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Abdtract - The vdidity of data on the Sdllmeier equation [Kirby K. W. DeShazer L. G., JOSA B, 4, 1072- 1078

(1987)] modified by linearly approximating the dependence of the linear susceptibility on the deuteration level
has been verified experimentally. Conditions for broadband optical parametric amplification of chirped pulses
ina DKDP crysta at a pump wave ength of 527 nm have been investigated. It is shown that the DKDP crystal
is more suitable than the KDP crystal for powerful OPCPA stagesin petawatt lasers. Based on a Cr:forsferite la-
ser and optical parametric amplificetion in the DKDP crystal, a laser with 0.4-TW power & a wavelength of

911 nm has been devel oped.

INTRODUCTION

Optical parametric chirped pulse amplification
(OPCPA) is currently being extensvedy investigated as
a promisng way to overcome the petawatt power bar-
rier. The OPCPA systems employ the traditional
method of superstrong field generation, i.e., stretching
of short light pulses (frequency modulation), multi-
stage amplification of their energy, and subsequent
recompression of the amplified pulses. Conditions for
broadband phase matching can be achieved by appro-
priately choosng an amplifying nonlinear medium and
the frequencies and propagation directions of interact-
ing wavesin OPA stages[1-15].

The second harmonic of Nd:glass lasers with a
wavd ength of 527 nm is most promising for pumping
powerful optica parametric amplifiers. At this pump-
ing, the best candidates for the optical parametric am-
plifying medium are LBO, BBO, KDP, and DKDP
nonlinear crystals. The former two crysals have strong
nonlinearity; however, current crystal growth technol-
ogy cannat provide LBO and BBO crystals with large
transverse dimensions. As a result, these crystals can be
used only in the fird OPA stages. KDP and DKDP ays-
tals, dthough they exhibit a weaker nonlinearity, can be
grown to an aperture of 30 cm and more; see, for exam-
ple, [16]. This enables them to be used in the final
stages of optical parametric amplifiers of at the peta-
watt power levd.

In amogt al works dedicated to the creation of opti-
ca parametric amplifiers of femtosecond pulses up to
multiterawatt and petawatt power leves, the nonlinear
dementsfor final OPA stages were made of KDP crys-
ta [3, 4, 6, 17]. At the same time, little attention has
been given to its isomorph—the DKDP crystal. Here,
we shall show that the ultrabroadband phase-matching

conditions could be fulfilled in this crystal upon non-
collinear nondegenerate interaction and that, in this
case, the gain band is more than twice as broad as that
in KDP.

Knowledge of the disperson dependences of the
refractive index and ther derivatives is essential for
studying nonlinear crystal properties and optimal
broadband parametric interaction conditions. Mean-
while, our analysis of data reported in the literature
[18-23] shows that, in the 850-1300-nm wavelength
range of interest, the dispersion characteristics of
DKDP crystals with a high deuteration leve have not
been very thoroughly invedigated. Specificaly, two
SdImeier equations presented in the wdl-known hand-
book [24] give sgnificantly different values of optimal
parameters for broadband amplification.

In Section 1, we present the results of our analysis
of the dispersion characteristics of DKDP crystals,
which alowed us to draw a concdlusion concerning the
most reliable Sellmeier equation for this crystal. We
also discuss the effect of the DKDP deuteration level on
broadband gain characterigtics.

The experimenta study of OPCPA based on the
DKDP crydal is discussed in Section 2. We also report
experimenta results supporting our theoretical analysis
of broadband optical parametric chirped pulse amplifi-
cation in highly deuterated DKDP crystal's pumped by
the second harmonic of aNd:YLF laser.

In Section 3, we describe a femtosecond laser devel -
oped on the basis of OPCPA in a DKDP crystal, which
serves as a front-end system for the petawatt laser cur-
rently under congtruction.
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1. THEORETICAL ANALYSISOF
BROADBAND OPCPA

1.1. Phase Matching, Broadband Phase Matching,
and Ultrabroadband Phase Matching a Noncollinear
Nondegenerate Parametric Interaction.

Broadband amplification is generally studied by
analyzing conditions of broadband phase matching in a
nonlinear crystal and caculating disperson character-
istics and spectra angular dependences of interacting
waves. The parametric gain band in a nonlinear crystal
is determined by the wavevector mismatch between
interacting waves Dk(W). Unsaturated gain with respect
to photon number in the Sgnd wave is given by the fol-
lowing well-known formula

1

Here, B=./g?- (Dk/2); g= co13)" is the wave in-
teraction coefficient; ¢, = 4pdg(2en, N, Nl 4l ) “2isthe
guadratic nonlinearity coefficient; I3 is the intengty of
pump radiation; L is the length of the nonlinear de-
ment; and dg is the effective nonlinearity, an expression
for which is determined by the crystal symmetry and
angles beatween the crystallographic axes and the
phase-matching directions[24]:

¥

e =l SR 3R 20

for K3 and DEDP crysals,

oy = oy sinby — dfpoos@ sindg [ora BBO enystal,

where d;; are coefficients of the matrix of nonlinear
optical susceptibility.

