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MODE - LOCKED LASERS

Chi'H. Lee .

Department of Electrical Engineering
University of Maryland



Mode Locked lL.asers

- I. Introduction -

Ultrashort pulse generated by mode-locking ha.s cau_.sed much of the
interest in the area of quantum electronics recently. The unique c}.1ar.ac-
teristics of such light pulse: the ultrshort time duration ana the extreme
high peak power, have stimulated the investigation of many physical and
chemical processcs at picosecond time scale. For example, it is now
possible to investigate the transient response of a physical system. The
electric field associated with the ultrashort optical bulse may approach the

atomic field of matter. One can thus expect to observe the higher order

A\]
Y

nonlinear optical gffects which up to now have not bee;l reported.
The mode-locked lesers in gencral refered to a class of lasers which
utilize the principle of mode-locking to achieve ultrashort pulse genera.i.:ion.
The output usually consists of a train of such pulses with regular ‘spacing.
In principle, all kind of lasers can be mode-locked by either active or passive
means. In the literature mode-locked solid state,gas,dye and even semi-
conductor lasers have been reported. All of them are imsed on the same
principle although individual type of laser may require specific design

consideration and possesses unique character. However, following historical

developraent, we shall put our emphasis on the discussion of the mode-locked
Nd:ylass laser. Historically, it was due to the successful operation of a

self mode-locked Nd:glass laser developed by DeMaria and his coworker




in 1966(1) that stimulated intensive experimental and theorctical studies i_n

* this field. 'Today, after half decade of research, we stil'l lack complete
understahding of thr,; mode-locked Nd:glaés laser.

II. Basic 'Ol;eration Principle of the Méded..ocked Las_e;-s. '

| The bas‘i.c': principle of the mpde-loéked laser operation is very simf»]e.
It is well known from Fourier theorérﬁ that any repetitive function with a

definite period can be represented by a Fourier series. Let
e T be
S E(t)=a_, + (2 cos
0 n
. n‘ .

2n _ .
1) R (1

represent the function shown in Fig. 1.

T R S

Fiy.

where the expansion coefficients are given by

1 (T | ' -
_ 2 fT/Z 2n 1T ’ .. '
a5 T J_r-\/z E(t) cos —— tdt - n=1,"2,3 ... (3)

Note that we have omitted the sine part of the series expansion because the
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function shown in Fig.l is an even one. Th,e. value of the coefficients depends

on the shape of the pulse. Let's consider two simple cases.

Casel. E(t)=.,0 ‘when  -2<t<-l
| ‘ k " when -1<t<1 - o (4)
0 when  1<t<2 ' i
k., .2k () 1 | 37m 1 5T .
E(t) == T (cos 5=t — 5= cos 5=t + 5 co8 3 t=+.-)(5)

where the period T = 4

Case 2. E(t) is a S- function like pulse at t=0, T, ... nT, ...

The pulse is shown in Fig. 2.

S-fu.mcf‘ian )

| L

Fig. 2.

v

Simple calculation will yield

1 (Th _K '




_ (TR
K=

~T/; € (t)dt = total area (or strength) of the S-Iunction |

_ 2 . :
ann'— T for all n—-.l, 2, 3, ... | (7)

From these two exaimples one can draw the following qualitative statement.

2n7
T

then the conditions that all these modes will interfere properly to give a

If we let cos ( t + ¢n) denote the nth mode of the optical resonantor

ultrashort pulse train are the folldwing.
(1) The modes must be in phase, i.e. ¢n =0 for alln
(2) All modes are of equal arriplitude.
We also make 'che observation that the more the numbfar of modes are inclﬁded

the narrdv_vef the pulse width will b.e. For an S-fu’nction like pulse, the
" number of mode required is infinite. In general the pulse width, &t~ —1\/_1-1&_

- -

~where M is the total number of modes and Af is the mode spacing. For the

Fabry Perot optical resonantor Af = » Where L is the effective optical

< -
2L

length of the cavity. It is a simple matter to show that

_ 1 . 2L -
A= or  T= | (8)

i.e., the periqd of the repetitivé pulses is equal to the cavity round-trip
transit time. |

