l/T )

L

in (l/R)

t

1
=

}

21

T

cq
where

R = output mirror reflectivity
L - other losses in cavity
T

= Q-switch transmission.

For a slowly opening Q-switch, the correct time dependence of T

must be

1
included, We will here consider only a fast, ideal Q-Bwitch. We define
the cavity lifetime,

T

, with the Q-switch in the low loss condition.
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He can rewrite these equations in terms of the laser output power.
The rate of loss of photons to output coupling is a / t

, jnd thus the

output power P is

ct'
Considering steady conditions,

n = N = 0 , n » 1 and the Q-switch in

the low loss condition, from Eq. (A,I) ue get

B = 1/Kfl

-

(A.5)

We recognize this as the laser threshold inversion, N . , in a low-loss
cavity. Note that
21
c0

+

<(\ V

which is the cavity lifetime with no losses in the cavity due to the qswitch. Equation (A.2) in the steady state gives

n = —

f-^-R
a

x

- ll

.

(A.6)r

th

We recognize N ^ / T as the threshold pump power R
th a
p
the nornaltzed pump power as r = R / R
th
output power, we get

. and we define
t h

. Rewriting (A.6) in terns of

9 p

P = P, (r - 1)
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,

(A.7)

where
hv
P, =

.

(A.6)

KT T _

a ct
We recognize P. as the output power of the laser when we pump it with
twice the threshold pump power. For a typical cw YAG laser, this is
usually about one watt. We can relate X to the laser medium paraneters,
i.e.,
c<r
K = -

,

(A.?)

where

a = cross-section of transition.
! = cavity length
A = effective beam area.

We can then write P

as

'h \
v

A

and we recognize the terms in brackets as the saturation power density,
x

sat

'

f D r

N d : Y A G j

h v

=

1 , 8 9 ?

x

10

"

19

J

o u l e s

»

"

a

^ x

W"

i 9

™

S

,

T = 2l*o us and for a typical User we can have A =" 1.0 x 10" cm
'( = 0.8 , «e get P =* 1.1; watts , as expected.
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We can now rewrite the rate equations in terms of the output power
and population inversion normalized ca the low-loss steady-state condi
tions in the cavity, i.e., ? = P / P ,

and N = N / N ^

. We get

(A.ll

(A,lf

The term car [tk

originates from the additional photon due to spontaneous

emission and is retained to give the proper initial conditions, For a
typical Nd.-yAG laser, with
c<n Ilk
a

= 0,9 x 10*

/ = 50 em and A * 10

-£

cm

2

, we get

. Equations (A.11) and (A.12) now give a good

description of the Q-switching behavior of the Nd;YAG U s e r . The term
8 /(? + S ) accounts for the action of the Q-switch. For an ideal Qswiteh, the loss term 5
stantaneously.

changes from its high loss value to zero

For a Q-switch with a finite opening time, or a deliber

ately programed Q-switch, the correct time dependence can be included in
the term &

, and numerical solutions of Eqs. (A.ll) and (A.12) then

give the correct behavior of the laser.
We will now use these equations to investigate two types of Q-switching,
The first is "pure" q-switching where the initial losses in the Q-switch are '
sufficient to hold the laser well below threshold. The other is Q-switching
»)ith prelasing, where the laser is slightly above threshold with the Q-switch
in the high-loss condition. In both these cases, we are interested in the
Q-switching build-up tire, the peak power in the Q-switched pulse, and the
width of the Q-switched pulse.
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Let u first consider the steady-state solution of Eqs, (A,11) and
u

(A,12). If we set P = 0 and H = 0 , we can solve the equations ex
actly for P , the output power. We get

where

\5\ + 6, + 6
^ t
1, q
Careful investigation of this equation shows the well known threshold be
havior of the laser. The term r'

indicates how far the laser is below

or above threshold with the Q-switch in the high-loss condition, and r
'idicates how far the laser is above threshold with the Q-switch in the
low-loss condition.
1,

Pure Q-Switching
For pure Q-switcblng, as defined above, the liser is well below

threshold with the Q-switeh on, i . e . ,

r ' « 1 , Under these conditions,

the approximate (but very good) solution to Eq. (A,13) is

Mr??)® •
This gives the correct initial conditions for Q-switching, If one simply
takes the "extra" photon due to spontaneous emission ae the initial

• T7 -

condition, the term r'/(l - r') does not appear, This term accounts for
how far the laser is below threshold. The exact value of r'/(l - r') is
usually not significant, and only slightly effects the ouild-up time of
the laser.
We now consider an ideal Q-switch. After the Q-switch has opened, 6 =
and the inversion N is equal to r , the amount by which the laser is above
threshold with the Q-switch in the low loss condition. We can now solve Eq.
(A,11), subject to the initial conditions N = N = r , and
e
P. = [r'/(l-r')] {ccftjlk).

