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AMPLIFICATION OF SHORT LASER PULSES BY RAMANBACKSCATTERING IN CAPILLARY PLASMASI. Y. Dodin *, G. M. FraimanInstitute of Applied Physi
s, Russian A
ademy of S
ien
es603950, Nizhnii Novgorod, RussiaV. M. Malkin, N. J. Fis
hPrin
eton Plasma Physi
s Laboratory, Prin
eton, NJ 08543, USASubmitted 1 April 2002Short laser pulses 
an be signi�
antly ampli�ed in the pro
ess of Raman ba
ks
attering in plasma inside anoversized diele
tri
 
apillary. A diele
tri
 
apillary allows obtaining high intensities of the output radiation bysustaining e�
ient ampli�
ation on large distan
es 
ompared to the di�ra
tion length. The e�
ien
y of the in-tera
tion between the pump wave and the ampli�ed pulse is shown to be not 
riti
ally sensitive to the transversestru
ture of the wave �elds. For a quasi-single-mode initial seed pulse and a low pump intensity, the ampli-�ed pulse tends to preserve its transverse stru
ture due to nonlinear 
ompetition of the 
apillary eigenmodes.At a high power of the pump wave, multi-mode ampli�
ation always takes pla
e but the growth of the frontpeak of the pulse still follows the one-dimensional model. The Raman-ba
ks
attering instability of the pumpwave resulting in the noise ampli�
ation 
an be suppressed in detuned intera
tion by 
hirping the pump waveor arranging an inhomogeneous plasma density pro�le along the tra
e of ampli�
ation. The e�
ien
y of thedesired pulse ampli�
ation does not signi�
antly depend on detuning in the 
ase of a smooth detuning pro�le.Density inhomogeneities are shown to exert less in�uen
e on the ampli�
ation within a 
apillary than in theone-dimensional problem. Parameters of a future experiment on the Raman ampli�
ation of a short laser pulseinside a 
apillary are proposed.PACS: 52.35.Mw, 52.38.Bv1. INTRODUCTIONLaser intensities inside 
onventional ampli�ers arelimited to gigawatts (GW=109 W) per 
m2, abovewhi
h a nonlinear modi�
ation of the material refra
-tion index 
auses una

eptable distortions of the laserpulses [1℄. The 
hirp pulse ampli�
ation te
hnique al-lows in
reasing the output intensities by means of thelongitudinal 
ompression of laser pulses after their am-pli�
ation [2℄. The 
ompression is usually performedby means of metalli
 di�ra
tion gratings, whi
h 
ansurvive intensities not larger than tens of TW=
m2(TW=1012 W) [1℄. One of the most promising ways forfurther in
reasing the output intensities 
onsists in us-ing the advantages of plasma te
hnology [3℄. Repla
ingall the major elements of the ampli�
ation�
ompressions
heme by one element 
ontaining fully ionized plasma*E-mail: idodin�pppl.gov


apable of a
ting as the stret
her, the nonlinear ampli-�
ation medium, and the 
ompressor simultaneously, is
heaper and more adequate 
ompared to the extensivedevelopment of traditional solid-state devi
es.Currently, signi�
ant attention is attra
ted to theproblem of generating ultraintense laser pulses in plas-mas by means of the Raman ba
ks
attering pro
ess [3℄.In this pro
ess, the seed pulse ampli�
ation follows theresonant ex
itation of a plasma wave provided by thebeating of the seed pulse and the 
ounter-propagatingpump wave. The pump wave energy is primarily in
ompression of the latter. By means of the resonantme
hanism dis
ussed in this paper, the ampli�ed pulseduration 
an be de
reased to the period of Langmuiros
illations. In what follows, we term su
h pulses asshort, whi
h 
orresponds to a femtose
ond laser pulseduration for realisti
 experimental 
onditions. (Asshown in Ref. [4℄, ampli�
ation of even shorter pulses723 4*
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ks
attering, whi
h remainsout of the s
ope of our study, although represents a pro-
ess 
omplementary to the Raman intera
tion of laserwaves.)Compared to its solid-state analogues or plasmaampli�ers utilizing the intera
tion of 
o-propagatingpulses, the s
heme allows faster ampli�
ation, highermaximum output wave intensities, higher thresholdsfor developing plasma instabilities, and better limitsfor the nonlinear pulse 
ompression. Be
ause of a rela-tive simpli
ity of the experimental implementation, theRaman-ba
ks
attering pulse ampli�
ation in plasmas
an su

essfully 
ompete with more 
ompli
ated te
h-niques of generating femtose
ond laser pulses [2℄.Conventionally, the problem of short laser pulseampli�
ation in the Raman ba
ks
attering pro
ess inplasmas is 
onsidered in the framework of a one-dimensional (1D) problem, and the transverse stru
-ture of the pulse is negle
ted [1; 3; 5℄. But the transversee�e
ts 
an be
ome important in the experimental im-plementation of the ampli�
ation s
heme and furtherpra
ti
al appli
ations. The study of the transverse ef-fe
ts was re
ently started for the pulse intera
tion inva
uum [6℄, where the ampli�
ation e�
ien
y is sig-ni�
antly limited by the transverse di�ra
tion of theampli�ed pulse. An e�
ient intera
tion in a boundlessmedium is only possible on distan
es small 
omparedto the di�ra
tion (Rayleigh) length zR � kR2, wherek = 2�=� is a 
hara
teristi
 wavenumber of the seedpulse and R is its 
hara
teristi
 transverse s
ale. Af-ter the ampli�ed pulse passes the distan
e z � zR,di�ra
tion in
reases the transverse s
ale of the pulse,and therefore, lowers its intensity, whi
h results in ade
rease of the intera
tion e�
ien
y.In order to maintain high intera
tion e�
ien
y atlarge spatial s
ales 
ompared to zR, additional laserpulse fo
using must be applied. Be
ause of the highintensities of the ampli�ed radiation, 
onventional di-ele
tri
 lenses 
annot adequately fo
use the ampli�edpulse. The problems of the refra
tion index distortionor even the diele
tri
 medium breakdown, whi
h mighto

ur, 
an be eliminated using the 
hannelling proper-ties of a diele
tri
 
apillary that plays the role of anopti
al waveguide for both the pump wave and the am-pli�ed pulse. (A similar te
hnique is often used in otherRaman media for pulse ampli�
ation with signi�
antlylower wave intensities [7; 8℄.) In oversized (R � �)diele
tri
 
apillaries, the �eld amplitude de
reases tothe edges of the transverse waveguide 
ross-se
tion andalmost equals zero on the inner wall of the tube [9℄.Therefore, it is possible to have a �eld amplitude higherthan 
riti
al (with respe
t to the breakdown of the di-

ele
tri
 material of the waveguide walls) in the 
enterof the 
apillary without damaging its walls. These andother properties of 
hannelling laser pulses in the pro-
ess of the Raman ba
ks
attering ampli�
ation withina diele
tri
 
apillary are the main subje
t of this paper.The paper is organized as follows. In Se
. 2, wegive the basi
 equations des
ribing Raman ba
ks
at-tering in plasmas. In Se
. 3, we revise some aspe
ts ofthe 1D Raman ampli�
ation problem. We 
onsider the
apillary problem in Se
. 4, where we develop a modeapproa
h allowing quantitative and simple qualitativeunderstanding of some phenomena o