" An ideal mode-locked laser is a good physical system to rcalize the
mathematiéal expression shown in equation (1). In the case _01'2.!,. Nd:glass
laser, the wiidtl_u' of the laser gain curve can sul;poﬁ the simultanueous
oscillation of ten thousand cavity modes. What ié nceded is a mechanism

to couple all tl.e modes and equalize theiy’ phases. This phase-locking

elemaent i’nay be added as follows. It is reasonable to assume that somne
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mode at frequency .ljm near the peak o'f the laser gain profile will be
oscillated first. If an amplitude modulator operating a.'t.a. frequency fis
inSer.t'ed into the laser's feedback int.erferometer, the mode Vm will be
amplitude-modulated at a frequency .f‘ such t‘ha.t. its.-time depe‘ndent élect'ric

field will be of the form

E(t)=E (1+ M cos 2Wt) cos 2PVt . ()
m - . m g

where Vm = mbf

or ~ ME_
E@t)=E_, cos 2'7T)r/nt -

ces 290V -f)t
' m
+ -Né—Eﬂ' cos 2T(V_ + )t. (10)
_ . m
One sees that new side-bands are generated. If the modulation frequency

is equal to the mode spa.ciﬂg, i, e. f = Af, then these new'side bands will be

able to grow. One sees that one starts with one mode and end§'up with three

modes all oscillating in-phase if the modulation frequency is correctly chosen.

As the new oscillating modes pass .éhroug'h the mo;:lula.tor, they also become
amplituc'ie-modulated. . Theiv side; I;a,nds, in turn, coupie the ))m_',-l- ZAf,‘ or
1)m+2_ a.nt-i )}m-E 24f ( ))m-Z.,) models'to .the ;)reviops three modes. Thi.s
process continues until all axial modes falling within the laser gain curve
are coupled. In the actual operation of a moﬁde-locked Nd:glass laser, the
amplitude modulator is the saturable dye.. A saturable absorber ca;l be
regarded as a two-level qﬁan‘cum system whose separation e'neréy is equal
to the photon en‘ergy of the incidenf lighf pulse.. As the pulse propag‘ates
through the absorber, the'leading edge off:he pulse is heavily absorbed and
atoms make transition from lower to upp-er state of the two-level system.

As a result of this transition, the absorber tends to saturate. This process
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represents the opening of the passive modulator. After the pulse has
prépagated tiurough the system, the atoms make transitions to the.
lower st;te via relaxation, .this represents t'he closing of the modulator.
Some time later, all the atoms are in the lower state and f}xe moduiator
is again closed. Thlls the opening-and'closing of the absc;rber is
.,_a_,tu.c;maticallér timed at the round-trip cavity transit. time by the very

' ;:irculatirig pulse itself. This 'process introduces an amplitude

[

modulation to the initail pulse at the correct frequency,. i.e. at f=A40f=

-EEI:- = mode spacing. The argumer;t .of théa mode coupling process mentioned
earlier will follow. Alternatively one can regard the nonlinear absorber

‘as a 'pulse sharpenver since it plrovides less attenuation for £hg higher-
a'.mplitude portions of the pulse and h.igher—attenua.tion for the lower-
é.rhplitude portions. The réquiremepts for the saturable absérb‘er are (i)
that it has an absorption line at the laser wavelength (iii) that the dye's

- recovery time be shorter than the cavity round trip transit time. Such
satrable-absorbers are available for the Nd:gia.ss laser. They are Eastman-
9740 and 9860 reversible dye solutions. f‘qr the mode-locked ruby laser,
.i;he Propér dye to use is the solution of cryptocyani.ne in acetone.

Analytical theory for the mode'-l-ocked laser has also been w;rked out

(2-6)

by various authors. In general one can déscribe the theory either in

frequency domain or in time domain., For the frequenéy domain description,
\complete theory is available only for the situation involved three or four
axial modes. Thus the theory is necessary to be qualitative. It has been

(2)

shown by Tang and Statz ° that in a laser operation there exists a definite

phase relationships between modes. This is the so-called maximum-emission

principle. According to this principle, the particular set of relative phascs

A



that maximizes the total rate of stimulated emissioﬁ is the one that becomes
establis};ed in the laser. ’i‘he basic physical mechanism that is responsible
for the phase-lo'ckix.xg effect is the nonlinear saturation 11.1 the ;.aser medium
or .in the satprable absorber. For the Nd:glass laser, it ha.s been shown
.bo.th theoretically and experimentally that the strength of mode-locking is
provided by the nonlinear saturation of the absorber. We can sﬁmmarize
the.de5cription of mode-locking in freuency domain as follows. T'hé process
begins with the oscillation of a few modes. The phases of these modes are
locked by .the maximum emis sion'or minimum loss principle in either the

active medium or the nonlinear absorber. The side bands are generated

by the aonlincar absorption of the Q-switched dye. All the side bands thus

generated will coincide with the cavity mode and are phase-locked. The process

continues until all the modes under the laser gain curve are brought into
oscillation and phase-locked. This ideal mode-locking will produce a train

of pulses whose individual pulse width is equél to the inverse band width of

-

the laser gain curve. In the case of the Nd:glass laser, the band width o,fl

' o
the laser is about 100A and it can support the simultaneous oscillation of
13

