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Evolution of coherent hard-x-ray radiation generated in crystalline solids
by high-intensity femtosecond laser pulses
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Recently[Phys. Rev. A52, R21(1995] a process for coherent hard-x-ray generation in crystalline solids
was suggested by us. In the current work the theoretical treatment of this process is formulated in the language
of nonlinear optics. An approximate solution of the coupled Sdimger and Maxwell equations is presented
that governs the creation and the evolution of the x-ray field. The theory generalizes our previous study by
providing a description of the pulse evolution and of the temporal shape of the x-ray pulse.
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The realization of efficient hard-x-ray sources is an un- v 1 .
T+V(r)w. D

solved problem. In a recent papgt] we have proposed a iﬁﬁz %( —inV— E’&p
process for the generation of coherent hard-x-ray radiation in

crystalline solids which is based on the following meCha‘Here,e, m, c. F=(x,y,z), t denote the electron charge, the

nism. A high-intensity laser field creates free electrons in & actron mass. the light velocity, the space coordinate, and

qrystal. The eleqtrons are dressed by the eIecFrpmagnet{He time coordinate, respectively. The vector potential of the
field and can emit hard-x-ray photons due to additional mo-

mentum transfer supplied by electron-lattice scattering. l:\szrc(;éu;nwp f'ﬁ_lﬂe'sffneg?oeni ?jyg‘ipn:egptﬁ'g(l;é?rcgligvgzve-
p p p-

The proposed mechanism is based on the potential of % e and the parametdi=t—v/v. is a retarded time frame
lass of high power femtosecond solid state la$8tssup- b€ e p Yivg
¢ gn p P moving with the group velocity of the pulsey. The phase

porting pulses with peak intensities of about1%/cn? and oo _ A

with durations of some 10 fs. This pulse width is much©f the pump field is defined by =wyt—k,-r, wherew,

shorter than the electron-phonon relaxation time, which is &ndk, are the laser angular frequency and the laser wave

few hundred femtosecond8]. Therefore, in spite of the vector. The parameters, andE, denote the state of polar-

high intensities, the lattice can be supposed to participate iization and the peak value of the electric field strength of the

the laser induced x-ray generation process. laser radiation. Finally, for the pump field the following defi-
In Ref.[1] an estimation for the efficiency of x-ray gen- nitions are assume@,|z andk,|ly. In the Fourier represen-

eration in crystalline solids has been given, however, quesation the lattice potential has the formV(F)
tions related to the pulse shape have not been addressed. TQ%év(d)eig-r, Whered denotes a reciprocal lattice vector.

main goal of this Brief Report is to develop a theoretical\ye assume a model lattice that consists of Coulomb poten-
approach that provides a description of the evolution of theias in a fcc lattice with lattice distana and unit cell vol-
x-ray pulse. This is performed by solving the coupled Sehroyme v =d3. For this model the Fourier coefficients are
dinger and Maxwell equathns approximately. T.he r(_asult 'S\/(§)=4we2/(gzvc). The reciprocal lattice vector is de-
found to be in agreement with our former analyfdi$which noted byézgoé, whereG=(G, G,.G,) is a vector with

's based on th&matrix formalism. jnteger components argh=2x/d denotes the magnitude of

The derivation of the x-ray pulse evolution proceeds a he smallest reciprocal lattice vector. Here, we have assumed
follows. First, the Schidinger equation is solved where the recip ce vector. , We hav U
that the basis vectors of the reciprocal lattice are aligned

lattice periodicity is assumed as a perturbation and the un-I h dz directi
perturbed wave functions are Volkov solutions. From the sod'0ng thex, y, andz directions. - .
In the presence of the laser field an electron current is

lutions of the Schrdinger equation the transition current is A ;
determined[4]. The transition current is used as a Sourcegenerated. Due to the high intensity of the laser pulse only

term for the generation of x-ray radiation in the Maxwell terms containing the vector potential of the laser radiation

equations. The resulting wave equation is solved by suppoéﬁJlre taken m;o account, 'Ifhelrefore the fe'e‘.’af“ p_art of the
ing that the electromagnetic field which is created during ghéurrent density for the emission of x-ray radiation is
crystal-laser interaction takes the form of a Borrmann mode 2
[5]._These are the modes which experience minimum losses j= —nee—,&pReE VY, )
during propagation in the crystal. mc T

The electron wave functioW in a strong laser field and a
periodic lattice potential is described by the Sciinger wheren, is the number of free electrons. The indi¢eand f
equation denote the initial state of the electron after the ionization and
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the final state of the electron after the emission of an x-rayhe laser field is much stronger as compared to the effect of
photon, respectively. In Eq2) we have assumed that all the lattice atoms. Neglecting the influence of the lattice the
electrons originate with zero velocity. This assumption hasvave function for the free electron is a Volkov solution
proven to be very successful in describing high harmonic
generation in gasg$].