uring during thelaser pulse intera
tion inside a 
apillary. We also gen-eralize the 
onventional 1D linear theory of pulse am-pli�
ation by 
onsidering the intera
tion between the
apillary modes of the ampli�ed pulse and dis
uss someaspe
ts of sele
tive mode dis
rimination in 
apillaries.Single- and multi-mode ampli�
ation regimes are dis-
ussed in Se
. 5 in detail. In Se
. 6, we dis
uss theproblem of detuned ampli�
ation. Some numeri
al es-timates and the summary of the main ideas are givenin Se
. 7. Spe
i�
 features of the 
ylindri
 diele
tri

apillary are dis
ussed in the Appendix.2. BASIC EQUATIONSEquations for ve
tor ele
tri
 �elds des
ribing parax-ial propagation of laser pulses along the z axis 
an bewritten as (see, e.g., Refs. [10; 11℄)�ta+ 
�za� i
22!ar2?a = !pbf; (1)�tb� 
�zb� i
22!br2?b = �!paf�; (2)�tf + iÆ!f = �!2 by � a; (3)where the ve
tors a and b represent the slowly 
hang-ing amplitudes of the respe
tive ele
tri
 �eldsEa = me
!ae fia exp(ikaz � i!at) + 
.
.g;Eb = me
!be fib exp(ikbz � i!bt) + 
.
.g (4)of the pump and the seed pulse, and f is the normalizedpotential of the plasma wave ele
tri
 �eldEf = k(0)f me
!pe ff exp(ikf z � i!f t) + 
.
.g; (5)where k(0)f = kf=kf ; kf = z(0)(ka � kb);724
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ation of short laser pulses : : :!f = !a � !b = !p � Æ!:Here, !p =s4�nee2meis the plasma frequen
y, ne is the ele
tron density,and e and me are the ele
tron 
harge and mass re-spe
tively. We assume the rare plasma 
onditions(!p � !a � !b � !) and kf�D � 1, and therefore,ka;b � !a;b=
 and the dispersion of plasma waves 
anbe negle
ted (�k!f � 0). In terms of the dimensionlessamplitude a, the pump intensity isIa = �
(me
2=e)2jaj2=�2 == 2:736 � 1018jaj2=�2 [�m℄ W/
m2;see Ref. [6℄.It is useful to introdu
e the dimensionless equations��a+ �za� i(1 + �)r2?a = bf; (6)��b� �zb� ir2?b = �af�; (7)��f + iÆ!f = �by � a; (8)where � = !a � !b!b � !p! � 1;the time � is measured in the units t0 = p2=!!p, thelongitudinal 
oordinate z is measured in the units 
t0, fis measured in p!=2!p, the transverse 
oordinate � ismeasured in the units 
(2!p!3)�1=4, and the detuningÆ! is measured in the units t�10 .For further analysis, it is 
onvenient to introdu
ethe 
oordinate � = � + z (in what follows, this 
hangeof variables is 
alled the shift to the referen
e framemoving together with the ampli�ed pulse at the speedof light). To des
ribe the strongly nonlinear regime ofthe ampli�
ation of a 
ompressed pulse, it su�
es tokeep only the �-derivatives of a and f (the so-
alledquasistati
 approximation [1; 3℄); the basi
 equationsthen be
ome 2��a� i(1 + �)r2?a = bf; (9)��b� ir2?b = �af�; (10)��f + iÆ!f = �by � a: (11)In the 
ase of zero detuning, the basi
 equations areinvariant under the transformationa! Ca; b! Cb;

f ! Cf; � ! �=C; � ! �=C; �! �=pC:Therefore, the spe
i�
 value of the pump amplitudea0 = a(z ! �1) is in fa
t not important in the sensethat the �eld dynami
s for another value of a0 
an beobtained by a simple res
aling.3. THE ONE-DIMENSIONAL PROBLEMFor better understanding of the qualitative phenom-ena to be dis
ussed in relation to the Raman ba
ks
at-tering inside a 
apillary, it is useful to revise the ba-si
 aspe
ts of the 
onventional 1D problem �rst (seeRefs. [1; 3℄ for a detailed dis
ussion). During the lin-ear stage of ampli�
ation, when the pump depletion isnegligible, a � a0 = 
onst, the solution of Eqs. (6)�(8)
an be obtained by the Lapla
e transformation and isgiven by [1℄b(�; z) = ��� Z G(� � � 0; z)b(� 0; 0)d� 0;G(�; z) = I0(2p�);� = �a20�z; (12)where we assume zero detuning (a 
onstant detuning
an be removed from the evolution equations; the 
aseof the linear detuning �zÆ! = 
onst is 
onsidered inRefs. [1; 5℄ in detail). We note that the spatial 
oordi-nate �z plays the role of time in Eqs. (12) measuringthe interval between the initial and the 
urrent posi-tions of the ampli�ed pulse propagating along the zaxis with a �xed velo
ity equal to the speed of light.For � � 1, we haveG � exp(2p�)=2q�p�:In the original variables,� = a20!!p(t+ z=
)(�z)=2
;and the maximum of G is therefore rea
hed atz = �
t=2; it in
reases with the peak growth rate
 = a0p!!p=2 as exp(
t).Linear approximation (12) is valid until�(�) = Z b(z; �)dzremains small 
ompared to unity; a nonlinear solutionis formed for larger �. Be
ause of the pump depletion,only the front part of the seed pulse is then ampli-�ed, whi
h leads to the e�e
tive 
ompression of thepulse. Eventually, as the pulse be
omes su�
ientlyshort, the quasistati
 approximation (Eqs. (9)�(11))725
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omes valid, and for the real 
onstant pump, the so-lution is therefore given bya = a0 
os(U=2);f = �p2a0 sin(U=2);b = ��U=p2; (13)where U satis�es the sine-Gordon equation�2��U = a20 sinU: (14)Equation (14) has a family of self-similar solutions(Fig. 1) U(�; �) = U(�) that satisfy the equations�U�� + U� = sinU; (15)or U�� + U�=� = sinU; � = 2p�; (16)where we equate � with a20�� be
ause of the quasistati
approximation. It is 
onvenient to 
onsider the solutionof Eq. (16) in the plane (U;U�), whi
h 
an approxi-mately be treated as the phase plane of a nonlinearos
illator with the e�e
tive dissipation determined bythe term U�=� (Fig. 1). The absolute maximum of theself-similar solution grows in time asbmax � a20�(1 + ln(4p2�=�0))�1; �0 � �(0)� 1;and the lo
ations of the pulse maxima 
hange as�max � 1=bmax:The self-similar solution U(�) in Eqs. (15), (16) 
or-responds to the initial 
onditionsb(z; � = 0) � b0(z) = �0Æ(z); (17)whi
h imply thatU(� = 0+) = �0; U 0(� = 0+) = 0;and whi
h are therefore appli
able for all � to the left ofthe initial lo
ation of the seed pulse in the frame mov-ing together with the ampli�ed pulse. We now 
onsiderwhat happens when the spatial s
ale of the ampli�edpulse �(�) be
omes 
omparable to its initial spatials
ale �0 � �(0) and the delta-approximation for ini-tial 
onditions (17) therefore be
omes invalid. In this
ase, �0 = +1Z�1 b0(z0) dz0does not determine the solution, and new initial 
ondi-tions for a self-similar pro�le must then be applied. The