104 modes which, when all locked together, will produce pulse of 3x10°

second. We like to point out once more that even though the frequency domain

model of mode-locking is easy to understand, however the theoretical
calculation is only possible for a very limited number of modes. The
‘consequence of this is that we can never have a quantitative theory which

can facilitate the direct comparison with the experiments. Such shortcoming

. is partially removed if one describes the process in the time domain.

7
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The time domain description of the mode-locking has been introduced

(6)

(5) and Fleck °, Fleck's model is bascd on traveling-wave

by Basov (et al)
equations which are derived from the Maxwell's equations and solved in.
conjunction with ,b&mdary coﬁditioné i¥npos ed at the cayity mirrors. The
coupléd differential equations are thén t'ransformec.l into differlence equations
which are solved numerically by computer.- The result describes the details
of the simultax;xious Q-switched and mode-locked .pulse evolution from ‘noise.
This model shows that the p\.115e evolution can be divided into- three stages.
I‘n. the initidl stage, the intensity is low enough that both the amplification
and absorption processes can be considered to be linear. The intensity

pattern is that of amplified spontaineous emission and obviously represents

Gausian random noise. Initially the intensity output is aperiodic, but as

- .
.y

the radiation is amplified above noise background there are quasi-periodic
simila..rities between the emissi.on over different round trips. Since the
léser exhibits net amplification, the radiation undergoes spectral narro..wing.
This effect is exhibited in the time domain as a smoothening and broadening
of pulses existing in the round-trip patterns. In the second phase of the
pulse ev'olutio.n, the absorption 1is nonlinear but tﬁe amplification is linear.
This phase ends when the absolrbi'ng transition is completely saturated. As
the result of nonlinear absorption, two .effects take place. First, there is

a selective ;mpﬁasis of certain of the pulses alrea;ly present. .Sincg the
processes involved are frequéncy dependent, the selection may not always

. .
be on the basis of height alone. For ideal mode-locking, the number of

~pulses per round trip should be narrowed down to one. The second effect

8
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of nonlinear absorption is spectral broadening which tends to narrow the
existing pulse_:s .in time. This effect is however partly counteracted by the
tende.ncy of the linearly amplifying region to narrow the spectrum. The
final phasec of the pulse evolution occurs when the intensity fs suffic.ientl'y
high for complete saturation of the absorber transition to take place and
for the amplification to be nonlinear. It would be expected that the non-
linear amplification would further broaden the spectrum and narrow the
temporal width of the pulse. However this does not happen. One would
certainly expect nonlinear pulse narrowing in time to take place after the
passage of radiation through a sufficiently long path in an amplifying
medium. When the path is folded back and forth upon itself as it is within
a laser cavity, however, the nonlin‘ear pulse narrowing capability can be
very much reduced if the pump cannot restore the inversion lost during each
pa:ss before the reflected pulse reenters the amplifying medium. This is

the situation encountered with sold state lase'rs.

III. Measurement of Picosecond Light Pulses.

Conventional light pulse measurement ic performed with the photo-
c_liode or multiplier and the light pulse is converted into electronic puise
a..nd displayed on an oscilloscope. The best photo diocie - osc.illoscop.e

- combination can resolve one tenth of a nanosecond. Wide banci width
measurement are available by a sampling scope, however such techﬁique
is only suitable to measure mode-locked ‘puls.e .train of a cw laser, Fora
Q-switched and mode-locked output such as that derived froma Nd:glass or

ruby lasecr, the sampling technique is not applicable for the obvious reason



- that there are not enough da:ta points for sampling. It is clear that there

is no direct measurement of the Q-switched and mode-locked picosecond

. pu‘lsés. Indirect measurement employing both linear or nonlinear optical

effects are available in wide variet)}. All these indirect methocis measure

| the autocorrelation functions in various ord_e..r of the electric field. It
should be pointea out that among them the linear techniqu.e similar to the

Michelson's interferometer experiment as reported bly Smi.th an‘d Alle).r”)
;s not suitable for the pulse width ~mea.su.rement since it measures the auto
correlation function of the electric field. It is well known from Fouric;r-
analysis that the; autocorrelatjon function of electric field can be obtajmed by
.Fou.rier tr.a.nsforming, the power density spectrum of the .pulse. Thus two
measurements are identical and they give the lowe; limit of the' ‘pulse width
not the pultse width itself.

