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Abstract

Techniques of
Solid-State Lasers

O. SVELTO

Istituro di Fisica del Politecnico
Milano, Italy

This chapter describes several techniques which are important in work with solid-state lasers.
These include @-switching, mode selection, and mode locking. In addition, measurement
techniques for the study of picosecond pulses and the current knowledge of the properties
of these pulses are discussed. The discussion is generally concerned with the principles of
operation of these techniques, although for some topics the present state of the theoretical

understanding is reviewed as well.

© North-Holland Publ, Co., Amsterdam 1972

529

Laser Handbook, edited by
F. T. Arecchi and E. Q. Schulz-DuBois



1€$
“SUNILMS-T) 10} UONEUIGUIOD [[R0-LIRY-32Lei0d T “Bid

|
wh | ——
1
-_.::.nﬂ: . m Haguey .m_! Py fany

"uonANp [BUIBLI0 Y1 WOIJ 06 PIUILI0 BN pazuelod Alreaur] 01 J[32 19N Y £q
PILIAUOINI ST 1T ‘JOLIT A} I8 UONIYI 19y "Iq8Y paznivjod L[remoan ojul 1azuejod
o £q passed wonezueod U3 SIIIATOD I1 1B} Yons PIIUILIO PUR PIsBIq ST [j35 119y
L 192 139 ® pue 1azuejed v jo Bupsisuoo Janngs € smoys [ “F14 1099 spyood
a1 (Apusnbaiy aiotu) Jo 1197 Y1 sk Yans 10973 reando-0130312 UL Jo asn ayewW Aoy

stapmys wopdo-ondarg 11

pasn AJUOWITOD IOW 318 SWASAS Bugoyms Fuimopoy L

PIOYsaIyl Jamo]
MU Y} O] PISEIIIAP ARG YO)IMS PUR ANARD I3S8] JO SSO] Y1 [1IUN UOHRB[[IISO IdYUIN]
Suniqiyuor sny) *proysaiy) snoauviuw)sul 3y} Mojeq uied ay saaLp asind yoeg -sasprd
apdnnur Jo worssiua ) o3 Furpuodsarios sdays jo seuas v ur pajepdap st Bumgoyms
0} Joud WOIPIW Y1 WYHM Palols 319U Y1 18] UL ‘YOUMS MO[S B U "Indoo Aew
sas|nd spdnnun Surgoyims mofs Jo ased a3 uf (Yanms ise)) aspnd Jase) 9y) Jo awan dn
-pImg ay3 03 paredwiod 110ys swn)  ul pauado st Jaynys ay; papiroid Aem sI} UL syIom
paspul waysAs 3], sspnd 1431 2suUsUl pue (SPUODISOUBY M) B) LIOYS ¥ JO ULIOJ Y3 UL
PISEIRI 3 [[IM PI10)s ABIoud 9y} pue SI550] YL JO S530XI UI-Yonuwr ured B IABy [[Ia
Jase| o) ‘pauado Ajuappns st 1INYS 3G) MOU J] “sanfea aBle] L1934 YIUII UBD UOISIIAUL
uonemdod o) pue ‘IN320 10U [JIM UOTIOR J3SB] ‘PIsO[2 1 IaNNYS N3 JI “A11aed 1358 )
oJur paonpoxur st annys e jeqy ssoddng “Buimoy[o] sy st anbroyaan 2y3 jo apdround
sy ‘(sssind 1uwid) Ansusyur yead a8re) yum ssind sase| spfuis dreys e ueygo 03 auc
Funqrua poyaw v st ‘(1961) Ppremjay Aq pesodosd 18y ‘Bungojims-g) jo anbruysa ag 1

S1I5D] pINUMS-T [



532 0. SVELTO LASER DEVICES AND TECHNIQUES
The switch is opened by reducing the bias voltage to zero. The Kerr cell then loses its
birefrigence and transmits light without affecting the polarization. A Kerr cell usually
requires high bias voltage (10-20 kV). A Pockels cell, which works in the same
arrangement, although with linear rather than quadratic electro-optic effect, usually
requires a smaller voltage (= 35 kV).

1.2 Mechanical shutters

A mechanical means of Q-switching consists in rotating one of the end mirrors (or a
90° roof-top prism) of the laser resonator about an axis perpendicular to the axis of
the resonator. If a roof-top prism is used, the rotation axis must be perpendicular to

rotation

Pgnﬂ_m

laser material

C— >

Fig. 2. Rotating roof-top prism system for Q-switching.

the apex line of the prism as shown in fig. 2. To avoid multiple pulses, the rotation
speed should be of the order of 30000 rpm (for a resonator length of about 50 cm).