front pulse fa
es the unperturbed pro�le of the pumpwave. Qualitatively, pump depletion be
omes signi�-
ant (Æa=a0 � 1) starting only with � = ��, where �� isdetermined by the 
ondition �(��(�)) � 1, with�(�) = �Z�1 b(� 0; �)d� 0: (18)(To make a rough estimate, we 
an equate �� to thelo
ation of the �rst maximum of b(�; �) at a 
urrent in-stant � .) Therefore, linear solution (12) remains validfor � < ��. In the 
ase where the spatial s
ale of theGreen's fun
tion G is large 
ompared to the spatials
ale of the initial pulse, Eq. (12) 
an be written asU = �(�)G(�): (19)On the other hand, be
ause the self-similar solutionrepresents an attra
tor, its formation still o

urs start-ing from the end of the linear stage, where its pro�le
an be obtained from linearized Eq. (15) and is given byU = �effG(�); (20)where �eff is some 
onstant. At the lo
ation where thelinear stage ends and the self-similar solution starts,i.e., at � = ��(�), the two solutions in Eqs. (19) and(20) must mat
h, whi
h de�nes �eff (�),�eff (�) = �(��(�)): (21)As long as �(�)� �0, we have�eff � �0 = 
onst:But when the nonlinear 
ompression makes �(�) 
om-parable to or less than�0, �eff 
an be
ome signi�
antlysmaller than �0. If �eff (�) is 
hanging su�
iently slowly,su
h that the self-similar pro�le has enough time to setup on the entire length of the pulse, the entire solu-tion remains 
lose to the self-similar one with the only
hange that it is now parameterized by time-dependentquantity (21) (Fig. 2). But if �eff (�) is 
hanging fast,the self-similar solution may not be able to form, andtherefore, does not represent an attra
tor. Sto
hasti
behavior of the ampli�ed pulse stru
ture is observed inthis 
ase.In the approximation of geometri
 opti
s, when thepulse propagation is 
onsidered at small distan
es 
om-pared to the Rayleigh length zR � kR2, the di�ra
tion-
aused distortion of the transverse stru
ture of laserpulses 
an be negle
ted. In this 
ase, 1D quasi-self-similar solutions are formed on geometri
 rays 
onsti-tuting the �eld of the ampli�ed pulse. The spatial pro-�les of the ampli�ed pulse that are then formed have a726
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Fig. 1. Self-similar pro�les of ja(�)j=a0 (dotted de
ay), jf(�)j=a0 (dotted growth), jb(�)j=�a20 (solid line) for �0 = 0:01 andthe behavior of the self-similar solution on the (U ,U�) plane (dashed line represents the solution without the �fri
tion� termU�=�); � = 2(a20!!p(t+ z=
)(�z)=2
)1=2

0 20 40 60 80

2

4

6

8

10

12

γt

bmax/a0

Fig. 2. The amplitude of the ampli�ed 1D pulsemaximum normalized to the amplitude of the pumpwave (bmax=ja0j) as a fun
tion of 
t � ja0j� forb0(z) = �0 exp(�z2=z20)=p�z0: a delta-shaped ini-tial pulse (z0 ! 0, self-similar pro�le with �xed�0 = 1:3 � 10�2, dashed line) and a �nite-width initialpulse (z0 = p5, quasi-self-similar pro�le with �eff (�),solid line)shape similar to nested horseshoes. But for pulse tra
esz > zR, the di�ra
tion terms in Eqs. (6)�(11) be
omesigni�
ant and must therefore be taken into a

ount(see Se
. 5).4. THE MODE APPROACH TO THENON-ONE-DIMENSIONAL PROBLEMWe 
onsider the pump wave a and the ampli�edpulse b given by a series in the normalized eigenmodes s, h mj ni = Æmn,a = RXn an(z; �) n(r?);b = RXm bm(z; �) n(r?); (22)

where R is the radius of the 
apillary, whi
h we in
ludeas a normalization fa
tor to make the amplitudes anand bm dimensionless (see the Appendix for the expli
itform of  n for a diele
tri
 
apillary). By de�nition, theeigenfun
tions  s satisfy the equationr2? s + �2s n = 0; (23)where �s is the transverse wavenumber of the s-theigenmode. From Eqs. (6)�(8), we obtain the equationsfor the amplitudes an and bm,(�� + �z + iÆ
(a)n )an =Xm fnmbm; (24)(�� � �z + iÆ
(b)n )bm = �Xn anf�nm; (25)where Æ
(a)n = �2n(1 + �); Æ
(b)m = �2m(or Æ
(a;b)n = (
�n)2=2!a;b in dimensional variables)and fnm = h njf j miare dimensionless transverse moments of the plasmawave pro�le satisfying(�� + iÆ!)fnm = �Xk; l Cnklmalb�k; (26)with 
onstant dimensionless 
oe�
ients given byCnklm = R2h nj yk �  lj mi == R2 Z d2r?( yn � m)( yk � l): (27)The eigenmode approa
h 
an be useful only in the
ase where the modes are 
oupled weakly, whi
h 
or-responds to the 
ase of a strong waveguide disper-sion. Otherwise, the number of modes to be taken727
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onsideration be
omes in�nite. If the 
hara
ter-isti
 tra
e z0 of the pulse evolution is large 
omparedto the Rayleigh length zR, Eq. (26) 
an be redu
ed to(�� + iÆ!)fnm = � Cnm1 + Ænm (anb�m + amb�n);Cnm � Cnmnm � 0; (28)where we assume the eigenfun
tions to 
ontain 
om-plexity in polarization fa
tors at most, but not in thefun
tional dependen
e of the transverse 
oordinates(for simpli
ity, below we ignore the fa
t that Cnm 
anbe equal to zero for modes of the opposite polarization).Equations (24), (25), and (28) represent a 
ompletelyde�ned Lagrangian set of equations that 
an be usedfor obtaining the amplitudes of resonantly intera
tingmodes of the three waves a, b, and f in the 
ase ofweak 
oupling (see below).The important 
on
lusion following from Eqs. (24),(25), and (28) is that for every pair of modes of thepump and the seed, an and bm, the resonant plasmawave harmoni
 fnm 
an be generated to provide 
ou-pling of the two ele
tromagneti
 waves. This is a spe-
i�
 feature of light s
attering on a 
old plasma wavefor whi
h the spatial resonan
e 
onditionka = kb + kfis satis�ed automati
ally be
ause the waveve
tor kf re-mains arbitrary for the given frequen
y !f � !p. Forthe s
attering on any other low-frequen
y wave f forwhi
h the waveve
tor depends on its frequen
y !f , themultiple mode intera
tion on the quadrati
 nonlinear-ity is impossible.The presen
e of the amb�n term in Eq. (28) is respon-sible for a possible parasiti
 resonan
e, whi
h 
an be ex-plained as follows. We 
onsider the intera
tion betweenthe n-th mode of the pump an and the m-th mode ofthe seed pulse bm generating the resonant plasma wavefnm with the longitudinal wavenumberhnm = ka � kb � Æ
(a)n � Æ
(b)m :For very small � � !p=!b (namely, for � . zR=z0,where z0 is the 
hara
teristi
 spatial s
ale of the pulseevolution), we have hnm � hmn, where hmn is thewavenumber of the plasma wave fmn resonant to thebeating wave of the modes am and bn, whi
h providesan additional 
oupling of these two pairs of ele
tromag-neti
 waves. For example, in the 
ase where the pump
ontains the modes a1 and a2 and the seed pulse 
on-tains only b1, the se
ond seed harmoni
 b2 = O(a�2a1b1)is generated. This e�e
t 
an already be
ome importantat the linear stage of the intera
tion in a multi-mode