As one can see from (1), if Dk(W) grows, the value
of the gain coefficient G decreases. Therefore, the study
of broadband optical parametric amplification consists
in determining the phase-matching conditions at which

the value of Dk (W) would be minimal and, hence, sg-
nal radiation would be amplified in the maximum pos-
sible frequency band.

Let us consder optical parametric amplification of
broadband radiation in a nonlinear crystal whose con-
tinuous frequency spectrum may be represented as wy =
wyp + W, The schematic diagram of the noncollinear
three-wave interaction is illugtrated in Fig. 1. Here and
further throughout the text, we shall consder type 1
(oo0-€) phase matching. Let wavevectors k,(w;) of the
signal radiation injected into the nonlinear crystal (o
wave) be directed along the z axis, perpendicular to the
input surface of the nonlinear crystal. The wavevector
of the collimated monochromatic pump radiation (e
wave) k(W) isdirected inddethe crydtal rlativetothe z
axis a an angle j 3. In this casg it falows from the
boundary conditions that the x-components of the idler
wavevectors will be equal to a corresponding compo-
nent of the pump wavevector:

kaylmg) = by 1)
where W, = Wy - W In contragt to the Sgnal wave, the
ider wave has an angular spectrum of wavevectors
ko(ws). Indesd, each frequency w, has its corresponding
angle j (W) between the wavevector kx(ws) and the z
axis, which is determined by the expression

cosdh 00 = Eaglon ) hsims ],

| .
where  hpp[Cn) = .\,"'_‘

waler —
By virtue of reation (2), the wavevector mismatch
Dk (W) is directed along the z axis. The Taylor scries
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expanson of the wavevector mismatch around the cen-
tral frequency hasthe form

'r’-: I':-r'." :.l':-":'- v
1 ;

Sd] dine

where DKy = kg(Ws) — k(W) — ko(Wap)cog(j 10) is the
wavevector mismatch at the central frequencies and
j 2=] 2(W=0)istheangleat acentra frequency. By
analyzing expression (3) for the wavevector mismatch
Dk(W), we can obtain the necessary conditions for opti-
cal parametric amplification of broadband radiation.

We shdl cdl the phase matching "broadband"” if,
simultaneoudy with the phase-matching condition at
the central frequencies

Aky = 0, (4)

the condition at which the second component in ex-
pression (3) becomes zeroisfulfilled:

1 -tl_||:.:|_|“__| = I"f.:._l: ':'J.':-I'LI':'I:'IFI:' 1:'-.‘..

where Vgi(wo) = dw /dk is the group veocity of the
signa (idler) wave. Here, Dk(W) depends only on
terms quadratic in W and higher order terms. Broad-
band phase matching can be obtained in any nonlinear
crystal in which the phase-matching conditions are
satisfied for a range of signal wavelengths determined
by the following condition:

Folhn) £ Felhas).

In particular, the broadband phase-matching condition
is automatically fulfilled for degenerate (1 10 = | 20)
collinear type 1 interaction when the group veocities
of the signal and idler waves arc collinear and equal.
Hereinafter, we shall use the term "signa radiation”
with regard to a wave with a lower group velocity
Ves(l 10) £ Vai(l 20), in contrast to the works in which
short-wave radiation ws > w was termed signal radia-
tion (seg, eg., [3]).

We shall use the term ultrabroadband phase match-
ing when, simultaneously with broadband phase-
matching conditions (4-5), the condition at which the
third component in expression (3) becomes zero is sat-
i sfied:

o ds 1 a
—— R g = U (3)

L A TR T
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Here, the wavevector mismatch Dk(W) i< determined
by aterm that is cubic in W and by higher order terms.
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For a particular nonlinear crystal and a predeter-
mined pump wave ength, there are three free parame-
ters: the sgnal (or idler) wavdength and two indepen-
dent angles between the wavevector directions and the
crystal's optical axis. However, three nonlinear egua-
tions (Egs. (4)-(6)) with three unknowns do not aways
have a solution.

To answer the question of the exigence of ultra-
broadband phase matching, as can be seen from ex-
pression (3), it is necessary and sufficient to know only
the dispersion dependences for a particular crystal. The
second derivatives of therefractive index are most sen-
sitive to constants and the form of the Sellmeier disper-
sion relations. Moreover, the group velocity disperson
determines the gain bandwidth at broadband phase
matching (see formulas (1) and (3)).