1.3 Shatters using saturakle dyes

Suppose one introduces into the laser cavity a saturable absorber whose absorption
frequency is coincident with the laser frequency and suppose that the initial {i.e. not
bleached) absorption of the absorber is around 50%. Laser action can start only
when the gain of the active material compensates for the loss of the saturable absorber
plus cavity losses. The population inversion can therefore reach high initial values.
When laser action starts, however, the saturable dye is rapidly bleached, while the
inversion of the active material is hardly decreased from its initial value. When the
saturable dye is bleached the laser will therefore have a gain much larger than the
losses and a giant light pulse will develop. The saturable dyes more commonly used
are a solution of phthalocyanine in nitrobenzene or cryptocyanine in methanol for
ruby lasers, and solutions of polymethine dyes (such as Eastman 9740 or 9860 dyes)
for Nd** lasers. Saturable dyes in the form of a glass filter (e.g. Schott RG10) are
also used. The bleaching of these dyes is often interpreted in terms of a two level
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system. Their actual behavior is, however, much more complicated, as discussed by
several authors, in particular by Giuliano and Hess (1967) for cryptocyanine and by
Hercher et al. (1968) for phthalocyanine.

1.4 Q-switching theory

The theory of Q-switching has been treated by several authors, in particular by
Vuylsteke (1963) and by Wagner and Lengyel (1963) for the case of a fast switch and
by Szabo and Stein (1965) and Erickson and Szabo (1966) for the case in which a
saturable dye is used as a Q-switching system. These last authors, however, reach the
conclusion that, with the saturable dyes more commonly used, the results are essentially
identical to the fast-switch case. Only this last case is therefore discussed here.
The following discussion will be based on rate-equations (Statz and De Mars 1960
and Dunsmuir 1961). The theory is similar to that of Wagner and Lengyel (1963)
(see also Lengyel 1966 and Hellwarth 1966), except for a somewhat different notation.
The following assumption will be made: (i). The relaxation between pump bands and .
the upper laser level is very fast. (ii). The resonator is made up by two plane parallel
mirrors. (ii1). The spatial variation of the population inversion due to the standing wave:
pattern of the mode is neglected. The laser is osciliating in a single mode, whose:
frequency is coincident with the center of the gain line. Under these assumptions, for
the case of a three level system such as ruby, one can write the following rate equations:

A=B(N—n)—2Bgn — (N +n)fr, ¢=(V,Bn—1/T)q. (1a,b)

In eq. (1a) n is the population inversion per unit volume, § is a coefficient (sec™1)
which is proportional to the pump power (in the following f=const. is assumed),
N is the number of active ions per unit volume, B is the coefficient of stimulated
emission, g is the total number of photons in the cavity, and t is the spontaneous
decay time of the upper laser level. In eq. (1b) ¥, is the volume of the active material
and T is the photon decay time due to the losses. The term V,Bng in eq. (1b) corre-
sponds to —2Bgr in eq. (12) since there is a simple balance between the total number
of stimulated emission {or absorption) processes and the number of photons produced
(or absorbed). An explicit expression for 8 and T can be obtained in the following way.
Consider a wave of intensity / propagating back and forth in the cavity. For small
gain and losses the increase in intensity A7 for a single passage is, in the small signal
regime,

Al =(ein—1y)I, . 2)
where & is the peak absorption cross section for the laser transition, / is the length of

the active material, and y is the loss per pass. _ )
This increase of intensity will occur in a time A¢=d/c where 4 is the cavity length.
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1 1
0.2 04 06 [T}

ng/m;

Fig. 5. Plot of pulse risetime #* (normalized to cavity photon decay time) vs np/m {curve obtained
from the numerical &_B of Wagner and Lengyel 1963, see also Szabo and Stein 1965).

:-_\:_

Fig. 6. Plot of pulse fall time 7+* (normalized to cavity photon decay time) vs np/m (curve obtained
from the numerical data of Wagner and Eengye! 1963, see also Szabo and Stein 1965),

Eqgs. (9) then become
dnjde* =~ 2¢n, dgde* = (17— 1) 6.