Afnong all the techniques the ones that are more practical are mu1t1
photqn a.bsorption-ﬂuo.reScence.;.nd optical harmonic genération. - Giordmaine
et a.l(g)- in 1967 reported F‘he two photon absorption-fluorescence technique

‘for the measurement of picosecond laser pulses. It measux;e the intensity
correlation function of the pulse. Its simplicity is its major advantage ‘
over the harmonic gen;aration techniques. In the two-photon absorption-.
fluorescence techniqup one splits the b;zam into two.parts and re;combines
them in a fluorescence dye cell &s shown in the triangular geometry in Fig.. 3

.

10
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The absorption of the dye used is peak at about twice the frequency
of the light pulse. It is necessary to simultaneously absorb two light
quanta in order to excite the dye from its ground state to higher e-lec?:ronic
state. The absorption is thus proportionai to the square of the infensity of
the light beam. The dye after excited will decay back to its original level
by accorhpanyizag fluorescence er.nission. The intensity of fluorescence
emission is ciiréct}y proportional to the absorption. Hence in i:h_e region
where two beam overlapped, the fluorescence intensity will be strongest.
By photographiné the fluorescence track from the side of the cell, one will

.see a bright spot indicating the extent that the two beam overlapped. The

spatial size of the bright spotis an indirect measurement of the time duration

1
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of the picosecond light pulses. Mathematically the photograph is a measure

of the expression call fluorescence yield.

(2)
flry=1+2G  (7)
where G(z) (T) is the second order autocorrelation function defined by:
2) J\'I(t) I(t+T) dt
Gl(r) = > (12)
' : jll (t) dt
(9) (10)

It has been pointed out by Weber' *’ and Klauder et al that extreme care
.must be exercised in the interpretation of data since similar fluorescence
track will be obtained even if a non mode-locked laser beam is used. The
criteria to decide Whether a laser is mode-lo'ckcd and produces pico;econd
pulse or not is based on the measurement of the contrast ratio of the bright

* . .o ¢
fluorescence spot to the backgrouhd. For ideal mode-locked lzser, the
contrast ratio is 3. The random phased; thermal noise type of laser out-
put will yield contrast ratio o-f'l. 5 The difference is only a factor of two.
Therefore the usefulness-.of 'this. technique is limited an.d. for corxect inter-
pretation of the data .ti;e ;.ccu‘x.'ate ;ncasurement of the confrast ratio must be"
carried out., Using two pho';on ﬂuorescer.zce technique for the measurement
of Nd:glass lasers consiétently give pulse measurcrﬁent of 4 to 10 picoseciond
with contrast ratio of 1. 8 to. 2. 0.. This impoécs difficulty in undcrstandiné
the'mode-locking process and the characteristics of th.e Nd: glass laser
since two very important points can not be resolved: (1) The pulsé wi.dth
measured is wider than. what the inverse:of the laser band width will give,

(2) The contrast ratio is very much less than the theoretically predicted value

of 3 for the mode-locked pulses. Such discrepency has stimulated intensive

- 12



studies both theoretically and experimentally. A review in this problem is
o | ()
provided by Duguay, Hansen and Shapiro.

Another less: ambiguous but more elaborated method is the harmonic
generation technique. Armstrong(lz) was the first one to report on the pico-
‘second pulse measureinent by using reflected second harmonic generation
in GaAs crystal. He obtained 8 picosecond as the duration of the pulse.

(13)

Recently, Eckardt and Lee have ﬁsed,the optical third harmonic generation
method to measure the pulse. The improved resolution of the t.echnique
makes it possible to reveal the subpicosecond structure of the pulse. The
resulﬁ: agree quite well with the improved technique based on two-photon

fluorescence method.