The propagation of the x-ray signal is described by the - N
Maxwell equations, which contain the current density as a
source term for the generation of x-ray radiation. Eliminatin L > : .
the magnetic field cgmponents in theBI/vIaxweII equations, tk?érhe function a(t) = aqe,T(T/7) characterizes the coupling

propagation of the electric field component of the x-ray ra-Of the free elecron fo the laser field, withy
L = . ) =eEp/(mwf)). The quantities/, w, andk denote some nor-
diation, E, is governed by the wave equation

malization volume, electron angular frequency, and electron

wave vector, respectively. The effect of the lattice periodicity

— & —E=— . ©) on the Volkov wave function is taken into account by using
co dat ¢ at perturbation theory and yields

v = iefi(wtfli-F)*ilz-&(t)Si“Dp_ 5

2
e 1 0. 4m7 0.

From x-ray diffraction theory it is known that x-ray radiation

in a periodic lattice experiences high absorption losses, withsy — LB if A3k e (@1t —kun) —ia(®) Kysin(wpt—ky 1)
the exception of waves coupled via Bragg reflection. Bragg (2m)° W=

coupling results in the formation of a standing wave pattern . . S o
perpendicular to the direction of propagation. The transmis- Xf dtlf d3r e (@iti—kiro) +ialty) kysin(wpty —kp r1)
sion losses are minimized for Bragg waves that fulfill the —w —

Borrmann conditiori5]; i.e., the state of polarization of the .

X-ray rad|at|qn is parallel to the atqmlc plane respon3|ble for % Z weid":le_K“’tl_lz'Tl)_i‘;(tl)'lzsm(‘”ptl_lzp":l)_
Bragg coupling and the nodal points of the standing wave 5 ifi

pattern coincide with the atomic lattice sites. As x-ray gen-

eration is only efficient for low transition losses, we choose (6)

for the analysis of Eq(3) an ansatz function for the elec.tri_c The integrals in Eq(6) are evaluated utilizing the same as-

field of the x-ray radiation which contains the Cha_raCte”S“Cssumptions as in Ref1]. After performing the integrations

of a Borrmann mode. The Wa_lve_vector, the C|rcu_lar fre'over dt;, d3r,, and d®k, the perturbed wave function is
quency, andathe state of polarlz*atlon of the x-ray field A8nserted in Eq.(2). To obtain the final expression for the
denoted bylk,|=w,/c, w,, ande,, respectively. For the transition current density the sum over all final states in Eq.
Borrmann ansatz the following assumptions are used. The) has to be evaluated. The sum is reexpressed by using the
vector responsible for Bragg coupling=(g,,0,0) is as- energy and momentum conservation relations and the elec-
sumed to point in thex direction. Then, the wave vector of tronic differential phase space elemaém(2)3dk which

the x-ray field has the forrk,=(g,/2,k,,0), wherek, is the  yields the correspondences— V/(27)3g3G%dw,d €,/

y component of the x-ray wave vector. For the direction of(7w,). Here, the differential phase space element of the
polarization of the x-ray field we assunégHéXH Z. With the glectron in the final state has been expressgd by the d.ifferen—
above definitions the ansatz for the electric field componential solid space angled(), and the relative bandwidth

of the xray field can be written as E dw,/w, of the x-ray signal. In the f!nal expression only
_ E(y,t)éxsin(gxx/2)sin(th—kyy) [7]. The pulse envelope of terms containing the functional dependence

i ! : . sin@@/2)sin(w,t—kyy) for Borrmann propagation are re-
the x-ray field is denoted bj_E(y,t). Inserting th? ansatz tained. Combination of Eqg2) and (3) yields the electric
function in Eq.(3) and applying the slowly varying wave