They should be solved subject to the initial condition i =mfn, for 1*=0. Egs. (12)
cannot be solved analytically. It is clear, however, that the solution will be of the type
n=n{n/n, t*) and ¢ = (n/n,, £*) i.e. it will contain the ratio n;/n, as a parameter
and will functionally depend on r* (time in units of the photon decay time). In
particular, the peak value ¢, and the risetime ¢* and fall time 1} of the pulse will be
only functions of n;/n,,. In figs. 4, 5 and 6 by, 1., and & are respectively plotted vs min,.
The quantities £ and ¢ are here defined as the times from the half power point to

(12a,b)
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the peak or vice versa. It is interesting to note that ¢! is always smaller than tri. e the
pulse is asymmetric. The quantity ¢, can be obtained analytically by taking the ratio
of egs. (12a) and (12b) and by integrating the resulting equation. One finds

ﬁiﬂ_ﬂm_”_sﬁq\qalgiﬁv“_. (13

where ¢, is the (very small) initial value of ¢ due to spontanecus emission. At the
peak of the pulse (7, =1) neglecting ¢, one gets from eq. (13)

o =3[ —1In(mfny) + 0, (1 — mi/,)]. (14)

The connection between the laser output power P and the photon number g is

P=gmT,, (15)
s0 that the peak power is

Py = hvgo/BT.T = (hvc/d)(V jod) (yy.4,) (16}
The total output energy £ is from egs. (15), (11), and (5) |

E =(h/T.) ‘ﬁ g dt = (y/r)hvn ¥, ‘. & dr*, (17

where eqs. (11) have been used, The integral of eq. (17) can easily be carried out ,E\.
integrating both sides of eq. (12b) using the condition ¢(t1*=c0)=g(r*=-0)=0
and eq. (12a). One finds 17 ¢dr*=14(n,—n) and, upon substitution of this resuit
in eq. (17)

E =40V, (n = ney = 3y hvVan, (n; ~ n)in;, (18)

where n, is the final inversion left in the active material after termination of the pulse
(see fig. 3). Eq. (18) could have been written by inspection from a straightforward
energy balance consideration. The quantity {(mi—ng)/n; in (18) is in effect an energy
utilization factor, since the total available output energy connected with the initial .
inversion n; is $AvV,n,. The energy utilization factor can be expressed as a function
of m;/n, by considering eq. (13) for the time 7 — oo [¢ (o) =0). Neglecting @; one gets

(mi — ne)in; = ?u._:q_v In{n;/n;). {19)

The energy utilization factor from €q. (19) is plotted vs m/n, in fig. 7.

Finally it is pointed out that, for a given volume ¥, of active material, both n,
and 7, do net depend upon the cavity length d. Hence the pulse energy E also is not
dependent upon 4, as expected. The peak power P,. however, is inversely proportional
to d. This can be seen with the help of eqs. (1) and (4). This result is also expected
because the pulse risetime and falltime are proportional to the cavity length.

For lasers using 4-level materials, such as those containing Nd** ions, a similar
theory can be developed. Assuming fast relaxation between pump bands and upper
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540 0. SVELTO LASFR DEVICES AND TECHNIQUES

transverse mode operation as shown by Bjorkholm and Stolen (1968). A laser resonator
with plane parallel mirrors offers the advantage of an increased mode volume and
hence greater available energy from the inverted medium. A configuration which
appears to be even less sensitive to imperfections in the laser rod than a spherical
mirror configuration is that proposed by Soncini and Svelto ( 1967) (see also Soncini
and Svelto 1968). This special laser cavity consists of two roof-top prisms with roof
angle stightly smaller than 90°. It offers interesting advantages:

I. It can withstand high laser intensities without being damaged.

2. The output coupling can be adjusted by means of a frustrated total reflection tech-
nique.

The cavity presents the disadvantage, however, that it is more difficult to align
than a plane parallel one. As saturable absorbers for ruby, both phtalocyanine in
nitrobenzene or cryptocyanine in methanol (or acetone) may be used. Cryptocyanine
is less suitable if single longitudina! mode operation i5 intended. ]

For single longitudinal mode operation in Q-switching, one may replace one of
the cavity mirrors by a suitable resonant reflector such as that of Hercher (1965).
However, if the laser is already restricted to oscillation in a single transverse mode,
then it usually oscillates in no more than a single longitudinal mode. The restriction
to a single longitudinal mode is then caused by a natural mode selection mechanism
associated with the dye as pointed out by Scoy (1965), His argument is roughly as
follows, Since each mode starts from the same noise level due to spontaneous emission,
the ratio P,/P, of the power levels in two modes | and 2, after a number of g transits
of the light in the cavity, is given by

A _[eliznT 27)