During the build-up, N is constant, and

we get the exact solution of Eq, (A.11} unde"t these conditions, given by;
(C(7T
i
a

e

e

' ' cO

Ik

I"

(A.I-

We can neglect the second term, r/(r-l) in the square brackets,
because after just a few roundtrips it is small compared to the first
term. To get some idea what Eq. (A,it) means, we consider a laser well
below threshold with the Q-switch on, i.e., r' « 1 , and well above
threshold with the Q-switch off, i.e., r > 1 . We can then write (A.l^)
approximately as

a

(N -DtA
e

c0

e

and if we take the build-up time, t
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, as the time for the laser to reach

P = 1 where saturation starts, we get

T

/Jsa-\

B

\K

1B

- 1/

(—)
\cfft

.

( .i5)
A

/

During this time the laser is in the linear amplification region. For a
typical Nd:YAG laser,

\ r v

(M •

It is also possible to calculate the peak power during the Q-swltched
pulse. If we make the approximation that pumping is negligible once the
Q-switch has been opened and further neglect the spontaneous-emission
term in Eq. (A.11), we get

P = J F N . P[/T

c 0

N = {- P N - N } / T

a

,

(A.16)

.

(A.17)

We con eliminate time in these equations by dividing out these two equa
tions, and then rearrange them to give

K)*--(i)H)* •
Integrating this equation, for the initial conditions P
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i n

and N

(A I8)

-

£

we get

(f

f

1

i|

- - **(r)-(yk- -"(i) • ^
in

Since T » T

' cO

, we will always have P » P,

and P » *n (p/p )

during the actual Q-switched pulse, and hence

'(I)!

•^-1 j(H -N) - ln[-r\\
e

.

(A.3(j

At the peak of the pulse, dp/dN = 0 and this occurs when N = 1 ; thus
the peak power is given by

i

in N \
e

.

(A.2f
i

Figure A.l shows a plot of P / ( T /T ) as a function of N ,
n

from the above expression for P

, we can now find out what the

r

laser output coupling should be to optimize the peak power. To do this,
we have to rewrite (A.21) in terms of the unnormalized parameters, since
the normalizing parameters all depend on the output coupling. He note that
Ne

<* • P ) f e )

The first collection of terms we recognize as the total, unsaturated laser
roundtrip gain, a . With this substitution, and also using the expression'
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Number of times above threshold.

FIG. A.l--Relative peak power of a Q-gwltclied Nd:YAC laser as a
function of pump power.
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for P. g i

v e n

Vf !' (A.10), we can write the output power aa
E<

^-(T)(J)'M-CT-^)1

CA.2S)

To obtain the optimum peak power, we set (dP/dB ) = 0 . From this con
dition we get

<^m^

(A.S;

We can obtain a solution to this equation by putting in a certain value for
(& + & )/a and then solving for & /a and hence b j a

. In Fig. A.2 we

plot

<vopt
as a function of a/5, , The most important result from this figure is
that for high gain in the laser, i.e., where the gain exceeds the losses
in the cavity (without output coupling) by 10 or more, the ratio of optimum
coupling to roundtrip gain coefficient approaches a constant value of 0.28.
If one compares this with optimum coupling for cw operation, which in the
notation used here is given by

a

fa
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a

[i.zK

a
f

loo
a

laser roundtrip gain coefficient
cavity tosses, withc^t output coupling

FIG. A.2—Optimum output coupliTig for peak power In a Q-switched laser, and comparison
with optimum coupling for a cw laser.