A\

IV, éharacteristics of the Mode-Locked Nd:glas.s Lasers: o
As we pointed out before that there was no direct measurement on the
mode-locked pulses. All temporal characteristics of the pulses had to be
'.inferred'indirectly from measurements. In this sectlionl we just summarize
the up-to-date finding about the pulses from some typical mode-l‘ock;:d
Nd:glass lasers. We sort out this particular type of laser because of its
complexity. O.ther. types of cw mode locked laser are relatively simple to
understand because in the mode-~locking 'pr.oce;:ss no co.mplication has Been
.induced. For a mode-locked Nd:glass laser it ha; been found .that the pulse
width is always one order of magnitude wider than the inverse of the laser
-band width would allow. To account for this discrepency, Treacy(M) has

reported the observation of frequency chi.'rping of the pulse. Picard and

Schweitze r~(15) also proposed a domain locking model to account both for the

13



two photon fluorescence trace and the contrast ratio measured. It is
generally agreeable now that the picosecond pulse a'c'tually consists
"of subpicosecond structnre whose width is equal to the inverse band

: . : ’

width of the laser. However the detail shape of the pulse evelop of

H

the picosecond light pulse is still unknown. More recently, Korobkin

(16) (11) (17)

etal ', Duguay et al and Eckardt,.'i.ee and Bradford have
reported the observation of self-phase modulation of the pulse due to
intensity dependent index of refraction of the laser medium. Eckardt

et al used a ring laser cavity to study in detail how the spectral and
t'empor'al evolution of the pulse train are. They found that the mode-
lockeq pulses evolve from .a very narrow spectrum }vidth of 42 to the
full extent of 802. The Spectra'.l broadening observed thers is quite
different in mechanisml than that due to the mode-coupling. The spectral
broadening is due to modulation of the phase by the index change. If

the pulse intensit} is strong enough, lthis. same effect will also l.ead

to the self-focusing of the beam an.d thus cause | spatial er:ergy'
'redisttrib.ution. The.da;t;a seems to indicate that the side-band generation
" are mainly due to the self-phase modulation while the cc;upling of the
neiéhboring axial mode is due to nonlinear absorption. The. intensity
dgpendent index o£ refraction can also lead to chirping of the pulse

since at tﬁe peak intensity of the pulse the ipdex will be larger. This
portion of the pﬁlse will accordingly‘travel..a't a slower velocit.y th;a.n

the other part of the pulse and cause the wavelength at the leading edge

to stretch and the trailing edge to compress. It is clear that a complete -

14



theory of mode-locking should include the intensity dependent index change
in the laser medium.,

' We like to conclude this section by pointing out. that all the nonlinear
techniques for pulse measurement can only give information about the auto-
correlation function of .va. rious order. It is well known that' one can not.
construct the or'iginal pulse'by just knowiné the correlation function. How-
ever, in principle if the correlatio'n functions of various order can be measured
simultaneouslf.then the originé.l pulse can bé constructed. This process will
certainly be tedious if not impossible. The best measurement of the puise
thergfore rests upon the real time displa.y of the pulse. Such device is
possible in the future since the state of the art technique of using modified
image converter camera can already provide 6 picosecond resg].ution time. (18)
V. 'Applications of'Picosecond Laser Pulses.

There are numerous applications of the picosecond light pulses. Due .
to their ultrshort duration, such pulses are ideal for probing the atomic or
molecular event which has the relaxation time of a few picosecpn'ds. It also
offers extreme accﬁracy' in optical ranging, high speed photography. It is.
particularly suitable as the light source for nonlinear dptigal §tudy since'a,
on one hand it can provide extreme high peak power \.;vhich is needcd for the
observation and, on the other har;d, the short duration of the pulse cé.uses
th.e material damage threshold moving up. Many nonline;.r c;ptical effects
- which are otherwise nonobservable are now possible to cietect with the use

of picocecond light pulses. Such examﬁle:s can be found in the case of third

harinonic generation in reflection from semiconductor surface and.the

15 ' . .