Py Gy (1 ~72) ’
where G, and G, is the gain and y, and 7, is the loss per pass of the two modes,
respectively. Now, in a Q-switched laser with saturable dye, the total number g of
transits for the light to build up from noise level close to the peak value is very high.
Clearly, before the dye is bieached, the cavity losses are very high and therefore the
Tight build-up is very slow. Assuming, for simplicity, equal gain for the two modes then
according to eq. (27} a very small difference ¥,~7; is sufficient to produce a large power
difference between the two modes. A typical value of g, according to the estimates
of Sooy (1965) and to the measurements of Daneu et al. (1966), is ¢=2000. From
€q. (27) (in the case G, =G,) a 10 dB mode suppression (i.e. P,/P,=10) is predicted
for y~y;=1073, a very smail difference in losses between the two modes indeed.
Since such small differences in loss occur naturally, even without any intentional
mode selection, it is clear that single mode operation is often obtained with passive
Q-switched lasers. As expected for Q-switching by mechanical or electro-optical
means, the described mode selection mechanism is not effective. In this case the laser
buildup from noise is much faster and g may be of the order of only 10 or 20.

Actuaily, the discussion of mode selection would call for a more careful analysis.
In fact, as will be shown later, saturable dyes are also the standard means to produce
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mode-locking which implies a large osciliating bandwidth. This appears to be in
contradiction to what has just been said. Although a sufficiently careful analysis has
not, to our knowledge, been made, the two different behaviors seem related to the
fact that dyes with long relaxation time tend to narrow the spectral width while dyes
with fast relaxation times tend to broaden the spectral width of lasers. Therefore, in
the case of ruby, phtalocyanine appears to be more suitable than cryptocyanine for
Q-switching with a single longitudinal mode output. Other phenomena may, however,
also play an important role such as the homogeneous or inhomogeneous character
of the dye absorption line. Actually phtalocyanine seems to be homogeneously, and
cryptocyanine partially inhomogeneously broadened (see Giuliano and Hess 1967 and
Hercher et al. 1968). )

The peak output power for a single mode Q-switched ruby laser, according to
the references previously cited (McClung and Wiener 1965, Daneu et al. 1966,
Mikaelian et al. 1967, Bjorkholm and Stolen 1968) ranges consistently between | and
4 MW for rod lengths between 7.5 and 12 cm. The diameter of the spot is usually of
the order of 1 mm. For the roof-top prism cavity mentioned above (and probably
also for plane or concentric cavities) the spot size is largely determined by the ther-
mal lens effect due to heating of the laser rod by the pump light. For comparison
with the above numbers, 100 MW peak power in a 6 mm diameter diffraction limited
beam in a single transverse but not single longitudinal mode were obtained by
Bortfeld et al. (1964). These authors used a rotating prism Q-switching system and a
3 inch long, § inch diameter ruby rod of high optical quality,

The achievement of single longitudinal mode selection in normal, not -switched,
cw or pulsed laser action for solid state lasers is a much more difficuit problem and
so far it is not solved in general. A resonant etalon working either in reflection
(Kleinman and Kisliuk 1962 and also Roess 1964) or in transmission (Manger and
Rothe 1963) was used but with somewhat limited success. Another interesting mode
selection system due to Smith (1965) utilizes a Michelson-type interferometer. Two
main difficulties must be faced with longitudinal mode selection in solid state lasers:
1. Due to the pump power, the rod expands thermally thus changing the effective
cavity length. This phenomenon easily produces mode hopping.

2. The gain linewidth is much larger by at least two orders of magnitude than that
of gas lasers,

As a result so far single longitudinal mode operation with solid state lasers was
achieved only for pump powers a few percent above threshold,

3 Mode focking

In the preceding section it was pointed out that it is difficult 10 isolate a single
longitudinal mode in a solid state laser operation. When many modes are oscillating,
the time behavior of the laser output is an irregular, spiking emission since the modes
do not usually oscillate with comparable amplitudes and since their phases are more
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sinusoidally modulated at frequency . This type of locking is often referred to as the
FM-type of locking. This case is not treated here either and the reader is again referred
to the works of Harris and- McDuff (1965), Siegman and Kuizenga (1969) and
Kuizenga and Siegman (1970a, b). For AM-type of locking both KDP Pockels cells
(Deutsch 1965) and ultrasonic standing-wave diffraction cells (Hargrove et al. 1964,
De Maria et al. 1966z and DiDomenico et al. 1966) have been utilized. For FM-type
of locking, only Pockels cells have been used (Harris and Targ 1964).

