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timing, other sophisticated techniques have been developed. For

" instance the externaily-injected regenerative amplificr and the

"off-axis multipass amplifier allow the production of pulses with
power and duration comparable to the ones obtained in passive mo-
de locking but with far better stability characteristics [6—%].
With the regenerative amplifier the shorter duration pulses have

been obtained using the technique of pulse compression with a sa-

" turable absorber [9]. With this scheme, compression by a [lactor

*. 8 has becn reported, resultipg in a final pulse duration of 1Spsec.

ABSTRACT _ e

A new type of laser wh1ch generates picosecond pulses is
yresented 6ps & 1.CH, 3 PPS; k-- 1. dﬁ}tm in a 31ngle pulse are
‘obtained with good stability. Accurate t1m1ng of the pulses can .-

. be achieved and no external pulse selection is required, ~

k)

" In our laser the pulse doesn’ t dcvclop from quantum noise but

is the result of a nonlinear frequency and time proceﬁslng in the

cavity of a seed pulse that 15 coherent since the startlng of the
shortenxng process. We belxeve that the remarkable characterlst1cs
of pulse stability are at least partially due to these considerations in coherence.

-

§ 1 - Introduction g
High power picosend light pulses have been generated in a
number of ways [ﬁ-4]. Passive mode locking is the method that is
.most widely used in solid s%até laser afplications and allows the
production of bandwidth limited pulses of rather high intensity.
Thg'behavior of this kind of device has been extensively studied
by various authors [I z SJ and it has been shown that its stabili-
ty and reproduc1b11xty are strongly affected hx the intrinsically
statlstmcal origin of the short pulse formatzon process. Fer ap-

plicatlons requ1r1ng pulse stability as well as an accurate pulse

In the present paper we report the first applicaticn of the -

regenerative compression tedhnique to the self-injected (NAYAG-

——Nd glass)laser. . In this type of’ laser, scon after the flash

' pump:ng action is started, the transm1551on of the optical cavity

is convenlently modulated by a Pockels cell driven by a set of
three ‘square HV electric pulses. The t1m1ng and maximum voltage
of these pulses is such that, after the Q-switch action is star-

)

ted, the amp11f1cat10n process in the cav1ty takes place on a

. Wgeed" optical pulse that can be far.shorter (<h%than the Q-switch

pulse that would be extracted by the same laser in usual condi-.
tions (e~ 35ns). Thls is the prxrjlple on which the laser self-
injection effect (or cavity flipping) is based [10,11, J. 1
-the configuration we describe in the presé;t paper this seed pul-
se, during the amplification in the active medium, undergoes‘a
further compression due te the nonlinear transmission of a satu-
irable dye flowing in 2 cell inserted in the laser cavity. In this
way we are able to reduce the typical 35 ns pulse du;atioh of a

normal Q-switched laser down to 6ps, reallzzng an overall pulse

' shortenlng by about 3 orders of magnltugt. fk is remarkable that

the overall shorten:ng ‘process does not'imply energy loss other
than the one associated with dye saturation, i.e. corresponding

+ to the final stage of pulse shortening (fromas lnsec to A 6psec)

due to the nonlinear propagation in the d_yel. In fact we have demen-

" strated that for this kind of laser the application of the self injection

pulse shortening process does not reduce the energy of the output laser pulseﬁll
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Inthis way very high peak power can be obtained, limited
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characteristics and, when r uired i imi - {
' fauired, a precise riming of the out I-‘:.g. 2c. The experimental results about the seed pulse evoluticn inm our kind

Put pulse can be achieved. In the following sections of the P2 of laser are shown in f1g. 3¢a,b,d). \ une i e s
per we shall discuss separately the two different pulse shortening .- On the other hand, ‘1f at t=t, the see p
. d on ap-
Processes which take place in our device, ion Ll' a couple of pulses apart by ‘Ec will be emitted up P

ig.3 i ns i ulses
.plication of Va=Vv (fig.3). The relative inteénsity of the two p

§ 2 - Subnanosecond pulse generation depends on which pulse of the trzin in fig. 2b is chosen FO be