J
I

one obtains the curve also shown in Fig. A.2. It is very obvious that in

i

the high-gain regime, optimum coupling for maximum peak power in the Qswitched pulse requires much more output coupling than for optimum cv
operation. From detailed plots of the output power as a function of out
put coupling using Eq. (A.22), one finds that these curves are quite sharply
peaked, and one thus wants to operate close to optimum output coupling.
This is particularly true in the high-gain regime, and if one overcouples,
the peak power drops rapidly.
In the high-gain regime, 8 » &j and for optimum coupling,
s

t

-

a

+

(\

V

* —

—

= 0.28

a

Substituting this in Eq. (A.22), the optimum peak output power is given by

(P )
p

"""(rXs)"'

- 0.0501 ( — ) ( — J A of

,

(A.25)

the last characteristic of the Q-switched laser we want to investigate
is the Q-switched pulse width. It is not possible to obtain an analytical
solution for the pulse width and one has to solve the rate equations numer
ically. Wagner and Lengyei have done this; in Fig. A.3 we plot Q-switched
pulse width (t_) normalised with respect to T

as a function of l/N .

We also plot the risetlme from the half-peak intensity to the peak of the
pulse

( O j to indicate the asymmetry of the pulse. The risetime of the

pulse is always faster than the fall time.
We can now also define the build>up time of the Q-switching more ac
curately. We define the build-up time as the time to reach half the peak
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power of the Q-switched pulse. We recognize that under these conditions,
_

i

the inversion N does not remain constant, as assumed for the derivation

i
f
of Eq. (A.I *), but we will use this equation, knowing that the actual build- I
1

up is somewhat longer, Hie finite opening time of a real Q-switch will fur
ther increase the build-up time, and the expression we get here is a lower
limit for the (J-switching build-up time.
From the peak power given in Eq. (A.21), and Eq. (A.it), we get

/ T

T

B

m

\

( 1 /M\ /ii" - 1 - la if \)

[_S2_J__
b

-1/

-£__ &

.

(A<26

)

W / \ N /(N -1) /)

2T

We have assumed that the laser is well below threshold in the high loss con
dition, and hence r ' / ( l - r ' ) "" 0 . With optimum coupling,

N "• 3.57 ,
g

and *re get:

T

D

= 0.388 T

CQ

(/o.U6T\ / JA
in {|
\[-\}

.

(A.27)

T

V< cO
Ibis will give a somewhat longer build-\ip time than obtained previously.
2. Q-Switching With Prelaaing
With prelasing, the laser is slightly above threshold with the Q-switch
in the high loss condition. From Eq. (A.1J) this means that the output
povef during prelasing is P = (r' - 1) where

r
q'
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and r is the number of times the laser is above threshold in the low

IOSB

condition. Hie initial condition for Q-swltching is now P, = (r' - l)

,

and the initial inversion is such that the laser gain is exactly equal to
the roundtrip losses with the Q-switch in the high loss condition, i.e.,
Of = ft + & + 6

and H = a/(8 + 5 ) . D9fining the build-up time

again as the time to reach half the peak power, we get from Eq. (A.21)

H

fcHfc^fc)*-'-^
cO

and with opti-

".oupling

^

"B

.

0.588 T
"••

/ w

n
cO

£n

-^

.

(A.£ )
?

This build-up time is always much shorter than for pure Q-swltchicig.
The rest of the characteristics of the Q-switched laser with prelasing
are similar to the pure Q-switched results i f we put a = & + 8 + B
0,

t

u

a/(f' + & ) , Optimum output coupling conditions are the same.
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APPENDIX B
Q-SUITCHING OF THE NdiYAG LASER

In Appendix A we considered the Q-switchtng behavior of an ideal fourlevel laser. This analysis Is usually applied to the NdjYAG laser. How
ever, the Nd:YAG laser is not really a simple four-level system. The fol
lowing complications have to be considered:
(1) Ihe

7, i upper level is two-fold degenerate, and these levels

are split by 88 cm" .
(2) Thfl

I,, i

lower level is six-fold degenerate, and these levels

are also split. The energy level diagram for Nd:YAG is shown in
Fig, B.l. (Data for this figure were obtained from an LLL memo
by W. F. Krupke, with additions for Hd:YAG by W. D, Fountain),
(3) The lower level has a finite lifetime T. . For Nd:YAG this
lifetime has not been measured accurately, but it is thought to
be roughly a few nanoseconds. For Nd:Glass it can be as long as
20 ns. It is now accepted that for amplification of short pulses,
the lower level in Nd:YAG and Nd:Glaas are essentially frozen.
He assume that theroalization between the two upper levels, as well
as the six lower levels is very rapid, and that the relative distributions
as given in Fig, B.l are maintained, even during the amplification of pico
second pulses.
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We now want to estimate how '"he above complications effect the energy
extraction from a Q-switehed NdrVAG laser. In general, let N