To illustrate passive mode locking, let us assume there is a suitable saturable
absorber in the laser cavity. It suffices here to idealize the absorber material as a two-
level system whose resonant frequency coincides with the laser frequency. To under-
stand how a saturable absorber may produce locking let us consider two adjacent
axial Taser modes. If two modes oscillate, the interaction of the corresponding fields
with the saturable absorber leads to a difference in population between lower and
upper level which contains a term oscillating at the difference frequency between the
two modes. This term effectively represents a time-varying loss within the cavity and
it will therefore couple every mode to its two neighbors. According to this inter-
pretation, one would assume that the position of the saturable absorber cell within
the cavity should be of importance. Every mode has a well defined standing-wave
pattern. The bleaching of the absorber will be determined by a geometrical super-
position of these standing-wave patterns. In addition it is clear that the decay time
of the upper state population of the absorber also plays a significant role. Evidently
a time: varying population difference in the absorber can only be produced if this
decay time is faster than the inverse of the mode separation frequency. It should be
remembered that a saturable dye also gives Q-switching operation. Consequently the
time behavior of the output fight will display Q-switching and mode locking together
as shown in fig. 9a. This behavior indicates the temporal interference of the oscillating
modes. The time behavior of every mode by itself would be as shown in fig. 9b.
This passive mode locking is not restricted to the use of saturable dyes. For instance,
cells with other non-absorbing liquids such as nitrobenzene have also lead to mode-
locking (Comly et al. 1968). In this case locking was interpreted as due to power
exchange between modes by Rayleigh-wing scattering. Another example is the mode
locking, also referred to as self locking, which is sometimes observed with long laser
cavities (>1 m) and which is due to the saturation of the laser material itself (Statz
and Tang 1965). A significant advantage of passive mode locking is that with a suitable

24,
i? >
(1 t

() .

Fig. 9. a) Typical time behavior for the output light of a simultaneously Q-switched and mode-locked
laser. b) Corresponding time behavior of each oscillating mode,
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nonlinear optical material locking is automatically achieved. On the other hand,
mode locking by an active modulator requires the critical adjustment of the modulating
frequency to the difference frequency between adjacent modes. Here, however, the
laser pulses are synchronous with an external signal, a convenience for certain
experimental or practical situations.

As shown before, there is an alternative way of describing mode locking in terms
of short light pulses which travel back and forth in the laser cavity. One can therefore
follow the propagating puise through the laser material and the nonlinear element
or the active modulator. In the case of cw locking, selfconsistency requires that the
pulse remains unchanged after a round trip in the cavity, This point of view was used
by Cutler (1955) to analyze an analogous microwave regenerative pulse generator.
It turned out to offer a powerful method for analyzing cw locking by means of an
active modulator (Siegman and Kuizenga 1969). An analysis based on Cutler’s method
can also be used to interpret mode locking by a saturable dye, and the analysis is
therefore presented below.,

The microwave circuit considered by Cutler is schematically shown in fig. 10,
It consists of an amplifier, a filter, a delay line and a nonlinear element, called an

J Delay r

T Expandor i Filter I’.—:-::E‘L

Fig. 10. Schematic diagram of Cutler’s pulse regenerative oscillator.

expandor by Cutler, which presents less attenuation for a high-level signal than for a
low-level one. When the loop gain exceeds unity, a pulse recirculates indefinitely
around the loop and the system behaves as a regenerative pulse generator. The non-
linear element has the effect of shortening the pulse until the pulse width is limited
by the filter bandwidth. Let us apply self-consistency to the circuit of fig. 10. If
Sy (r)exp [i (¢)] is the signal entering the expandor, the signal leaving the expandor
can be written as S, (t)=K[S, {1)]" exp lig (1)] where K is a constant indicating an
amplitude change of the signal, and the superscript n symbolically indicates a general
nonlinear operation, not necessatily a power law. Here the noniinear on.n_.m:o.:. is
applied only to the envelope 5; (1), and the effect on the phase function (1) (har-
monics of the fundamental frequency) has been neglected. If the filter ?nn:n.unw
transmission is called F(w), the output S, (¢) from the filter is

+x

S3(2)=(1/2n) .‘. F(w) F; (w) exp(iwt) dw, (33)

where _ﬁ (w) is the Fourier transform of S5 (). The amplifier and circuit losses give
a net gain G so that the output of the amplifier is Sa(r)=GS;(1). The signal S5(1)
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In eq. (42a) T, is the photon risetime due to the gain of the laser material. According
to eq. (4b) it is given by T, =d/cy,. where y, is the gain per pass. T\ is the photon decay
time due to cavity losses y, (T, =d/cy,), T, is the photon decay time due to the un-
saturated losses y, of the absorber (T, =d/c¢y,), and C,; and C, are positive constants
whose magnitude is not relevant for the present qualitative consideration, In eq. GNS
4 is the electric dipole moment of the dye, T is the relaxation time of dye _uov.:w:n?
w is the frequency difference between adjacent modes, and ¢ is a parameter which
describes the mode overlap in the dye cell. This parameter is given by

! >
£= ;. Ui Uil AV ; utav. (43)
cell ' cell
with integrals taken over the dye cell.