There is a parameter that helps define the wave-
length range of the pump and the signal at which the
gain bandwidth is maximal. As we will show below,
this parameter isa wavelength | * = 2pc/w*, a which
the second derivative of the wave number of an ordi-
nary wave becomes zero:

-

ek

__[-'u‘*fl = 1l (7

]

We shall call thiswavelength a critical wavdength | *.

1.2. Analysisof Published Selmeier Equations
for aDKDP Crystal

An analysis of three different Sdlmeier equations
for a KDP crystal reported in [18, 25, 26] shows that
they coincide with a fairly good accuracy over a broad
spectral range [24, 27]. Figure 2 illugtrates the depen-
dences of refractive indexes and wavevector deriva-
tives with respect to frequency dk/dw and d’k/dw? for
ordinary and extraordinary waves in DKDP crystals
[18-23]. Additionally, the Sellmeler equation for the
KDP crystal isgiven in thisfigure for comparison [26].
As can be seen from Fig. 2, the disperson characteris-
tics of DKDP crystals taken from different sources
provide greetly differing values of group velocities and
ther derivatives. The angles of interaction and, more
importantly, values of the critical wavelength | * also
turn out to be different.

Figure 2a shows the nonphysical behavior of curve
4 [21] for an ordinary wave in the long-wave range
according to it, the refractive index increases with in-
creasing waveength. This is apparently due to im-
proper choice of the resonance term introduced in
[21]. Disperson dependences of group velocities for
curves 2 and 3 (Fig. 2b, 2¢) sharply digtinguish them
from other curves. This also raises doubts about their
correctness. Curve 5 [22] was obtained from the Sdll-
meer equation for KDP crystal by adding an additive
that is linear both in DKDP deuteration levd and in
wavelength. Therefore, values for the group velocity

1321



1322 LOZHKAREV et al

56 e g T
E.".‘ X he
I . g -
1,506 o [.466 .rin\ et oo F
oy N £ g —N
-\.E' g .:-\.M
s, e
= l4ug - s, I LA S Hodss.
di?ei Uﬂ!?’;_\""é'ﬁ“. N
E{:'-'-_-. : L e T e
. -1 1Er ’ Ao Mgl g
AR ELEES Ldae Tm Qg Y
i y
-‘_—5:5 o 'f'i._
-E' o s}
. - I
] 4si ! —1 i S [ o] | L S R U I TR
157 ———mMmmMm - L3,
(o} ;
&
. gy L8
155 - 1450 i
5 L 5 ;
= P & T\] .o
Boy54500 =1as1f ¥n LT
= - R & : albpgpapoc @Y
= ’ pp Erm of: T W,
% o1ar- T49gep-nppRREA00] ¥ Lam] ¥ Peuagonun®
vhg';_;_]n{'T.?_r;=Ttl ugﬂq
X 3‘:-,‘_‘ -%;;;’qq#¥£
1 .30 1 [ oL 467 i P ST TR T T
4] []‘:!I!' il .04 :'Il SEE
By el B,
Ty Tt €
5 f E Gy N
S0015- g, S E oy "ald S
ri —:é:‘ﬁ;'c L "‘-_ ”l_f";,_. :_*-f_!!,r
z nn".'tﬁ'_ . - M. ‘:'&F—
™y HoE L M S
3 [} = q :'!'_; = = [} " W
= ) 4~ ne i) g o A
oy oarly 2 e
nl i w | e o P
Lomzsh e e 02 - L gl
[ ‘[! i ] I |
|_ " o |
sl 1 [ | hy e J i
03 07 R 11 T8 18 s o 02 1 1.3
Lopm A THH
Fie, 2 Walues ol e loties Todioess g, oo e, ad Desicode ibdatioes Toe RETIP erystal i— 18] (mokfied) S—{23 ], f—| 200, 47211
S—[2E], E—[1F] Catansbiedly [ 19], f—Slomwier ogaatian for KOF crystal [26).

disperson of curve 5 are grictly equal to those for KDP
8, which docs not correpond to the dispersion charac-
terigtics of highly deuterated DKDP crysta's (see [19]).
Curve 7 was obtained for the wavelength range of 400-
690 nm and cannot with reiable accuracy describe the

disperson characterigtics beyond thisrange.

Handbook [24] gives references to two Sdlmeer
equations for DKDP crystals—curves 1 [18] and 3
[20]—dtating that curve 1 provides a better approxima:
tion, while curve 3 is temperature-dependent. Curves 6
and 1 arevery dosein al figures. They were compared
in [18] and dear preference was given to the equation
corresponding to curve 1. The validity of dispersion

characteristic (1) is also supported by the results of
[27], in which the characterigtics of noncritical phase
matching at second-harmonic generation in partialy
deuterated (up to 40%) KDP crystals were studied.