pump, be
ause it alters the in
rements of the linearRaman ampli�
ation.We now use the developed mode approa
h to 
on-sider the linear stage of the pulse ampli�
ation insidea 
apillary in terms of the equation�� (�� � �z � ir2?)b = a(ay � b) (29)whi
h dire
tly follows from Eqs. (7) and (8) with zerodetuning Æ! and with a 
onstant pump a. The right-hand side of Eq. (29) 
an be 
onsidered as the result ofapplying the linear operator bA = aay to the ve
tor b,and therefore, Eq. (29) 
an be rewritten ash�� (�� � �z + iÆ
(b)m )� 
2mi bm = Xn6=mAmnbn;Amn = h mjbAj ni; (30)where 
m = pAmm represents the in
rement of the lin-ear ampli�
ation of the m-th partial waveguide mode.In an arbitrary waveguide, for a single-mode pump,an = Ænsa, the matrix elements Amn are of the orderof a2 for n;m � 1 and Amn = A(jm�nj) for n;m� 1,where the fun
tion A(k) � a2 for k � 1 and de
ays asits argument grows.The eigenmodes of the empty waveguide are 
ou-pled via the pump inhomogeneity. Only for the uniformpump, the matrix Amn is diagonal and the right-handside of Eq. (30) is therefore zero. For a nonuniformpump, whi
h is only possible inside a 
apillary, the ef-fe
t of mode 
oupling always o

urs. In the 
ase ofa weak intera
tion (
m � Æ
(b)m ), the eigenwaves ofsystem (30) are 
lose to its partial waves, and the in-
rements of the eigenwaves are approximately given by
m, m = 1; 2; : : :1 (here, we negle
t the e�e
t of theparasiti
 resonan
e dis
ussed above). For the single-mode pump, an = Ænsa, all the in
rements are of theorder of a and are independent of m for m� s. Spe
if-i
ally, for pulse ampli�
ation on the lowest mode of thepump in a diele
tri
 
apillary, s = 1, we have
m � 
1
1 < 0:16:Hen
e, the in
rements of ampli
ation of all the wave-guide modes are 
lose to ea
h other at the linear stageof intera
tion.Variations of the pump transverse stru
ture do not
hange the intera
tion e�
ien
y signi�
antly. For ex-ample, without the possible parasiti
 resonan
e takeninto a

ount, the ampli�
ation in
rement of the m-th728
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rement of the m-th eigen-mode in the 
ase of weak intera
tion) is given by
m =sXn Cnmjanj2; (31)whi
h implies that ea
h mode of the pump ampli�esea
h mode of the seed, be
ause Cnm > 0 for all n andm. The higher modes of the pump amplify the seedwith approximately the same e�
ien
y as the lowerones, be
auseCnm=Cmm � 
onst � 1 for n� m:This e�e
t originates in the fa
t that the wave intera
-tion inside a 
apillary is not a three-wave but a multi-wave pro
ess, where the e�e
tive energy ex
hange be-tween every pair of the pump and the seed modes ispossible.Be
ause the in
rements of the linear ampli�
ationare approximately the same for all waveguide modes,the linear stage of pulse ampli�
ation 
annot providesigni�
ant enhan
ement of the signal-to-noise ratio.This is true, however, only if the energy losses (whi
hhave not been taken into a

ount yet) are negligible atthe distan
e of pulse propagation, whi
h might not bethe 
ase in real experiments. In an oversized 
ylindri
aldiele
tri
 
apillary, the energy losses are mostly radia-tive and 
an be in
orporated into the model by intro-du
ing the spatial de
rements of individual modes [9℄,�nm � ��m;n2� �2 �2R3 (32)(see the Appendix for the notation). The spatial s
aleof the exponential de
ay ��1s de
reases with the modenumber s roughly as s�2, and for 
1 ' �1, only thelowest mode 
an be ampli�ed and the ampli�
ationof the higher modes is suppressed. This implies thatthe radiative energy losses essentially result in a sele
-tive mode dis
rimination, whi
h 
an provide the single-mode operation regime.Additional mode dis
rimination 
an o

ur in rel-atively narrow waveguides, where the group velo
itysubstantially di�ers from mode to mode. After the am-pli�ed pulse passes the distan
e z & Lpulse(kR)2, whereLpulse is the length of the pulse, the wave envelope 
or-responding to the lowest mode leaves the envelopes ofthe higher modes behind. The front envelope then hasa preferential opportunity of absorbing the energy fromthe pump wave. Be
ause the pump is signi�
antly de-pleted by the lowest mode, the higher ones are left withless energy to absorb, whi
h also maintains the single-mode ampli�
ation regime.