approximation, an equation for the pulse envelope is obfield component of the x-ray fiel& = — 27/ w,Je, . Finally,
tained that is inserting the transition current in this expression we obtain

d 2wy d\- i i E—n S(T) dw, dQ, @
- ZkVW_?E exE(y,t)sin(wyt —kyy)sin(g,x/2) Ep ek o, 7'
4w . where k=ra¢\,/(73d?), and the parameteis;, r,, and
= r E‘]' (4) \p are the fine structure constant, the classical electron ra-

dius, and the wavelength of the pump laser, respectively. The

The equation describes the generation and propagation offgnction S(T) is defined by the sum

spectrum of x-ray frequencies which differ in the magnitude T T

of ky. In Ref.[1] it has been found that the threshold inten- S:f(_) > JM(é.épaogof(_> ) (8)

sity for x-ray generation is lowest fdt,=0. Therefore the T/Mm,G T

rest of the paper is devoted to the analysis of the wave equa- o

tion (4) for k,=0. The summation inde¥ denotes theMth order of the fun-
The source for the current densitidsare free electrons damental pump frequency,, and is related toG by

that have been created in ionization by the intense laser fieldhe condition for energy conservation, i.eM=%g5G?/

The electrons can be regarded as quasifree as the influence(@maw)) + o/, .
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Near the threshold the sum in E§) can be further modi- erage intensityl,,=I,7,/7 we get l,, =160 MWi/cnt.
fied to obtain a simple expression for the temporal shape ofhis is in reasonable agreement with the average intensity
the x-ray pulse. Using the approximationy(\z) per pump pulse obtained in Rél], I,,=270 MW/cnt.
~\MJIu(2) [8] in Eq. (8) gives In conclusion, we have investigated the generation and
evolution of x-ray radiation in crystalline solids by high
. power femtosecond pulses. The periodic potential of the
S= % [f(T/T)]MHZ Im(G-€paogo)- ©) crystal lattice is important for two reasons. First, the momen-
G tum transfer due to the lattice periodicity enhances the effi-
From Eq.(9) an estimation for the x-ray pulse lengthcan  ciency of the x-ray generation. Second, in the presence of the
be obtained. The lowest possible order Mfin the x-ray lattice potential the x-ray modes with minimum absorption

generation process is determined by the threshold number §1SS€s are selected via Bragg coupling. In this paper a theo-
the absorbed pumflase) photonsM = w, /w, . Inserting retical formalism has been developed which contains both
X P

. . ~12 the generation and the propagation of the x-ray field. The

Muy in Eq. (9) we obtainz, <M ;""r. o elec'?ron in the laser fieldpis%e%;cribed by quantalm mechan-

For the numerical evaluation of the x-ray radiation yield oo Approximate solution of the Schiimger equation is sub-
we ha\(e cho_sen the same parameters as in Rgf.ie., stituted in the transition current which is used as a source
crystalline LiF W'th. d=0403 nm, laser wa\./eleng.th term for x-ray generation in the Maxwell equations. Solution
Ap=800 nm, pulse widtiv=30 fs, and pump peak intensity ¢ the coupled equations gives a formula determining the
| ,=7>10"° W/cn?. The rest of the parametersIEqU|red for generated x-ray pulse intensity. Assuming a laser pulse inten-
the _e(\slaluatlon of Eq.(81) are doy/w,=2x10"" dQy iy of 7% 1016 Wicn? and a laser pulse length of 30 fs we
=10"°, andne=1.0x10", which corresponds to one free ;piain an average x-ray intensity per pulse of 160 MW/cm
electron per unit cell in the interaction volurf@]. To get an and a peak intensity 5 10° W/cn.
estimation for the peak intensity of the generated x-ray ra- )
diation I, the guantityS,,,,=S(T=0) is evaluated numeri- This work was partly supported by thesterreichische
cally, which givesS,,,,=15. Inserting these parameters in Nationalbank Jubilamsfundprojekt No. 5124 and the Hun-
Eq. (7) we finally get ,/I,=(E/E,)?=1Xx10"" or I,  garian National Science Research FY@TKA) Grant Nos.
=7X10°W/cn?. E-012199 and T-016865. T. B. is supported by thsted

Converting the peak intensity of the x-ray field to an av-reichische Akademie der Wissenschaften, APART Grant.
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