The Sdimeer formulas from [18] were obtained for
crystals with ahigh deuteration level, namey, 96%, and
do not alow one to judge the effect of the deuteration
leve of the DKDP crygal on the parametric interaction
characteristics. Note that the validity range reported in
this work lies within 404.6-1064-nm waveengths.
Therefore, data from [27] also need to be verified ex-
perimentally.

LASER PHYSICS Vol.15 No. 9 2005
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According to [27], the dependence of the refractive A 096 30— 04N 107
Index of the DKDP crystal on the deuteration level D 3= iy gy = [Heet 222 A7 2P0 20 00

can be written in the form

NIy = NS (D (=N (%)
Using the dispersion characteristics from [18] for
DKDP crystal with a deuteration level D = 0.96 and
from [26] for KDP crystal (D = 0), we can write down
an expression for the Sellmeier formula at an arbitrary
deuteration level D:

Rt walarizanan i
& FI [ 26] n PRI Th 1
n & 2. 32658
DEDP [ &] mudifizd i 2240321
1 eonan & 2, 12047

Our experiments show (see below) that expresson
(9) provides the best agreement between theoretically
calculated and experimentally measured values (see
Table 1). We used this expresson to study broadband
phase-matching characteristicsin DKDP crystal.

1.3. Broadband and UltraBroadband Phase Matching
in KDP, DKDP, and BBO

By calculating and studying phase-matching char-
acterigtics such as wavevector vector mismatch Dk(W),
spectral dependence of the gain coefficient, and disper-
s0n dependences of phase-matching angles, it is poss-
ble to determine, for a given pumping, optimal param-

LASER PHY SICS 2005
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eters for broadband amplification in a particular crystal.
Our caculations were made using Sdlmeer formulas
from [26] for KDP; from [181 for DKDP (D = 0.96)—
see Eq. (9—and from [28] for BBO.

Figure 3 illustrates the group veocities of ordinary
waves for the three nonlinear crystals and group veoc-
ities of ordinary conjugated waves versus signal wave-
length for various pump waveengths. The group ve oc-
ity for an ordinary wave in KDP has a maximum at a

waveength of | *«pp =984 nm. For pump radiation with
awave ength shorter than | */2 = 492 nm, the condition
Vo2 > Vg, is satisfied m the shortwave region of the Sg-
na;i.e, | 1<I, wheress for | 3>492 nm (in thelong-
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wave region), | 1 > |, (see Fig. 3d). Figure 3b shows
that, in the DKDP crystal, the critical wavelength is
| *okpe - 1120 nm, and the broadband phase matching
in highly deuterated crystals at a pump wavelength of
| 3 = 527 nm occurs in the short-wavelength region of
the sgnd | 10 £ 1054 nm. For the BBO crysdl, the arit-
ica waveength is | *ggg = 1430 nm. At a pump wave-
length of 527 nm in this crystd, the broadband phase
matching exigts in the short-wavelength region | 19 <
1054 nm (Fig. 3c).

Figure 4 shows the dependences of wavevector mis-
match Dk on the value of frequency detuning n =W?2pc
for several central wavelengths of the signal from the
broadband phase-matching regions at a pumping | 3 =
527 nm. It can be easily seen in Fig. 4athat, in the KDP
crystal, for this pumping the value of the wavevector

mismatch Dk(n) is quadratically dependent on the fre-
gquency detuning, which corresponds to the case of
broadband phase matching (Egs. (4) and (5)). For the
DKDP crystal (deuteration level 96%), the depen-
dences Dk(n) in the range | ; < | , are illustrated in
Fig. 4b. One can sec the dynamics of the quadratic
parabola, which transforms into a cubic one as it enters
the ultrabroadband phase-matching region (I 0 = 910
nm). In the ultrabroadband phase-matching region | ; <
| , for the BBO crystd at 527 nm pumping thereisalsoa
sgnal wavdength | ; ~ 800 nm that corresponds to the
ultrabroadband phase matching (Fig. 4c).

Figure 5 shows the dependences of the gain coeffi-
cient of signa wave intensity G(n) buildup by formula
(1. In our calculations, we took into account that the
value of pump intensity is limited by the threshold of
the crystal resistance to damage by laser radiation and

LASER PHY SICS Vol.15
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chose the crystal length to provide identical amplitudes
of the gain coefficient G = 10° and to have L = 57 mm
(KDP), L = 68 mm (DKDP), and L = 8 mm (BBO). The
dependences were calculated for pump intensity I3 =
1 GW/em? and coefficients of the matrix of nonlinear
susceptibility [24] dzs = 0.39 pm/V (KDP), d3 =
0.37 pm/V/ (DKDP), d = +2.3 pm/V, d; = +0.16 pm/V/
(BBO).