Eq. (42a) permits a simple interpretation. As soon as the gain y, of the laser
material exceeds the total losses (y;+7,) of the cavity, the field amplitude A will
increase exponentially from noise level, Once the cubic term is appreciable, it will
increase even faster due to the saturation of the dye. Of course, the growth of 4(s)
will eventualty be limited by gain saturation which is not accounted for in the nn_._w:om._.
Due to gain saturation A (1) will reach a maximum and then ..._on_.nwmnw as mwoi..g in
fig. 9b. Now dye saturation occurs at much lower power level than gain saturation.
Therefore cq. (42a) correctly describes the early rise of the pulse of fig. 9b. Eq. (42b)
shows that, as soon as the dye starts to saturate, the rate of change of the phase ¢,
depends upon the phases ¢,_, and ¢,,, of the two adjacent modes. The expression
is particularly simple because it considers the interaction of just three modes. mw.ﬂro
same token it permits some physical insight into the mechanics of mode locking.
The equaiion has two stationary solutions for the phase ¢,, namely

G- — 2+ Py =207 {(44a)
oy =20+ =(2n+ 1) (44b)

where n is an integer. It can be shown that the stable solution is (44a) if { >0 whereas
it is (44b) if £<0. To prove that, assume the phase ¢, differs by a small amount ¢,
from its stationary value. From eq. (42b) one then obtains

2u°T, 4%
TA (1 + (oTy)]
Here the — or 4+ sign applies if the presumed stationary solution is (44a) or (44b),
respectively. Therefore for £>0, 5¢, decreases toward zero if eq. (44a) holds for the
stationary phases. Conversely if £ <0, é¢, decreases toward zero if eq. mﬁﬂ holds.
From eq. (45) one sees that, after a momentary deviation from perfect locking, the
phases will approach locking in a time ¢, of the order of

- TH[1 + (0T, )] (46)
[ Nmtuﬂpku :

shi=F ¢ 9. “
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For mode locking to occur this time must be much shorter than the risetime of the
pulse A (7). Nate that 1, is not a constant since eq. (46) contains 42 which by itself is
time dependent. The formula is nevertheless useful to indicate the effect of a long
dye recovery time 7. Assuming T, » 1, #, becomes very long and mode locking does
not occur.

Next it is interesting to consider the sign of £. For this purpose the mode functions
Uy are approximated by standing plane waves, a reasonable simplification for a plane-
parailel resonator. Let z be the coordinate along the resonator axis with the origin at
one of the mirrors. Then

h=(2/V ¥ sin(Inz/d), (47)

where I is the cavity volume and (2/¥)? is the normalization constant which insures
that | Uvrdv=1. Assuming a dye cell which is much longer than the optical wave-
length, but much shorter than the cavity length, one obtains from eqs. (43) and (47)

&= (1/2V) [2 cos(2rzo/d) + 1], (48)

where z; is the coordinate position of the dye cell. The equation shows that for a
location of the dye cell near either of the cavity mirrors, 23 =0 or zo=d, { reaches
a maximum positive value. Consequently the stable solution for the phases is (44a).
Apart from an unessential integral number of 2r the latter equation is equivalent to
eq. (28). Both equations indicate mode locking such that two successive pulses of the
output train are separated in time by 2d/c and only one pulse propagates back and
forth in the cavity as shown in fig. 11a. When the dye cell is placed at the cavity center &
reaches the largest negative value. The stable solution for the phases then becomes (44b),
In this case (Sacchi et al. 1967) two successive pulses of the mode-tocked output train
are separated in time by d/c and two identical pulses propagate in the cavity so that
they meet at the center in the dye (fig. 1ib). This result can also bé understood on the
basis of the so-called ‘maximum emission principle’ (Garmire and Yariv 1967). If the

14 2J/
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Fig. 11. Pictorial view of puises propagation inside and outside the laser cavity for three different
positions of the dye cell,
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552 0. SVELTO LASER DEVICES AND TECHNIQUES

+

S(t)x %mmSmwcla% (49)