£

and

N

1

be the populations of the upper and lower levels, each with relative dis
tributions k

p

and k,

. For Nd:YAG in particular, these populations

would be N , and N, for the l.o(b-\m transition, with distributions
2h
lc
0.592 and 0,186 as indicated in Fig, B.l. Ihe photon rate equation becomes:
A

a = Kn (N - Nj,) - n/r
£

(B.l)

c

We have left out the additional photon due to spontaneous emission. We only
need this to give the correct initial conditions for Q-swltching, but under
these conditions, the lower level is empty and the analysis in Appendix A
Is correct.
The rate equation for the upper level is given by:

H

E

= -y n

(Bg - F ) - N / t + k R
t

2

a

£

(B.2)

p

For this equation we have assumed that the thermalization between the two
upper levels is very fast, and hence for energy transitions from the upper
laser level, effectively only kJO.392 for Nd:YAG) of the energy comes
from this level, and this accounts for this factor in the first term. We
also add this factor of k

A

to the pumping term. Here K

d

is the total
p

pumping rate into both the upper levels, and accounts for all the energy
stored in the upper levels, but rapid thermal Nation reduces the effective
pumping rate to the upper level for the l.o^-uiii transition by k
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,

The rate equation for the lower level becomes:

Nj = kjfti (N - V j + p » / T - N A
2

g

a

l

(B.J)

1

The factor k, appears because of rapid thermalization in the lower levels,
as explained above, T

is the lower level lifetime, The term P N / T

1B

0

included to account for that part of the fluoresoeuce decay from the upper
levels that end up i a the lower laser level. The total fluorescence efficiency from the

F, ;

level to the

£

I,, r„ level is 0.60 (52,531, and

assuming rapid thennalization, p = O.60 k./k

p

. For the 1.061j-|jm line in

Kd:YAG this is O.29.
If we now define M as the population inversion, i.e., N = 1L - N. ,
Eq. (B,l) becomes;

n = KnN - n/T

(B.i)

£

Combining Eqs, (B.2) and (B.3), we get

H = - (k + k ) U N - (1 + p) N A
t

2

2

f l

+ N /T + k R
1

1

g

p

(B.5)

He can again normalize these equations with respect to the steady
state and threshold conditions, as in Appendix A.
From Eq. ( t . k ) for n = 0 , we get

« - »

c h

= 1/Kt
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c0

(B.6)

and N , is again the threshold inversion with the Q-switch in the lowloss condition.
From Eqs. (B.2) and (B.J) for «„ = N, = 0 , we can solve for the
output power P of the laser under steady state conditions. As in Appen
dix A, this can again be written in the form

P = M r -1)

(B.7)

and we now get that P. is given by:

/hv \

A

v

a

a

The normalized pump power r = R/B... and the threshold pump power is now
given by

N

R

th

=

/

th
T. *

'

^

)

a

With these definitions, the normalized rate equation can now be obtained.
The photon rate equation is the same as before in Appendix A, and is given
by:

-P-H/'

J-H-B-I-J-JP}^

- 9?- -

(B.10)

Equation (B.5) can be written SA:

(*! + k )
g

H

= {i
A
*

;

; — r P • «f - (i * p) K

T
ad

T
aa

l

*^)( -^)*Fg}A "

11)

As the third independent equation, we can best take Eq. (B.3) for H ,
and this becomes:

T

a

*

'

"

7

(B.I2)

These last three equations can cow be used to obtain the behavior of the
Q-switched Hd:YAG laser very accurately. In general nunerical methods Bust
be used to solve these equations exactly. However, we can make some ap
proximations to obtain reasonable analytic solutions. These equations ap
pear somewhat complicated due to the fact that fi and T. have been re
tained without any approximations. However, for the Kd:YAG laser we always
have T » T, and (3 < l , and (B.ll) and (B.12) take the simpler forms:
a

k

l

k

2

0^'|A

-
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and

H

It,

x

= J — P . N + pN -I — ta | /t

(B.14)

a

With these equations we can now proceed to analyze the Q-switching behavior
of the laser. During the build-up of the Q-switching, before saturation
becomes significant, we have steady state conditions for B and H, ,
aai

PsO

. From (B.lj) and (B.l^) we get K = H = r and £ = P(T,/T )r

and these are now the initial conditions for Q-svltching. To obtain the Qswitching behavior, we can make further approximations to (iu.13) and (B.l^).
During the Q-switehed pulse, we can neglect pumping. The upper level life
time,

T

, is also very long compared to the Q-switched pulse, and hence

we can neglect the terms

(1 + p) N/T

and pit/?