5. SINGLE- AND MULTI-MODEAMPLIFICATIONThe 
ondition of a weak intera
tion (or the 
ondi-tion of a strong waveguide dispersion)
 � Æ
(b);a� a
rit; a
rit =q2=!!p(
�)2=2!; � = �=R;
an be treated as follows. The in
rement of the pulseampli�
ation 
 � ap!!p determines the spread of theampli�ed pulse spe
trum Æh � 
=
. As long as Æh re-mains small 
ompared to the spe
tral gap between theindividual modes,�h � Æ
(b)=
 � 1=kR2;the waveguide eigenmodes do not overlap, and hen
e,represent a good basis for developing the mode ap-proa
h in the linear theory. In this 
ase, the eigen-modes of 
oupled system (30) remain 
lose to the par-tial waves of the empty waveguide. This implies thatan initially single-mode seed pulse remains single-modeon the entire duration of the linear stage.The next question is what happens after the linearstage, when nonlinear 
ompression 
omes into play pro-viding its own spe
trum broadening. We 
onsider thesingle-mode initial 
onditions for the seed pulse, e.g.,b(0)m = b(0)1 Æm1. Until the end of the linear stage, thehigher mode amplitudes remain small 
ompared to b1.Then, it is the mode b1 that passes from the linear tothe nonlinear regime �rst, be
ause its amplitude is thelargest. (Here, by the nonlinear regime of an individ-ual mode, we mean the ability of this parti
ular modeto deplete the pump, whi
h might have already beendistorted by other modes at the moment.) In the labo-ratory frame, the maximum of the wave envelope movesapproximately with the speed of light in the nonlinearregime, but in the linear one, the e�e
tive pulse velo
-ity is su�
iently lower. For example, as follows fromthe linear theory of pulse propagation in a 
onstantpump (Se
. 3), the maximum travels with the speedequal to half the speed of light. The higher mode en-velopes (remaining in the linear regime) are thereforeleft behind the envelope of the �rst mode. The e�e
-tive amplitude of the pump aeff < a0 determining thein
rements of the higher modes is de
reased by the �rstmode. Be
ause the �rst mode suppresses the growth ofthe higher modes, the waveguide dispersion e�e
tivelyresults in a nonlinear 
ompetition of the modes tend-ing to sustain the single-mode operation. We 
all thise�e
t the mode elasti
ity, be
ause the strongest mode729
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Fig. 3. Evolution of jb1(�)j=ja0j (solid line) and jb3(�)j=ja0j (dotted line); the planar-waveguide s
alar problem;b(0)m = 0:1a0Æm1, a(0)n = a0Æn1, R = �=pa0; b2 � 0 be
ause of symmetry; the shots 
orrespond to 
t � ja0j� = 0; 5; 15; 50.Strong waveguide dispersion provides nonlinear 
ompetition of the modes in the nonlinear regime of ampli�
ation. Althoughthe small amplitude b3 appears at the linear stage, it is left behind the wave envelope b1 later. Ampli�
ation of b3 is thenslowed down by the pump depletion provided by b1tends to dominate in the nonlinear stage of ampli�
a-tion, thereby preserving the transverse stru
ture of thepulse.The evolution of the two lowest modes having thehighest amplitudes is shown in Fig. 3. (To show the ro-bustness of the mode 
ompetition me
hanism, numeri-
al 
al
ulations demonstrating the single-mode ampli-�
ation were performed for a � a
rit.) In this 
ase, thesingle-mode ampli�
ation also 
ontinues in the nonlin-ear regime, ensuring that the problem remains essen-tially one-dimensional. We 
an see the formation ofthe self-similar pro�le, whi
h represents the attra
torof the single-mode operation, similarly to the 1D prob-lem. The energy distribution inside the ampli�ed pulse(whi
h determines the e�e
tive pulse length) averagedover the 
apillary 
ross-se
tion is given in Fig. 4.The qualitative arguments given above lead to the
on
lusion that the formation of the single-mode opera-tion regime in the 
ase of a strong waveguide dispersionis stable with respe
t to �u
tuations of the seed pulse.Neither the �u
tuations of the pump transverse stru
-ture 
an in�uen
e the single-mode operation be
auseall the modes of the pump wave provide approximatelyequal e�
ien
ies of the energy transfer into the ampli-�ed pulse, as dis
ussed in Se
. 4.The nonlinear 
ompetition of the modes 
onstitut-
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Fig. 4. The normalized energy integral distributionwithin a quasi-single-mode ampli�ed pulse (averagedover the 
apillary 
ross-se
tion): up to 50% of thepulse total energy is 
ontained within the �rst peak;the parameters are the same as in Fig. 3, 
t = 40ing the ampli�ed pulse remains e�
ient only until thehigher modes enter the nonlinear stage of ampli�
a-tion. After that, their envelopes 
at
h up with thewave envelope of the �rst mode and ruin the tail ofthe single-mode stru
ture (Fig. 5). But the front of theampli�ed pulse always remains in the linear regime (seealso Se
. 3), whi
h provides its single-mode stru
ture.730
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Fig. 5. Chara
teristi
 spatial pro�les of the ampli�edpulse jb(�; �)j in the 
ase of a strong waveguide dis-persion (planar waveguide). At the �rst stage of thenonlinear ampli�
ation, the waveguide dispersion leadsto the 
ompetition of modes, whi
h supports the single-mode ampli�
ation. Later, the higher modes also enterthe nonlinear regime, 
at
h up with the wave envelopeof the �rst mode, and ruin the stru
ture of its tail. Thefront of the pulse always remains single-mode, however,be
ause it always stays in the linear regime, where thegrowth of the higher modes is suppressed by a strongwaveguide dispersionIn the other limiting 
ase, where the intera
tionbetween the pump and the ampli�ed pulse is strong(
 � Æ
(b), or a� a
rit), the pulse is signi�
antly am-pli�ed on a small distan
e 
ompared to zR, i.e., beforethe di�ra
tion e�e
ts 
ome into play. The waveguidewalls 
annot then in�uen
e the formation of the pulsestru
ture at the �rst stage of ampli�
ation, and a so-lution 
lose to those formed in boundless va
uum isprodu
ed. Va
uum solutions [6℄ are shaped as nestedhorseshoe stru
tures resulting from the transverse in-

Fig. 6. Quasi-va
uum (horseshoe) nonlinear solu-tions for jb(�; �)j in the 
ase of the strong pump(a � a
rit); the planar-waveguide s
alar prob-lem: upper � R = 10�, a0(�) = sin(��=R),b0(�; �) = 0:1 sin(��=R) exp(�(� � 4)2=0:5), � = 20;lower � R = 100�, a0(�) = 2 sin(��=R),b0(�; �) = 0:1 sin(2��=R) exp(�(� � 4)2=0:5),� = 10homogeneity of the pulse and the pump (Fig. 6). Onevery geometri
 ray, a self-similar pro�le is formed withits own �0(�) (or �eff (�)), whi
h determines the longi-tudinal spatial stru
ture of the pulse at given �. At theedges of the ampli�ed pulse, the amplitudes of both aand b are smaller than in the 
enter of the system, andthe longitudinal spatial s
ales are larger 
orrespond-ingly.In the frame moving together with the front of theampli�ed pulse (at the speed of light), the longitudi-nal lo
ations of the pulse maxima �max(�) are boundedby the position of the front of the seed pulse �0. Onthe other hand, the nonlinear 
ompression provided bythe preferential ampli�
ation of the front of the pulse�pushes� the tail of the pulse from behind to � = �0,whi
h implies that �0 represents the limit of �max(�)for all �. The front of the horseshoe stru
ture therefore731
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Fig. 7. Deterioration of the horseshoe solution jb(�; �)jas � ! 1 and �attening of the front of theampli�ed pulse (the planar-waveguide s
alar prob-lem, R = 10�=pa0, a0(�) = a0 sin(��=R),b0(�; �) = 0:1a0 sin(��=R) exp(�(� � 4)2=0:5)):
t � a0� = 20, 90 
orrespondingly; dark regions 
or-respond to larger jbjtends to �atten as � !1.Although stable on small distan
es 
ompared to zRand robust with respe
t to the stru
ture of the seed (seealso Ref. [6℄), the horseshoe solution deteriorates insidethe waveguide at z & zR, where the di�ra
tion be-
omes signi�
ant (Fig. 7). The very front of the horse-shoe, however, always remains in the linear regime, andtherefore maintains its regular shape. In the 
enter ofthe waveguide, the front peak of the ampli�ed pulsegrows similarly to the self-similar solution of 1D prob-lem (16) (Fig. 8), whi
h allows using the 1D modelfor estimating the maximum amplitude of the ampli-�ed pulse. The energy distribution inside the ampli�edpulse (whi
h determines the e�e
tive pulse length) av-eraged over the 
apillary 
ross-se
tion is given in Fig. 9.At large t, the averaged energy longitudinal distribu-tion be
omes a smooth fun
tion (
f. Fig. 4), and it istherefore di�
ult to distinguish the individual peaks ofthe ampli�ed pulse. On average, the energy be
omesdistributed over a length that is signi�
antly largerthan the length of the �rst peak.
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Fig. 8. The maximum amplitude of a horseshoe-typepulse normalized one the amplitude of the pump wave(jb(�; �)jmax=ja0j) as a fun
tion of time 
t � ja0j�(solid line). The dotted line represents a 1D solutionwith �eff (�) for b0(�; R=2) (the same initial 
onditionsas in Fig. 7). The front peak of the ampli�ed pulsegrows similarly to the one of the 1D self-similar pro�lewith de
reasing �eff
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|a0|ζFig. 9. The normalized energy integral distributionwithin a horseshoe-type ampli�ed pulse (averaged overthe 
apillary 
ross-se
tion): 
t � ja0j� = 20 (solidline) and 
t = 90 (dashed line); the same parametersas in Fig. 7. For larger 
t, the averaged energy distri-bution be
omes a smooth fun
tion (
f. Fig. 4), and itis therefore di�
ult to distinguish the individual peaksof the ampli�ed pulse. On average, the energy is dis-tributed over a length that is signi�
antly larger thanthe length of the �rst peak6. SUPPRESSING NOISE AMPLIFICATION INDETUNED INTERACTIONBe
ause of the extreme e�
ien
y of the Ramanba
ks
attering, whi
h makes the fast 
ompression pos-sible, delivering the pump wave energy to the seed pulsethrough the amplifying plasma layer represents a signif-732