The method of self-injection (or cavity-flippingJ‘for short dumped out first, keeping in mind that the second pulse is ampli-
high péak power pulse generatica is described schematically on - - fied once more in the active medium. These smPllfled considerations
the basis of the Figures 1 and 2). At time t=t, the voltage V -show that by a w:l.se choice of the dumping out time we can obte'un.
applied. to the Pockels .cell (PC) is switched from V‘\A! to O s in a reproduc1ble way, a var.lety of operatmg conditions that impro-
allowing the onset of the Q-switching oscillation (Fig. 2a). After . .ve the versatility of the device and can be very usffun for some
an adequate delay - t) -ty a \é,square pulse of - durat‘-ion':[:g .experimental applications such as in incohc;r’ent or coherer?t (photon-

~is applied to PC. If 'I'g has a convenient value, say one cavity echo} relaxation spectroscopy. .

f round trIp\nme 'I' = Z(L * Ly)/c, a seed pulse of duration IL, /e : .~ The expenmantal venf:.catlons of subnanosecond high pover
is gererated in the cavity. Th:.s 15 the effect o which the cavi- : pulse gcneratmi} by the self inj . :tion techmque ha._r, been verified
y—fhppmg process is basedﬂo, 11] . The duration of the seed .in our laboratory using ..r_-ld YAG Ell] am’I .Rhodamine. 6G ESJ as
pulse is determined by the size of L, as pomted out earlier, [11] L active media. ... ' -

In addition it can be controlled by the time 'l'g and by the voltage V4 V 72 With a(6.3 x50mn) NAYAG rod we have found experimentally that, when
of the V electrical pulse [i4, 15] The minimm duration is limited by the ri- ‘

'.the self-injection and cavity dumping functions are activated, the
se time of the PC driving cireuit, Td’ and can be found to be approximately

peak pulse power is larger by a factor a{ = Tc/.&!’ where Af‘P is the

0 227 T Ef'] The dolzy 7 is-determined by the seed to reach g sufficient kigh

see P Sel 4 1 ! In our ]aSET p 158 duIa 1011 n P S W d
) t . I our CESQ we had Ai < Ih (f hf[l) an:
f the ratio I mak/l background for the d ul g Output u

- = 1104, the output (cavity
the optimum condition for subnanosecond pulse generation was corresponding to - ‘E’ 10. With the pumping energy F. p :
Of the
e followmg values of the parancters: Vg’ 95KV andﬁ'-v 50 ns. The seed pulse dumped) peal power was 80 MW, The shape and- the peak power
is regeneratively an1p11f1ed b)r the active medium and, when it attains its paxi- * putput pulses were stable to-within 5% and the delay between Q-swit-

mm amplitude, it can be dunped out of the cavity at t=t by applying a ¥ -\,;/ ching time (to)' and the output pulse had a _ji?ter ‘lower than 0,5ns,
step to FC. As the seed pulse can be made substant1a].1y short (<Ins) the cut-

This measurement has been carried out by“multiple pulse superposi-
put peakpower can attain large values. ’

tion on CRT of a fast Tektronix. 519 oscilloscope
In Fig. zb the time evolution of the seed puise circulating



It is remarkable that the same laser system with the same pumping conditions
generates ~ 10nscc ~ 8MV optical pulses when the PC driver is set for nommal
Q-switching operation. This is the same energy which is associated with the
subpanosecond pulse. Then our technique which can be-applied to almost any
conventional PC-driven Q-S. laser (equipped with R=100% end mirrors and dou-
ble-escape GT prism) realizes a nearly adiabatic pulse shortening effect.
This nearly complete adiabaticity in energy has nevertheless not been veri-
fied with our Rhodamine 6G dye laser. This is obviously due to the substan-
tial population loss existing between successive round trips of the seed pul-
. s& in the cavity when the fluorescence time a-'<,Tc. In our work the voltage of
the gate pulse ‘a must be set as close as possible to the extinction voltage

for the Pockels Cell in order to avoid background radiation that can be
involved in the samo amplification process affecting seed pulse. ﬂowever we
fouud that a complete background-free operation has neot difficult to achieve
ﬁn a stable and reliable way. The effect of the saturable dye helps in rejec-
ting this background. o o ;5