-

is a measure of the overlap of the two pulses. Roughly speaking, if the two pulses
are delayed by a time t larger than their pulse widths, S(t) will drop to zero. The
measurement of the function S(r) therefore allows some conclusions concerning the
pulsewidth. For example, for gaussian pulses EZscexp(—2t/41)* where At is the
pulse duration of E? between I-neper points, one gets from eq. (49) S(t)ocexp
—(27%/4+?), so that the width between I-neper points of S(t)is 254 . Since a separate
laser shot is required for every data point and since most lasers are not completely
reproducible from shot to shot, some normalization is required. A convenient way
of normalization is to take a part of the same pulse by a beam splitter and let it alone
produce second harmonics in a second crystal. The signal output of this second crystal
S’ will be proportional to [X3 E*(t) dv, so that the ratio of 5to 5’ gives a normalized
function G®'(1)

G P{1) = ._.mMSmNcuc&\_m % E*(r)dt, (50

which in principle is independent of amplitude fluctuations of the pulse from shot to
shot. Since £7(z) is proportional to the field intensity 7(7), the function G**'(t) can
also be written

G (x) = U (M (1 + DI (1)), (50a)

where { > denotes time averaging. G‘®'{z)} is known as the normalized second order
correlation function of 7(r). This scheme requires a considerable number of laser
shots for one measurement. Unfortunately this enhances the uncertainty of the
measured result, since with most lasers the pulse duration appears to vary somewhat
from shot to shot,

A measuring method which requires only one shot (Gicrdmaine et al. 1967,
Rentzepis and Duguay 1967) uses a two-photon absorption-fluorescence technique.
A schematic diagram of the experimental arrangement is shown in fig. 13, The in-
coming pulse E (1} is split by the beam splitter 1 into two pulses £, and E, which
then meet in a cell containing a suitable two-photon absorption dye. Since two photon

R-100%

Fig. 13. Measurement of the width of short light pulses
by the two-photon absorption-fluorescence technigue.
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absorption is a nonlinear process, the fluorescent emission of the dye will be strongest
in the spatial region where the two pulses overlap. A measurement of this spatial
region wiil give a measure of the width of the incoming pulse. Roughly speaking the
extension Az of this spatial region will be of the order of cdt, where 4t is the pulse
duration and ¢ the velocity of light. If At=1 psec, one gets 4z=0.3 min, a quantity
which can be easily measured. For a better calculation one expresses the total electric
field £(z, ¢) in the dye

E=E, (1 - zjc)sin(kz — wt) + E, (t + z/c) sin (kz + wt) (51)

as the sum of the two incoming pulse fields. The origin of z-axis is chosen as the
point where the maxima of the two pulses meet. For present purposes c is the group
velocity of the two pulses in the dye. The total fluorescent energy at a point z of the
dye serves as the measurable spatial signal S(z). This signal is proportional to

S(z)oc {E*. {52)

Averaging in time over a few optical cycles or more and in space over a few optical
wavelengths are indicated since the signal is usually recorded on photographic film.
From eq. (51) the signal is proportional to

+x +x

S(z)x g.mu:rsigl%mweti&.l%m?n&&&:iﬁ%.
Rt Sw lw (53)

For the most important case E, (1) =E, {t}=E(t), $(z) can be normalized with respect
to S'oc2__ [** E*(t—z/c) dr with the result

S(2)/S" =1+26(1). (54)

Here 7=2z/c and G'*’ is given by eq. (50a). Obviously for t=0 G'2(0)=1 so that
5(0)/5"=3. Outside the overlap region of the two pulses, G‘*'=0 so that S5/8 =1.

For a perfectly mode-locked laser, the photograph of a two-photon absorption
and fluorescence experiment shows a trace carresponding to the propagation of both
Iaser pulses without overlap. On a relative scale, the contrast there may be defined as 1.
In addition, a brighter spot is recorded at the location where both pulses collide,
At its brightest point, the contrast should be 3 on the same scale. The extension of the
bright spot in propagation direction is a measure for the pulse duration. For example,
for a gaussian pulse J(z)ocexp( —4r%/47?), after subtraction of the background
contrast of 1, the spot will have a width between 1 neper points of dz=cyA1/n/2
where ¢, is the vacuum velocity of light and  is the refractive index of the dye liquid
(group velocity is here approximated with phase velocity).