ÆÝÒÔ, òîì 122, âûï. 4 (10), 2002 Ampli�
ation of short laser pulses : : :i
ant 
hallenge. As the pump traverses the plasma layertowards the seed pulse, the fast Raman ba
ks
atteringof the pump by thermal Langmuir waves or ele
tromag-neti
 �u
tuations existing inside the plasma layer or
oming from outside 
an lead to a premature pump de-pletion. The problem is aggravated by the fa
t that thelinear Raman ba
ks
attering instability of the pump(responsible for the unwanted noise ampli�
ation) hasa larger growth rate than its nonlinear 
ounterpart (re-sponsible for the useful ampli�
ation of the seed laserpulse).To see how signi�
antly the thermal �u
tuations
an limit the maximum ampli�
ation gain of the seedpulse, we 
onsider the ampli�
ation at the identi
allyzero detuning of the three-wave intera
tion. After a
ertain period of time tm, the ampli�
ation gainDm � eGm ; Gm = 
tm;be
omes su�
ient for thermal �u
tuations to depletethe pump wave substantially, and further ampli�
ationof the seed pulse is then suppressed. The dimensionlessquantity Gm depends on the plasma temperature anddoes not depend on the amplitude of the pump wave.The maximum ampli�
ation of the desired signal withrespe
t to a0 is then given bybmaxa0 � 2Gmp21 + ln� 4�0p2�� (33)and is independent of the amplitude of the pump. ForGm � 20, the ele
tromagneti
 wavelength � = 1�m,the initial pulse duration 50 fs, and the initial pulsepower density P = 1013 W/
m2, we obtain that themaximum ampli�
ation that 
an be a
hieved in a pumpof an arbitrary intensity before the noise is ampli�ed tothe level of suppressing the pump is bmax=a0 � 6.Nevertheless, through a nonlinear �ltering me
ha-nism identi�ed in Ref. [5℄, it is possible to suppress theunwanted instability of the pump wave without sup-pressing the desirable seed pulse ampli�
ation. The�ltering e�e
t o

urs be
ause the pumped pulse dura-tion de
reases inversely proportional to the pulse am-plitude in the nonlinear regime. The pulse frequen
ybandwidth in
reases with the pulse amplitude, andthe growing nonlinear instability 
an therefore toleratelarger and larger external detuning from the ba
ks
at-tering resonan
e. Be
ause the linear instability, i.e.,the exponential growth of thermal �u
tuations, has anarrower bandwidth, �ltering the desired signal 
an bea
hieved by arranging for an appropriate 
ombinationof the detuning and nonlinear e�e
ts. A slight fre-quen
y detuning 
an be equivalently provided either by

the pump 
hirping or by inhomogeneity of the plasmadensity along the tra
e of the pulse ampli�
ation re-sulting in variations of the plasma frequen
y involvedin the three-wave resonan
e 
ondition.While the exa
t solution for a delta-pulse ampli�-
ation problem obtained in Ref. [5℄ pre
isely deals withthe linear pro�le of frequen
y detuning, we use an ap-proximate analysis in this se
tion to des
ribe how thepulse ampli�
ation develops in the 
ase of an arbitrarydetuning pro�le. For this, we �rst 
onsider the linearstage of ampli�
ation of a weak pulse b governed by theequation (�� � iÆ!)(�� � �z)b = ja0j2b (34)(without the loss of generality, we temporarily negle
tthe transverse stru
ture and the polarization of theampli�ed pulse for qualitative 
on
lusions). Using thequasistati
 approximation and assuming the detuningto 
hange slowly along the tra
e of the pulse propaga-tion, we 
an treat Æ! as a slow fun
tion of time � [5℄.We perform the Fourier transformation of Eq. (34),b = Z b�k exp(i�kz)d�k;and takeb�k(�) =  (�) exp0�i �Z0 Æ!(� 0) + �k2 d� 01A ; (35)to transform the equation for the amplitude of the pulsespatial harmoni
  to the form� d2d�2 + w2(�)� = 0;w2 = i
� +
2 � ja0j2; 
 = (Æ! ��k)=2: (36)In a

ordan
e with the assumption of a smooth de-tuning pro�le, we takeq(�) = Æ!�ja0j2 � 1:Outside the regions where 
2 is 
lose to ja0j2, the ef-fe
tive �frequen
y� w 
an be estimated asw =p
2 � ja0j2 + i
�2p
2 � ja0j2 ; (37)and the ampli�
ation gain is given byD � eG; G � Z Imw d�733
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2 > ja0j2, G dependson the length of the tra
e of the pulse propagation loga-rithmi
ally, and the ampli�
ation gain is therefore neg-ligible in the adopted approximation. Thus, the totalampli�
ation gain is given byG � Z
2<ja0j2 pja0j2 �
2(�) d�: (38)For the detuning monotoni
ally 
hanging along thetra
e of the pulse propagation, Eq. (38) 
an be writ-ten asG � 2ja0j Z
2<ja0j2 s1� 
2ja0j2 d
jq(
)j � �jqminj ; (39)where jqminj stands for the minimum rate of the de-tuning evolution on the tra
e of ampli�
ation. As 
anbe seen from Eq. (39), the upper limit of the total am-pli�
ation gain on the entire tra
e of the pulse prop-agation is independent of �k (in
luded in the de�ni-tion of 
 over whi
h the integration is performed). Forq = 
onst, we have D � exp(�=jqj);as obtained in Ref. [5℄, and therefore, D itself is inde-pendent of �k.We 
an also generalize Eqs. (38), (39) to the 
ase ofoblique propagation of the pulses, des
ribing the ampli-�
ation of the ele
tromagneti
 noise 
oming from out-side the system. The only di�eren
e is then that thegroup velo
ity of the ampli�ed harmoni
 di�ers fromthe speed of light, whi
h results only in a rede�nitionof �k and does not a�e
t the form of the �nal result inEqs. (38) and (39) if q(�) is 
al
ulated relative to thea
tual traje
tory of the ampli�ed pulse.Equations (38) and (39) predi
t that ea
h harmoni
of a given frequen
y and a wavenumber is ampli�edonly inside the region where the three-wave resonan
e
onditions are satis�ed in the sense that 
2 < ja0j2 (or,in dimensional variables, (Æ! � 
�k)2=4 < 
2). Theidea of the approa
h given here is similar to the oneproposed by Rosenbluth and Pilia (see, e.g., Ref. [12℄),who estimated the total linear ampli�
ation gain forstationary waves in an inhomogeneous medium withthe wavenumber detuning but with the temporal res-onan
e 
ondition satis�ed exa
tly. The di�eren
e be-tween the two 
ases is that instead of the wavenumberdetuning, the frequen
y detuning is important for theRaman pulse ampli�
ation in inhomogeneous plasmas.For the Raman ba
ks
attering in a 
old plasma, thewavenumber resonan
e 
ondition is satis�ed automati-