For the KDP crygtd (Fig. 5a) at a pump wave ength

of |3 > | *¢pp/2, the ultrabroadband phase-matching
conditions (Egs. (4}-(6)) are not fulfilled for any signal

LASERPHYSICS Vol.15 No.9 2005
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wavelengths, and the maximum gain bandwidth is
achieved at degenerate phase matching. At the same
time, for the short-wave pumping, for instance, | 3 =

450 nm (I 3 > | *¢pp), in KDP there is a central signa
waveength | ; = 750 nm at which the dependence Dk(n)
becomes cubic. At ultrabroadband phase matching, the
gain bandwidth approximately twofold exceeds that
near the degenerate interaction, and the absolute value
of the gain coefficient of the signal intendty is several
times greater [3].

Figure 5b presents the dependences of the gain codlffi-
cient G(v) in DKDP crystal (deuteration level 96% )
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for a pump wavdength of 527 nm. It can be seen that,
near the point of ultrabroadband phase matching, the
gain bandwidth of the signa considerably increases.
Thefigure also showsthat the effect of deuteration leve
on the gain bandwidth is indggnificant for highly deuter-
ated crystds.

Calculations for the BBO crystal showed that, for
| 3 =527 nm, maximum gain bandwidth is achieved at
a dgna wavelength of ~800 nm (see Fig. 5¢). At the
same time, for a signal wavelength of ~910 nm, pro-
vided that the broadband phase-matching conditions
(Egs. (4) and (5)) are stisfied, the gain bandwidth is
fairly large

Note that the gain band of the optical parametric
amplifier in the broadband and ultrabroadband phase-
matching regions can be enlarged by optimizing the
angle j 13 between the sgnd beam and the pump beam
and the angle g; between the pump direction and the
crystal optical axis. It is seen from Fig. 6 that minor
variations in the angles j 13 and ¢ alow for modifica-
tion of the shape of the dependence Dk(W) into an N-
shape. thereby broadening the gain bandwidth of the
sgna wave[3].

To calculate parametric processes in nonlinear crys-
tals, in addition to the characterigtics considered above,
it isimportant to know the direction of the group vel oc-
ities of interacting waves. It is known that, if the group
velocity directions of a pump wave Vgz and of an idler
wave Vg, are close, then possble inhomogeneities of
the spatial structure of pump radiation significantly
affect the transverse structure of the idler; at the same
time, the signal beam has a smoother transverse inten-
sity distribution [29].

Figure 7 illustrates the dependences of the angle
b3l 10) between Vg; and Vg, when the broadbend phase-
matching condition isfulfilled in different crystasfor a
pump wavdength of |3 = 527 nm. Hee by =
J=-b,j2=]12-]13 and b isthe birdfringence ange

wiaves ¥, o
wevelength Ax = 527 nm: a—KDF cryual, b
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wind Y, o versas sigol wans length b poecben e |
DR ervsial, ¢ B ervsila

of the pump wave (see Fig. 1). Note that, for the KDP
crysa (Fig. 7a), the vaues of the angle bz, are smaller
far from the degenerate phase matching at | 1o ~ 1200 nm,
which is nonoptimal for obtaining maximum gain band
of the signal radiaion. In contragt, for DKDP and BBO
crystalsin thel 1o~ 900-nm signa wavelength range,
the idler and pump waves copropagate with a good
accuracy, which is optimal for generating a high-qual-
ity spatial structure of the sgnal beam.

Summarizing the results of the preceding anayss of
broadband amplification conditions at parametric type
i interaction for KDP, DKDP, and BBO crydtals, we can
formulate the following two rules:

(i) The spectral range in which the broadband phase-
matching conditions (Eqgs. (4) and (5) are satisfied
depends on the ratio between the doubled pump wave-
length 21 3 and the criticd wavdength | *. For the pump
radiation with a wavdength of | 3 > | */2, conditions (4)
and (5) are fulfilled in the long-wavel ength region of
thedgnd,i.e,l 1>, and, atl <1 */2, they arefulfilled
in the short-wavelength region: | ;<1 ».

(ii) In the case of short-waveength pumping (I 5 <
| */2), there is a Sgnal waveength at which ultrabroad-
band phase-matching conditions (4)-(6) are fulfilled. In
the case of long-wavdength pumping (I 3 > | */2), the
ultrabroadband phase-matching condition is never ful-
filled; the maximum gain bandwidth is obtained at de-
generdethreewaveinteractionwhenl ;=1,=2 3.