. This is equivalent

'•'.') neglecting fluorescence from the upper level during the Q-switched pulse,
an accurate approximation since

T

I S 2^0 us and we are considering Q-

switched pulses on the order of tens of nanoseconds. This simplifies the
equations to

1+

l

W

=

•'

a

and

F , i

^•(i -0^)A

!, i6;

-

Together with Eq, (B.lo) for P , these three equations give a good de
scription of the Q-switching of the NdiYAG laser. However, the tern N . / T .
still makes it impossible to obtain accurate analytical solutions, However,

-cA-

from the above equations, we can decide when the effects of T.. can be
correctly included in this analysis. The first case we consider is where
T

]

is long enough such that

T

a\ —
H. «

V

k

l - - P •H

(B.17)

\

during the Q-switched pulse. Equation (B,1J) then becomes:

D =

{- |1 + — J P • N } / T

(B.18)

a

With this equation we can obtain an analytic solution for the peek power in
the Q-switched pulse as was done in Appendix A, The second case we want to
consider is where the relaxation of the lower level is fast enough such that
N. remains small. However, the ratio \ h ,

can remain significant in

Eq. (B.15), and we cannot simply neglect the second term. However, adding
Eqs. (B.15) and (B.l6) we get the rate equation for N

H

For H

1

2

= - E • N/r

2

, given by:

a

(B.19)

small, we now have

N si K
(B.20)

\

«

\

This is now the condition for fast relaxation of the lower level,
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* * * * • » •

Using the same method as in Appendix A, we can solve the equationsi

P

= f? • N - P ] / T

(B.21)

C 0

and
N = - C.P • N/T

(B.22)

where C = 1 or [1 + (KjAg)] . We get

dN

C \ T ./ (
cu

N

Subject to the initial condition N = N = r , we get

?

(5

5,

= Hi)( '- -Mf)i
\ \ \

*•*>

As in Appendix A, we can now obtain the peak power in the Q-switched pulse
under optimum coupling conditions. Using Eq. (B.8) to give Pj , we get
0.0501 / h v \ / c V

„

Thus with "slow" relaxation from the lower level we get:
0.0501
(P ) , i
p

V

/hv\/c\
~
~
*r

(k k ) W W
1+

2
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(B.26)

and for "fast" relaxation we get
0.0501 / h v \ / c \

'P^

k

\o-/U//

g

We can now also define the conditions for "slow" and "fast" relaxation
more precisely, Consider first the "slow" relaxation. From the condition
given by Eq. (B.17), we get

h

Va

\

» -r-^r— • —
v

max

(B-26)

1

Since N is a slowly varying function, the maximum value of P • H occurs
approximately when P is a maximum, and from (B,23)| this occurs when
H = 1 , and from (B.21), we get

15

•">- - 7 — M

|-|j(N«-0-tt»,
iT

cO

2'
From (B.IJ) and (B„l6) for "slow" relaxation we can get:
dN

/k

dN

\kj

z

2

+ 1

(B.29)

J (K - » )

( -3°)

and this Ke can solve to give

N

K

T = | -

+

1
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B

Substituting this in (E.28) for N i l , when (? • M) is a maximum, we
get that:

T

l >> c0 ^
="
vH e- 1 - <a K e '
T

1

(B

c u

Jl

' >

and this is essentially T. » T . . Thuf the lifetime of the lower level
oust be long compared to the cavity lifetime for the lower level to fill up.
For "fast" relaxation, we have to satisfy the condition iL « N ,
0

and this follows whan N. < 0 . For this condition, from Eq. (B.l6) we
get:
T \
k
-*• j Sj > — P • K

g

(B.38)

This must be satisfied when P is a maximum, and substituting for maximum
value of P from (B.2^) when if„ = 1 , we get:

5

-) * r (-)
We must also have that P. « N

(N - l ) - t o l

(B.33)

, or in this case K. « 1 . From (B.3J)

p

it then follows that we must have

T «

&
ife - 1 - IB STe

(B.]A)

Equations (B.31) and (B.3M w>w clearly establish the limits for slow and
fast relaxation of the 1 ,er level.
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