ally, be
ause a plasma wave is allowed to have an ar-bitrary wavenumber, although it os
illates at a 
ertainfrequen
y !p.The 
on
lusion that follows from the obtained resultis that the detuning pro�le along the pulse ampli�
a-tion tra
e 
an be 
hosen su
h that the noise ampli�
a-tion is suppressed above a 
ertain level determined byEq. (38). Monotoni
ally 
hanging the detuning allowsa stronger suppression, be
ause there exists only oneregion for a given harmoni
 where the ampli�
ation o
-
urs. In this 
ase, the requirement for the 
hara
teristi
jqj to ensure that the noise is not ampli�ed up to thetransition to the nonlinear stage but the desired signalis (R b(z)dz & 1, see Refs. [1; 3℄) 
an be formulated as�Gm � jqj � �ln 1�0 ; (40)q = 

2 � Æ!�z � 1014LÆ�P ;1LÆ = 1!p �!p�z + 12!p
 �!a�t ; (41)where the 
hara
teristi
 spatial s
ale LÆ of the detun-ing evolution due to the plasma inhomogeneity (the�rst term in Eq. (41)) and the pump 
hirping (the se
-ond term) is measured in 
m, the wavelength � is mea-sured in mi
rons, and the pump power is measured inW=
m2.The next problem is how the frequen
y detuningin�uen
es the desired signal ampli�
ation in the non-linear regime. We now show that it does not as long asthese variations remain su�
iently smooth. To provethis, we 
onsider the 
hange of variablesa = ~a;b = ~b exp(iÆ!(� + z));f = ~f exp(�iÆ!(� + z)); (42)leading to the following 1D form of Eqs. (6)�(8):��~a+ �z~a = ~b ~f;��~b� �z~b� i(� + z)qa20~b = �~a ~f�;�� ~f = �~a~b�: (43)These equations are equivalent to Eqs. (6)�(8) with zerodetuning if q = 0. The physi
al meaning of the formal
hange of variables (42) is as follows. The 
arrier fre-quen
ies of the seed pulse and the plasma wave are
hosen su
h that the three-wave resonan
e 
ondition issatis�ed lo
ally, ~!a � ~!b(z) = ~!f (z); (44)734
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ation bmax(�)at di�erent frequen
y detuning pro�les Æ!(�) == 2(1+th((��100)=�0)): q = 2=(a20�0) = 0:22, 0:44,0:74, 1:1; a0 = 0:3. (The larger q is, the lower thegraph goes at � > 100.) For q � 1, the ampli�
atione�
ien
y de
reases in the region where the detuningevolves relatively fast (100 < � < 150), while at smallq (e.g., for q = 0:22), the ampli�
ation pro
eeds ex-a
tly as in the 
ase of zero detuning for all �where ~!b(z) = !b + Æ!(z); ~!f (z) � !p(z)are fun
tions of spa
e, and the 
arrier frequen
y of thepump wave ~!a = !a is left un
hanged. It is only thegradient of the detuning that enters Eqs. (43), and the
onstant part of Æ! enters the initial 
onditions for theseed pulse only.In the frame moving together with the seed pulse(� = z + �), in the quasistati
 approximation [3℄, thebasi
 equations 
an be written as2��~a = ~b ~f;��~b� i�qa20~b = �~a ~f�;�� ~f = �~a~b�; (45)whi
h implies that the term 
orresponding to the de-tuning is negligible 
ompared to the nonlinear drivewhen the overfall of the detuning �(Æ!) on the lengthof the pulse is small 
ompared to 1=� . Be
ause�(Æ!) � qa20�pulse;where the 
hara
teristi
 length of the pulse is �pulse �� 1=a20� at the nonlinear stage of intera
tion [3℄, the
ondition of negligible detuning be
omesjqj � 1: (46)The obtained 
ondition for e�
ient ampli�
ation ofshort pulses was tested numeri
ally. It 
an be seenfrom Fig. 10 that for q � 1, the ampli�
ation e�
ien
y

de
reases in the region where the detuning evolves rel-atively fast, while at small q (e.g., for q = 0:22), theampli�
ation pro
eeds exa
tly as in the 
ase of zero de-tuning for all � , exa
tly as predi
ted by the qualitativearguments given above.The obtained results imply that for short pulses,ampli�
ation 
an be e�
ient on the entire tra
e of theintera
tion with the pump wave. The integral varia-tion of Æ! (or the maximum frequen
y detuning am-plitude experien
ed by the pulse on its tra
e of ampli-�
ation) does not signi�
antly in�uen
e the ampli�
a-tion e�
ien
y if the detuning evolves smoothly alongthe tra
e of ampli�
ation. Condition (46) only requiresthe bandwidth of the wave envelope�!b to grow due tothe nonlinear 
ompression su�
iently fast for the lo
al-resonan
e frequen
y !a�!p(z) to lie within the ampli-�
ation line. For growing jqj that approa
hes unity, theintera
tion be
omes nonresonant, and the pulse ampli-�
ation 
eases. If q de
reases, the pulse ampli�
ationdevelops similarly to the solution with a 
onstant de-tuning. The degenerate 
ase where q = 
onst andthe ampli�
ation e�
ien
y depends on the amplitudeof the initial pulse logarithmi
ally is dis
ussed in detailin Refs. [1; 5℄.In a real experiment, transverse plasma inhomo-geneities must be taken into a

ount in addition to thedetuning provided by pump 
hirping and longitudinalvariations of the plasma density. It is important thatthe dependen
e of Æ! on the transverse lo
ation low-ers the sensitivity of the intera
tion e�
ien
y to theaverage detuning (over the 
ross-se
tion). In the 1Dproblem, as shown above, the pulse ampli�
ation 
anbe entirely suppressed by large gradients of the plasmadensity. But in the 
ase where the plasma density also
hanges in the transverse dire
tion, a radial position�� su
h that Æ!(��) = 0 exists at every 
ross-se
tion ofthe pulse traje
tory. The pulse 
an extra
t energy fromthe pump wave in the vi
inity of � = ��, although theintera
tion remains ine�
ient far from this point. Thislo
al pulse ampli�
ation 
annot be entirely suppressedby large detuning that might exist at other radial posi-tions. This fa
t determines a higher robustness of thepulse ampli�
ation in inhomogeneous plasmas in 2Dor 3D systems than in the 1D 
ase. In the 
ase wherethe ampli�
ation o

urs inside a 
apillary, the pulseenergy is mixed in the transverse dire
tion be
ause ofthe re�e
tion of ele
tromagneti
 waves from the wallsof the waveguide, whi
h eventually results in a nonlo
alampli�
ation of the waveguide eigenmodes, i.e., in theampli�
ation of the entire pulse.735