An anaysis of the data reported in [3] shows that
theserulesare valid for LBO aswdll.

Vaues of the parameters corresponding to broad-
band phase matching in the DKDP crygd for noncoi-
linear type | interaction e(521) ® 0(911) + o(1250),
calculated by two close Sdlmeer equations, and sev-
ea expeaimentally measured values a which the
broadband optical parametric amplification is provided
aresummarizedin Table 1.

1.4. Comparison of KDP and DKDP Crystals
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Figure 8 shows cal culated dependences of the band-
width of the signal on its wavelength for KDP and
DKDP crydals at interaction angles at which the broad-
band phase-matching condition for KDP and DKDP
crysasis satisfied and for the case of optimized angles
at a pump wavel ength of 527 nm.

In the KDP crygtd, the maximum gain bandwidth
~1000 nm™* is obtained near degenerate collinear phase
matching at asignal wavelength of 1054 nm [3], where
no lasers with the pulse duration required for the cre-
aion of petawatt lasers (30 fs and shorter) are available.
In the DKDP crystal, the maximum bandwidth
~2300 nm™ is obtained in the noncollinear interaction
scheme a a sgnal wavd ength of 911 nm and a wave-
length of the conjugated (idler) wave of 1250 nm. This
considerable difference in gain bandwidths of the crys-
tals is due to the fact that, in DKDP, ultrabroadband
phase-matching conditions (7) can be fulfilled when, in
the wavevector mismatch, not only zero and linear
terms but aso the quadratic term become zero. Ti:sap-
phire and Cr:forgerite lasers, the sources of femtosec-
ond pulses, operate at these wavelengths, namdy, at
910 nm and 1250 nm, respectivey [30, 31].

An important point worth mentioning here is that,
when the broadband signa isamplified, theidler wave
is strongly dispersed, as boundary conditions (2)
require. For the external angle between the signa and
idler waves (Fig. 1), the wavelength dependence is
almost linear and is given by the expression
LTI S — ik CONSE A

iy

\Hgpl sl i

However, if theinjected radiation with the central
wavd ength of 1250 nm followsthe linear law of angu-

LASER PHYSICS Vol.15 No. 9 2005

lar digpersion (10), the broadband radiation excited a
optical parametric amplification with a central wave
length of 911 nm will be collimated. This circumstance
provides an additiona degree of freedom when crest-
ing an OPCPA system. Femtosecond Cr:forderite
laser oscillate at a wavd ength of 1250 nm, so it would
b reasonable to use their? as a source of broadband
radiation to be injected into the nonlinear DKDP crys-
tal f se Section 3).

Anocther obvious advantage isthat thereisamost e
linear absorption in the DKDP crystal as compared u
KDP at optimal signal wavelengths for these crystal
[24] (seeFig. 8).

At a pump wavdength of 527 nm, the BBO crystal
also has a broad gain bandwidth in the ultrabroadband
phase-matching region in DKDP (911 nm) (Fig. 5¢)
The effective nonlinearity in BBO is almost one or-
der of magnitude higher than in DKDP; therefore, a
lengl* of the BBO nonlinear dement of one order of
magnitude smaller is needed to obtain the same gain
coefficient as in the DKDP crystal. Thus, the BBO
crystal can be efficiently exploited in preamplification
stages o multiterawatt and petawatt systems, with the
DKDP crystal used in thefind states

2. EXPERIMENTAL INVESTIGATION OF
BROADBAND OPCPA IN DKDP CRYSTAL

In the previous section, we discussed theoretical
aspects of optical parametric amplification of a broad
band callimated signal. To verify the theoretical com-
putations and determine the conditions for broadband
amplification in the DKDP crystdl, it is important to
measure experimentally a family of tuning characters-
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tics, i.e., the dependences of the angles | 13(l 10) and
j 23(l 20) on the angle g; at fine phase matching:

k ki .o/

Our interest in these dependences is due to the fol-
lowing aspects. It is difficult to measure directly the
dependence Dk(W) experimentally. At the same time,
theanglej 1a(1 1) isdetermined by therdation

By differentiating this relaion, we can easly show that,
if broadband phase-matching conditions (4) and (5) are
fulfilled for some values of | 14, j 13, and gs, then
i
)

[ E T

1, while, of wlirabrosdband phasi m,;l:;-l'_inl,

conditions nd derivative

becomes zoro as well; - (k. Therafora, the form
of thetuning curvej 15(1 1) for a certain value of gz al-
lows one to judge the character of the dependence
Dk(W) for the same values of | 15 and g,

Note that the presence of a horizontal region in the
tuning characterigtic being measured for the externa
angley 15(1 ;) uggedstha theangle s wasadjusted cor-
rectly, and the angular dispersion of the injected
wave necessary to obtain a collimated signal can be
found by the dope of the dependencey »(l ») (See ex-
presson (10)).