. : . BN i . -

g3 - Picosecond pulse generation

The effect of pulse sho;teniﬂg ,.which is achieved adiabati-
cally by self-injection in a firsf.step! can be pusﬁed forwgrd
- by orders of magnxtude by s1mp1y insertiﬂg in the lasér cavity
. of Fig.l a saturable dye flowing cell. In this case we take advan-
tage of the regcnerat:ve pulse -horten gffect due to propagation
in a non-linear saturable absorbing médiuq [ﬁ, 16, 17, 18] .
in our laser [}2, 13]3.6;3150 mm‘NdYAG rod with AR coated
end faces is pumped in a double elliptical cavlt} ‘bi a couﬁle of
'simmeréd flashiamps., For our présént application, the optical cavity
‘was des1gned in such a way ‘as teo providé the adéqua;e balance bet-
ween the laser 1nten51ty seen by th§ active medium an& by the sa-
turable dye flowing in a cell (Eig.#I; This is réquired by the dif=
fef;nt values of the gain and absorption dros; sections for the '
two media, respectivély; and by the need of reaching simultaneously
a regime of satﬁration for both gain and absorptian in 6;der to obt-~
2in a good comprcssion'efficiency;[@;LI@]..
s Two equally totally reflecting spherical mirrors with ra-
dii R; = 99,9 ¢m and Ry= 67,5 ¢h determlned-the geometrical size
of the cavity, With the.geomctrxcal parameters given Ia Fig. 3.7~

the ratio of beam areas in the dye cell and in the rod was r ¥7,6.

6.

‘This includes the effect of the Brewster anglé tilting of the

dye cell (DC) (thickness = lmm). Due to rapid 1asér induced de-
gradation of the dye it was found necessary to flow it through
the cell. This one has been desxgned in such a way as to minimize-
turbulence effects in order to obtain good shot to shot reprodu-,
cibility. : ' -

The dye we used was the Eastman-Kodak No. 9740 Q-switching

"“solution in dichloroetane. The dye concentration was adjusted to

an adequate value different from the one which caured.self Q-swit-

' ching and mode-locking in the laser. When only'the Nd-Yag rod was operating

in the cavity, the dye concentration correspond to a small signal transmis-
sion in the cet1: 1=10""**") The Bockels ell (%) was a Lasemetrics 1057
‘FV driven by a kritren circuit cspsble of delivering the wave form which is
necessary for a combined Q-switching, cavity flipping and cavity dumping ope-~
rations. This multifunction operation using a single Packels Cell was descri-
bed in the previous paragraph. The schematic dlagnnﬂ of the kritron dr1v1ng

._eircuit is reported in Fig. 5.

The laser'dberated tiﬁically at Spps'and‘the output was
monitored by an ITL 1850 photodine and a Tektronix 3519 travel-
ling wave oscilloscope. The overall rise.time of the deteciion

system was 320 ps. Ultrashort pulse duration measurements were

performed by a standard triangular two photon fluerescence techni

que using the 5 cm cell filled with a 10~ M/1 sclution of Rhodami
ne 6G in Methanol and by a backgrpund-free autocorrelator in a SHG KDP crystal
EQ]. The detailed autocorrelator curve will be reported in a fortheoming paper.

Working with NdYAG only as active medium the laser was initially adjusted for

© operation under self~injection conditions

by flowing pure dichloroetane through the dye cell. In th1s way
the light pulse'evolved in the laser cavity as a train of 2,5 ns
pulses as shown in Figs, Ba and éb, with the"gzturable dye flo-
wing into the cell, we acted upon the fl;;hlamp pumping voltage

to find the condition of best pulse compréssion. This one has
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Yeen found to correspond to driving the laser just ebqve thre-

shold. In this condition the pulse train of Fig. 6c was obtained.

The two photon flusrescence pattern is shown in Fig.Z‘and corre-
sponds to.the highest pulse shown in Fig, bc. Drawing the corre-
sponding &ensitometric trace we have measured a pulse duration

of 15p5. The centrast Tatio obtained is 3:2. The peak power was found to be 0,9GW.
A further effect of pulse shortening has been obtained by inserting in the laser
cav1ty a flashpumped ND glass (4mmx60mm) rod. In this configuration the NJYAG
(&mnxSOnmﬂ rod was respensible for the low threshold generation of the seed pulse ’
while the N glass rod provided large band anplification for further pulse shor
tening. Pumping of the glass rods was lower than required for the cnset of laser
oscillation in absence of the NAYAG medium. Working with a Q-1GO KIGRE Nd-phos-
phate glass rod we obtalned a pulses of 6ps duration. The pulse-to-pulse stab111-
ty of the p1cosecond pulse has been assessed by simultaneocus measurement by two pho
totubes of the enmergy of the pulse of Y1 W00 pnand of the correspondlng SHG pulse
at 1 =0 Ssre We found an energy stability of ~10%. Pulse to-pulse fluctuations