I. Y. Dodin, G. M. Fraiman, V. M. Malkin, N. J. Fis
h ÆÝÒÔ, òîì 122, âûï. 4 (10), 2002Sample parameters for the Raman ampli�
ation insidean oversize diele
tri
 
apillaryWavelength � 1 �mEle
tron density ne 1019 
m�3!=!p 10Radius of 
apillary R 50�Di�ra
tion length zR 0.16 
mInverse de
ay rates ��1nm 60/40 
mTra
e of ampli�
ation 1.2 
mPulse duration 40 psa0 0:006Pump intensity 1014 W/
m2Pump power 4 � 109 WAmpli�
ation length 
=
 0.12 mmSeed pulse duration 100 fsSeed pulse intensity 1014 W/
m2�0 0:25Ampli�
ation fa
tor bmax=a0 20Ampli�ed pulse intensity 3:5 � 1016 W/
m2Ampli�ed pulse power 1:4 � 1012 WThe refra
tion index of 
apillary walls is taken n = 1:5;the pump wave intensity 
orresponding to a = a
rit is1:4 � 1011 W/
m2, and the ampli�ed pulse is therefore ofthe horseshoe type; the inverse spatial de
ay rates ��1nm are
al
ulated for the two most slowly de
aying modes.7. DISCUSSIONChara
teristi
 parameters of the proposed Raman-ba
ks
attering pulse ampli�
ation experiment are givenin the Table. For the wavelength � � 1�m and the ra-dius of the 
apillary su�
iently large for the radiationenergy losses to be negligible, the single-mode oper-ation 
an only be provided by low pump intensities,whi
h do not allow signi�
ant ampli�
ation on a rea-sonable (
entimeter size) intera
tion length. At pumpintensities higher than the 
riti
al one, multi-mode so-lutions are formed.The parameters given in the Table 
orrespond tothe maximum possible ampli�
ation gain at the givenwavelength and the ele
tron density limited by su
h ef-

fe
t as the Langmuir wave breaking and the forwardRaman s
attering instability [1; 3℄, whi
h remained outof the s
ope of our study and represent the �eld offurther resear
h in the 
ontext of the 3D Raman s
at-tering problem. As regards the modulation instability,it is expe
ted to be suppressed for the proposed pa-rameters be
ause the 
riti
al power of the ampli�edpulse self-fo
using P
rit = 17(!=!p)2 GW [3℄ is equalto 1:7 � 1012 W, whi
h is less than the power of theampli�ed pulse.In summary, using a diele
tri
 
apillary for 
han-neling laser radiation in a Raman ampli�er provides asigni�
ant advantage as regards maintaining high in-tera
tion e�
ien
y at distan
es larger than the di�ra
-tion length, whi
h allows obtaining higher intensities ofthe output radiation. In addition, various me
hanismsof sele
tive mode dis
rimination and nonlinear 
ompe-tition of 
apillary modes are provided by the trans-verse waveguide dispersion, but 
annot be a
hieved inboundless va
uum. Although the presen
e of the 
ap-illary walls 
an in�uen
e the stru
ture of the pulse, itdoes not alter the ampli�
ation of the front peak of thepulse, whi
h 
arries a signi�
ant amount of the totalenergy of the pulse.We �nd that depending on the intensity of thepump, two possible regimes of operation 
an be real-ized within a 
apillary, namely, the single-mode andthe multi-mode pulse ampli�
ation. For a low pumpwave intensity, when the single-mode operation is pos-sible, the problem admits the resonant mode approa
hthat we develop in this paper. We also develop the lin-ear theory of pulse ampli�
ation inside a 
apillary bygeneralizing the 1D linear problem. Contrary to theintuitive expe
tations, we show that the pulse ampli�-
ation e�
ien
y is not 
riti
ally sensitive to the trans-verse stru
ture of the pump wave, and therefore, bothlower and higher modes of the pump provide approxi-mately the same ampli�
ation rates of the seed pulse.We generalize the me
hanism of avoiding the pumpwave instability (resulting in the noise ampli�
ation)by 
hirping the pump wave or inhomogeneous plasmapro�le along the tra
e of the pulse propagation [5℄ inthe 
ase of an arbitrary smooth detuning pro�le. Weshow that as the noise ampli�
ation 
an be suppressedby detuning, the latter does not alter the ampli�-
ation of the desired pulse as long as the detuningpro�le remains su�
iently smooth. We 
on
lude thatguiding laser pulses through the 
apillary provides anadditional robustness of the intera
tion e�
ien
y withrespe
t to transverse inhomogeneities of the plasmadensity.736
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h (grants 01-02-17388, 02-02-06258).APPENDIXWaveguide modes of a diele
tri
 
apillaryThe waves 
hannelled by a diele
tri
 
apillary 
anbe separated into the surfa
e and the waveguide-typewaves [13℄. A slow surfa
e wave propagates withoutdissipation inside the diele
tri
 walls of the tube withthe wavenumber h =p�k2 + �2� ;where � is the diele
tri
 permittivity, �� � 1=d is thewave transverse wavenumber, and d is the width ofthe 
apillary wall. Outside the diele
tri
, the �eld ofthe surfa
e wave de
ays exponentially with the spatialde
rement�0 =ph2 � k2 =p(�� 1)k2 � �2� � kfor kd� 1. Therefore, at the distan
e of several wave-lengths from the wall, the surfa
e wave �eld essentiallyequals zero, and as regards the intera
tion of pulses in-side the 
apillary, the impa
t of the surfa
e wave �eld
an be negle
ted.Waveguide-type waves propagate inside the 
ap-illary, with the 
hanneling provided by re�e
tion ofwaves from the inner surfa
e of the 
apillary diele
tri
wall. For paraxial propagation (k � 1=R), the re�e
-tion 
oe�
ients of most of the waveguide-type wavesare 
lose to unity. The only ex
eption is given by sev-eral waves with transverse wavenumbers 
lose to theresonant ones, for whi
h the diele
tri
 walls of the givenwidth are transparent. Unless the 
apillary transversesizes are maintained with high pre
ision, whi
h is notusually the 
ase for the appli
ations similar to the Ra-man ampli�er, these resonan
es disappear be
ause ofthe random 
orrugation of the wall surfa
e. In this 
ase,all the waveguide-type waves 
an therefore be treatedas slowly de
aying ones.In the �rst-order approximation, the boundary 
on-ditions for the ele
tri
 and magneti
 �elds on the innerwall of the diele
tri
 
apillary (under the assumptionof the negligible de
ay rate) are given byEr(R) = Hr(R) = 0(see [13℄). The transverse stru
ture of the ele
tri
 �eldis then given by

 m;n;�1 = p�1p� Jm�1(�m�1; nr=R)RJm(�m�1; n) exp(im�); (47)wherep�1 = �(0) � ir(0)p2 = (y(0) � ix(0)) exp(�i�)p2are unit polarization ve
tors and �m�1; n are the rootsof the Bessel fun
tions (Jm�1(�m�1; n) = 0). Eigen-modes (47) are normalized su
h thath m1; n1; j1 j m2; n2; j2 i = Æm1;m2Æn1; n2Æj1; j2 ; (48)where m1;2 stand for the azimuthal indi
es, n1;2 standfor the radial indi
es, and j1;2 determine the polariza-tion of the modes. The de
ay rate �n for the n-th mode
an be obtained in the se
ond order of the perturbationtheory under the assumption of the known transversestru
ture of the mode. Expli
it expressions for �n aregiven in Ref. [9℄ (see also Se
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