A schematic layout of the experiment is shown in
Fig. 9. Radiation at | , = 1250 nm from a femtosecond
laser (1) was injected into a DKDP crysta (2), and the
phase-matching angle y , was adjusted by rotating a
mirror (3). To enhance the measurement accuracy of the

LOZHKAREYV et al.

DEDP crystal, 2 marre, & CCD canera 5 lens, 6 Fller, 7

phase-matching parameters, the experiment was con-
ducted at a low pump intensity I3 ~ 1—10 MW/nn,
where the width of the dependence of the gain coeffi-
cdent G (Eg. (1)) on wavevector mismatch DK is mini-
mal. The pump pulse duration was increased up to
15 nsto reiably register the signal; the energy was var-
ied within 5-120 mJ. To increase the spectral bright-
ness, the injecting femtosecond laser operated in the
continuous-wave regime with an average power of
~300 mW, and its wave ength was tuned throughout the
experiment within 1210-1280 nm. The spectra line
width of generation was severa fractions of a nanome-
ter, and the wavel ength was contralled to an accuracy of
+1 nm. The energy of the injected radiation cutoff by
the pump pulse duration was 2.5 nJ in the band center
(I 2c = 1250 nm) and decreased by approximately one
order of magnitude in the limits of the detuning range.
The signa beam was focused onto camera (4) by alens
(5) with afocal length f = 133 mm. Therefore, the cam-
era regigered angle y ; of the signa radiation. Pump
radiation and background radiation were cut off by
light filters (6). A photodiode array (7) was used to reg-
ister the injected wave and to measure the externa
angley ,. The experimental accuracy of the angle mea
surements was +1 angular minute.

The measured values of the central angles of the
phase matching for two deuteration levels,
namely, 89 + 0.3% and 84 + 2% [12. 32], are sum-
marized in Table 1. Figure 10 presents experimentally
obtained tuning characteristics of fine phase matching
in DKDP (D = 0.89 + 0.005) and theoretical curves
calculated by formula (8) for the two closest Sdllmeier
equations (see Table 1).

It is seen from Fig. 10athat curvey 15(l ;) hasahor-
izontal region corresponding to broadband phase
matching. The experimental accuracy of these mea
surements was +0.5 angular minute. Curvey ,3(1 2)
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(Fig. 10b) shows the angular dispersion of the injected
ider wave. The plots demondgrate a good agreement
between the experimental results and theoretical calcu-
lations by dependence (9) at least for highly deuterated
DKDP crygds.

The theoretical results were also experimentally
confirmed in the study of parametric superlumines
cence. A contrasted cone of parametric superlumines-
cence is seen in the far fidd (Fig. 11), suggesting the
presence of broadband phase matching at a given angle
9;. The coincidence of the phase-matching angle of the
signd wave (I 1c = 911 nm) with the superluminescence
cone a injection of theidler wavewith | ;. = 1250 nm

mirad
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indicates that the frequency of the signal gels into the
broadband phase-matching band.

The tuning characterigtic y 13(1 1) can be found by
measuring the frequency-angular spectrum o I the para-
metric superluminescence. Figure 12 shows a family of
tuning characteristics depending on parameter Qs,
which were obtained by superimposing images of the
directional diagram of parametric superluminescence.
The horizontal characterigtic corresponds to broadband
phase matching in the DKDP crystal.

We also sudied the dependence of the propagation
direction of the spectra components of the amplified
signal on the angular dispersion coefficient dy J/dl
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(Table 1) of theinjected radiation [13, 32]. When a col-
limated beam (| 5, = 1250 nm) was injected into a para-
metric converter, the output signal radiation (I 1o =
911 nm) is angle-dispersed (Fig. 13a). When we used a
specially made prism providing the required disper-
sion, the signal beam became collimated, and the signal
spectrum cong derably broadened (Fig. 13b).

Based on this experimental fact, we excluded from
consideration the Sellmeier equations from [20, 22],
which, for 527-nm pumping, predicted broadband
phase matching for a long-wavelength sgna (I 1, 3
1054 nm).

Thus, all the results obtained experimentally (see
Figs 10-13 and Table 1) indicate that Sellmeier for-
mula (9) most correctly describes the properties of the
DKDP crygtd and provides the best agreement between
the cal culated and measured va ues.