Actually, as pointed out by Weber (1968b} and Klauder et al. ( 1968), the two-
photon fluorescence technique requires some caution. In fact if a noise signal of
spectral bandwidth Acw is sent to the measuring apparatus of fig. 13, a brighter spot
of a width corresponding to the coherence time 7. =2n/Aw will also appear at z =0,

- ——
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556 0. SVELTO LASER DEVICES AND TECHNIQUES
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Fig. 14. Working principie of the dynamic spectrogram.

example, in fig. 14a the maxima of the puises are indicated by dots. The time delay
(@, w,) between the maximum of the pulse with frequency « and the maximum at
another frequency w, will be

(@, 0o) = [0¢ (w)/éw], — [£¢ (w)/éw].,- (58)

Assuming 7(w, w,)is known, integration of eq. (58) vields ¢ (w) except for a constant
and linear term in @ which are not relevant. For a measurement of 7{w, w,) the
different output pulses of fig. 14a are made to meet the pulse from the filter at Wq
in a two-photon-fluorescence (TPF) cell {fig. 14b). One thus obtains a fAluorescent
track in the cell whose shape is equal to that of the output pulses of fig. 14, and from
which 1 (w, w,) can be measured. Since the amplitude g{w) in eq. (55), or rather its
absolute square, can be measured by an ordinary spectrograph, the simultaneous
measurement of a static and dynamic spectrogram gives both g (@) and ¢ (). In this
way the electric field amplitude of the incident pulse may be completely measured,

5 Properties of picosecond pulses

By using the methods just described, pulse-widths ranging between 2.5 and 15 psec
were measured for Nd** : glass mode-locked lasers, The shortest pulses were obtained
with very thin dye cells of about 30 ym (Bradley et al. 1970a). Pulse-widths of about
20 psec were also measured for Nd**: YAG mode-locked lasers (Clobes and Brienza
1969). In the case of Nd** :glass, the osciliating bandwidth is quite large (100-200 A)
so that, if the whole bandwidth were locked, the pulse width should be as small as
4.107*3 gec from eq. (34). This is an order of magnitude shorter than the experimental
observations. This discrepancy was at least partialiy resolved by recent observations
of a subpicosecond structure (Shapiro and Duguay 1969, Bradley et al. 1969, Eckardt
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and Lee 1969) and of a linear component of the frequency sweep (Treacy 1968,
Treacy 1969) in the output of mode-locked Nd Elass lasers. In the case of ruby, pulses
as short as 4 psec were obtained {Mack 1968, Cubeddu et al, 1969). Since in this case
the time-bandwidth product z4v is about unity, no appreciable subpicosecond struc-
ture and frequency chirp are expected. The linear component of the frequency sweep
can be compensated by a dispersive optical delay line such as the two-grating system
suggested by Treacy (1968, 1969). In this way, pulse structures as short as the theoreti-
cal limit of 4.107!? sec have been obtained for a Nd:glass laser. To our knowledge,
these are the shortest pulses obtained anywhere. To realize even shorter pulses,
frequency modulation and subsequent compression of laser pulses was proposed
{Giordmaine et al. 1968, Gires and Tournois 1964, Fisher et al. 1969). Although the
validity of this technique was demonstrated experimentally in both the nanosecond
(Duguay and Hansen 1969b) and picosecond ranges (Laubereau 1969), no pulses
shorter than the above limit of 4.107*2 sec were so far achieved in this way.

The presence of subpicosecond structure and frequency chirp in mode-locked
Nd: glass lasers were the subject of some discussion in the literature. In particular,
the mode! of mode-locking due to Picard and Schweitzer (1970) is abie to explain the
subpicosecond structure but it fails to explain the frequency chirp. On the other hand
the model of Fisher and Fleck (1969) is able to explain the frequency chirp but it
fails to explain the subpicosecond structure. Another interpretation of the frequency
chirp should also be mentioned. Here the frequency chirp would be due to the non-
linear, intensity dependent refractive index either of the Q-switching dye solvent
(Fisher et al. 1969) or of the laser glass matrix {Duguay et al. 1970). This model, too,
fails to explain the subpicosecond structure. A model which appears to explain both
the subpicosecond structure and frequency chirp was recently proposed by Svelto
(1970). The model is an extension of a previously published theory of mode-locking
which takes into account the dispersion of the refractive index of the media within
the cavity, in particular of the laser material {Cubeddu and Svelto 1969). The theory
indicates that the effect of dispersion strongly depends upon the total osciliating band-
width. Since this bandwidth for ruby is about an order of magnitude smaller than for
Nd: glass lasers, one now has theoretical reasons to expect no significant subpicosecond
structure and frequency chirp for ruby. The problem is not yet completely solved,
however, since even the model of Svelto (1970) is only in qualitative agreement with
the recent results of Treacy (1970a, b). Furthermore, on the experimental side it is
not yet clear, whether the same Nd3+*: glass laser gives always at the same time both
a subpicosecond structure and a substantial frequency chirp or only one of these
phenomena (Bradley et al. 1970).
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