(19)

transient stimulated Raman effect. Complete theory has been worked

out for the latter case. The.regime of interest for the transient effect is one i.n
which the laser and/or Stokgs pulses have a dgratioh shorter than the

| dephasing time o\f the excited state of the m.olecules.. The transient stimulated
Raman effect differs from the stéady state one in the sense that the gain of

the transient effect depends only on the total Raman-scattering cross section,
while the steady-state gain is invex:sely proportional to the line width. It has
been shown .exéerirnentally tl;xat in methanol two lines (at 2837cm-1 and
2942cr;:1-1) can be stimulated while in the steady-state case only the stronger
and narrowe;r 2837cm.1 line can be stimulated. .Many other liquids and gases °
also show ,t.ra;xsient stimulated Raman effect. The efficiency of the conversion
to Stokes frequency is as high as 40%. This effect thus provide§ a convenieﬁt
way to generéte p.icosecond pulses at various Qavelengths. It has also been
shown that stimulated Raman. SCatteripg frgm picosecond pulses can give

‘rise to Stokes pulses of considerable shorter duration then that of the initiating
‘pulses. In the earlier experiment a single pass Raman oscillato; was employed.
"Such pulse narrowing was not observed due to the group velocity mismatch
between the Stokes and the pump pulses causing the reduction of gain. Recently,

Colles(zo)

_showﬁved that the Stokes pulse narrowing did take place if one used

a multiple reflection cavity for the short pulse Raman oscillator and the cavity .
length was adjusted to compens;te the mismatch so that a simple Stokes

pulsé bouncing b.ack and forth in. the Raman oscillator was amplified by '.

successive pump pulses. With this technique, the width reduction of one

order of magnitude was observed. The peak power of the Stokes pulse can

16



also exceed that of t;he pump pulse, a situation in analogy to the backward

Stim;.xlated Raman Scattering. | |
Picosecond pulses are also good for studying the -transienf ré"sp'onse

‘of the photo-excited éharge carriers in ;emiconductor.~ Recently, Jayaraman

and Lee(zn

, in their study of twb-photon conductivity effec:t 1n daAs crystal
have used picosecond mode-.locked pulse tra.xin from #n ou.tput of a Nd:glass
laser as the exc';itation source. Tﬁey have observed the.f.egponse of the
conductivity of the semiconductor in accordance with the modulation of thg
puise train. This gives a direct observation of the lifetim; of the chargé
carrier to b‘e. shortertﬂh‘an the separation of the adjacent pulses, which is
about 5 nénos econd in their case. In the study of photoconductivity e'ffect,
the high peak power of the light pulse is also responsible to the observation
of the higher.order effects, -'such as stimulated hole absorption and three

.photon absorption in these crystals.

The high intensity and short duration of mode-locked pulses make them,
ideal for a number of different type of lifetime measurements. For pico-
aécond time resolution tﬁe technique first demonsi:.rated by Shelton and

(22)

Armstrong may be us.ed. The experimental method used to measure
suﬁh short decay time is as follows. Absorption of a very intense light pulse
of ultrashort duration by a dilqte sample of dye molecules will prepare all
the molecules inthe light path in an excited electroﬁic state. Such pulse
may be called as the '"preparing' pulse. The subseciuent decay of the
population of this state is/then probed by a.-"probingf' pulse which can be

delayed continuously to arrive before, during or after the intense '"preparing"

pulse, 17
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The transmission of the sample for the probe pulse is inversly proportional
a..t each ix.istance to..the concentration .of.the ground state dye molecules. As
the sarhple is prepared.in the exc.ited state; the transm.ission will rise
abruptly. As the ground .state repopuiated through decay from the excited
state, transmission will decrease again. A measure of fhe width of the.
tfansmission curve verses delé}; time will giye the decay time of the dye.
Usix;g this tecfmique, Shelton ;nd Armstrpng have reported the lifetime
of the Q-switched dye at 25 picoseconds or less.

'Picose.cond light pulses also prove to be valuable for generating plasrpa

--. and as scientific tools in controlled thermonuclear research. Basov and

(23) '

Krokhin calculated that laser power in excess of 109 watts was needed

to heat a laser generated lithium deuteride plasma up to a temperature at
o Te ' -:

which thermonuclear neutron emission may be observed. However 109 watts
power for a nanosecond pulse proves to be too much for any optical component
to withstand. Optical damage to the components resulting from such large

optical intensity made it difficult to carry out such experiments af that time. .

-

it was subsequently noticed that the power damage threshold increased with
"decreased pulsé duration. The possibility of reaching thermonuclear neutron
emission temperatures with high intensity, ultrashort pulse is clear. The

- use of an Nd:glass single picosecond pulse generator in conjunction with five

amplifying stages has result in the generation of 20 joule of energy in ten
pi;:osecond. Experimental results of the use 6f these high-energy, single

. A}
ultrashort pulses in generating thermonuclear neutron emission from laser

(24)

heated lithium deuteride surfaces have been reported subsequently by

. . K4
.several groups. . e
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