of the shape and length of the pulses where not detectable.
A very interesting feature of this system is a intracavity

combined oscillazion-amplification process which is determined by
gain curves. péaked at different’aavelenghts {i.e.1,064f&muand
1, 054rntor Nd YAG and ~ phosphate glass media).This should glve
rise to additional effects of pulse shaping [}7, 15] . Detalls on
the behaviour of this new, two meaia, picesecond laser will be
"givcn in a forthcoming paper.

The envelope of the pulse train shown in Fig. 6¢ which cor-
responds two only Nd YAG operation has a shape whichlis quite typi-
“cal of the physical processes which are at the basis of the beha-
vioﬁf‘of our device [é, 16] . This shape can also give a fair l
indicaﬁion of the good pulse shortening performance of the laser.
The slow rise of the leadlng edge of the envelop at low pulse po-

——

wer Andlcates that the overall, low level, laser gain is small.

8.

This is a condition for reaching the maximum intensity of the

train with a large number of shortening passagés. In our case

the pulse made about 100 passages since the péak of the envelop
of the Fig. 6¢c is delayed wiﬁh respéct to the self-injection
operation by A 500 ns. Ir addition to that, in this regime,
each passage of the pulse in the dye is more effective for com-

pression since the pulse intensity is maintained in the range

.where the dye nonlinearity is stronger. Tt is very important not

to saturate completely the dye in the first passages since the

completely saturated dye has no pulse compression capability

Eb, 16, 20] . After the pulse resches its maximum intensity,

it falls down quité'fastly since as the power decreases the dye

gets less saturated and the cavity loss increases correspondingly.
The timing of the self-injection operation was found to be very impor-

tant for cbtaining good pulse ceompression. If self-injection is triggcred-;oe

carly, the initial seed pulse is not intense enough’fo start the process of

dve saturation. On the other hand if the self-injection is triggered tco late

the seed pulse make§ too small a mmber of ccmpressing-passages through the dye.

In our laser, with cnly the NdYAG rod .Qerating the delay ¢ of the gate pulse

" with respect to the Q-S.’ pulse, has been set tor 400nsec for optimum opera-

tion. L . E

From the discussion above we can anticipate that high peak

‘intensity and large pulse compression can be achieved with a ca-

refull and somewhat critical adjustement of the follewing pairame-
ters: pumping level, dve Conjxn:ration, ratio of intensitics on
the active and passive non-linear media and self-injection timing.
A theiough analysis that elucidates the interplay of these com-
peting effects will be reported elsewhere.

We wish to stress here the basic difference existing between

our laser and the usual mode-locked lasers. In our system the pul
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se- doesn't develop from quantum noiss bu: rather is the result
of @ non-linear frequency and time processing ih the cavity of

@4 coherent seed pulse that keeps its coherence since the star-
ting 6f the shortening process. Apart {rom obvious technical
advantages (no need for Brewster cut rods and components} our de-

vice shows remarkabile characteristics of pulse stability. This can
be due to a combined effect of gain saturation in the dye and te,
-the abqve considerations on coherence. We can also understand the

- stabilit} improvement offered by our system if we think that our

‘device can be somewhat reiated to a combined passive/active mode
locked laser, with 100% cavity-Q modulation. It has been recently

verified that combined mode locking offers the best Pulse stability
s ..

verformances in the picosecond regimeﬁﬂ__

“

y b
- § 4 - Conclusions
v? .
'In summary.we have presented a new techniqué for production of
high power picosecond pulsed. In the present application we observed
2 pulse compression by a factor.200 with réspect to the normal seilf-
injection operation, while the peak power gain in the compression
- process wasw 70, This implied an energy reduction in this process
by a facter of onlyaa 3, The obtained short pulses were very stable
and showed low j@tterfﬁ 10 ns) relative to the Q-switching HV pul~
' . 5¢ applied to the Pockels Cell,
“ At last, we have developed new -type‘of picosecond laser which, in.
spite of.its simple and quite conventional optical structure is ba-

sed on Eoncepts that are novel and, possibly far reaching. We be-

—

i0.

liéve that our device opens new perspectives in the field of laser
physics and technolagy.
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