3. A0,4-TW LASER BASED ON OPCPA IN DKDP

Based on the results described in the above discus-
sion, we designed a DKDP-based laser system with
OPCPA. Thelaser (Fig. 14) comprises a pump system,
a chirped pulse injection system, a three-stage optical
parametric amplifier, a compressor, and an dectronic
system for laser synchronization, which alowed for
simultaneous propagation of pump pulses and ampli-
fied radiation into the nonlinear crystals[33].

The injection system comprises a femtosecond
source, a stretcher, beam-matching telescopes, and a
prism made of K-8 (BK-7) glass with a vertex angle of
40 degrees to impart a corresponding angular disper-
sion to the injected radiation. The source of the injected
radiation is a femtosecond Cr:forgerite laser with an
average power of ~0.25 W, which generates pulses with
duration ~40 fs and spectral width -400 nm™
(FWHM). The stretcher, with a bandwidth 1000 nm'™,
gretches pulses up to 0.6 ns and introduces negative
third-order dispersion. thereby ensuring compression
of the pulse with awave ength of 911 nm [12].

The optical parametric amplifier is pumped by the
second harmonic of a singlemode single-frequency
Nd:YLF laser with a wavelength of 527 nm, pulse
energy up to 1 J, and pulse duration 1.5-1.7 ns. The
pulse repetition rate was 2 Hz. The intensity of the
pump pulse with a radius of 5 mm at the input of the
optical parametric amplifier bad a nearly uniform trans-
verse digtribution and was ~1 GvW/nm

The three-stage optical parametric amplifier con-
dgts of atwo-pass amplifier OPA (1) and asingle-pass
amplifier OPA (2). The two-stage optical parametric
amplifier [32] performs broadband conversion of
chirped pulses at a conjugated wavelength | 5o =
1250 nm into pulses of signa radiation (I 1o = 911 nm)
and amplifies them in the field of intense pumping. To
wesken the effect of pump pulse divergence on the con-
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version process, the radius of the injected beam was
~1 mm. The second stage of OPA1 broadband ampli-
fication of collimated signal radiation was performed
a the same phasematching parameters as in the first
OPA stage, owing to the corner reflector, which re-
flects the signal, and the roof prism, which reflects
No 9

I|ASFRPHYSICS  Vol. 15 2005

the pump. This makes the adjusment of OPA 1 much
esSer.

On the experimentd setup, we investigated the spec-
tral-angular characteristics of ultrabroadband phase
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matching and the spatial, energy, and tempora param-
etersof sgnal radiation.

The measurements showed a good agreement be-
tween the spectra of the injected idler and amplified
signal in OPA2 radiation for linear amplification
(Fig. 15). Slight narrowing of the spectrum under am-
plification results from a nonrectangular shape of the
pump pulse.

A third gtage of optical parametric amplification in
OPA2 operating in the regime of saturated amplifica-
tion was used to efficiently convert pump energy into
the sgna wave [12]. Figure 16 illustrates the depen-
dences of pulse energy at the output of OPA1 and OPA2
and the gain coefficient of OPA2 on pump energy.

In the nonlinear amplification regime, the intensity
of wings of the signal pulse grew faster than its central
part; asaresult, the spectral width increased (Fig. 15).

This effect was also observed in [34]. Pulses with dura
tion ~70 fs were generated upon signal compression
without fine adjusment of the stretcher—compressor
system [14, 15]. The pulse duration was measured by
means of a SPIDER [35] made by Avesta Project Ltd.
The recongructed pulse and spectrum and the theoreti-
cal Fourier limit are shown in Fig. 17. The pulse energy
at the output of the compressor was 30 mJ.

The results of numerical modeling show that the
100-TW power level can be achieved by adding one
more OPA. 100 mm in diameter with a pump energy of
70J

CONCLUSION

Based on the experiments we performed and the
comparison of theresultswith our theoretical analysis

LASER PHYSICS Vol.15 No. 9 2005
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and the literature, the following main results can be for-
mulated.

7'he validity of data on the Sdimeer formula [18]
with modification (9) has been confirmed experimen-
taly. The broadband optical parametric chirped pulse
amplification conditions in the DKDP crysta pumped
by the second harmonic of a Nd:YLF laser have been
invegigated. Specifically, the spectral-angular charac-
terigtics of ultrabroadband nondegenerate phase match-
ing have been sudied for a 911-nm signal in a DKDP
crysal.

It is shown that the DKDP crystal is more suitable
than the KDP crystal for powerful OPCPA dages in
petawatt lasers. In addition, both the DKDP and BBO
may be used for the first stages of amplification.

A laser with a power of 0.4 TW a a wavelength of
911 nm has been crested, which is based on a
Cr:forgerite laser and optical parametric amplification
in the DKDP crygal. Taking into account the scaling
possihility, the creation of a multipetawatt femtosecond
laser based on OPCPA in the DKDP crystal looks very
promising.
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