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Tunable Radiation Source through Upshifting without lonization
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A mechanism for generating electromagnetic wakes of infrared radiation by a short laser pulse,
propagating through an underdense plasma in the presence of a magnetostatic undulator, is described.
As opposed to the undulator radiation, produced when a charged particle bunch propagates in a periodic
magnetic field, here a laser pulse is used instead of the particle bunch. This mechanism for a tunable,
plasma-based radiation source does not rely on ionization or photoswitching. It is also found that,
in the presence of a static periodic magnetic field, long laser pulses become modulationally unstable,
generating an electromagnetic wake. [S0031-9007(98)05667-1]

PACS numbers: 52.40.Nk, 52.75.Va

High-power tunable far infrared (FIR) radiation is an im- laser pulse, propagating througipeformedplasma in the
portant research tool in various scientific applications, suclpresence of a static undulator. Plasma electrons experience
as atomic physics, nonlinear dynamics of semiconductors ponderomotive kick from the laser, giving them axial
and biophysics. Relativistic electron beams propagatingnomentum. The magnetic field of the wiggler couples
through periodic magnetic fields (undulators) are used tavith the longitudinal motion of the electrons to produce
generate FIR radiation [1] to fill in the “technology gap” in transverse acceleration, causing them to radiate in the axial
the spectrum left by the traditional laser sources. To makeirection. As in undulator radiation, a “radiation zone,”

a beam radiate coherently in the FIR, it should either ini+oughly defined as the extent of the laser pulse, propagates
tially consist of subpicosecond microbunches or becomevith relativistic speed in the direction of the undulator pe-
bunched further along the undulator via a self-consistentiodicity. Here, however, the Doppler upshift is caused by
interaction with amplified spontaneous emission (FEL)the group velocity of the laser pulse instead of the, typi-
The FEL requires a high-current high-quality beam. In ei-cally small, axial velocity of the plasma electrons. LURI is
ther case, Doppler upshift, which depends on the electroamitted by mostly stationary (although transversely accel-
energy, provides tunability. erated) plasma electrons. The practical viability of LURI

An effective Doppler upshift can be achieved in a sta-as a future table-top radiation source will depend critically
tionary medium with appropriately introduced spatiotem-on the availability of ultrahigh power, high-repetition rate
poral correlations [2]. This concept is realized in severakhort-pulse lasers.
radiation sources, which are based on free electrons, but This Letter describes, for the first time, h@lectromag-
do not require relativistic electron beams [3—5]. In theseneticwakes can be generated by a laser pulse in a plasma-
devices the dc electric field is converted into radiation byfilled undulator. In contrast with thelectrostaticwake
rapidly changing the number of free carriers. In a gaseouat w, in unmagnetized plasma [6], or Cerenkov radia-
medium this is accomplished by laser-induced ionizatiortion at a frequency close t@, in uniformly magnetized
[4], while in a semiconductor the electron-hole pairs areplasma [7], the frequency of the LURI radiation is given by
generated by absorbing a short laser pulse [3,5]. The rep; = w,z,/2kwc, wherew, = Jamne?/m is the plasma
quired spatiotemporal correlation in the plasma is created
by making a dc electric field periodic in space, and by em-

ploying a rapidly moving, e.g., laser-induced, ionizaton XNy &2 XN i
front [4]. All of these schemes share similar limitations: S — a1 N N &

First, the output radiation power is limited by the dc elec- \\\\ \\\\\\\\\\g\s\&\\%&%\\\%\%\\\g\\

tric field (which must not exceed the breakdown thresh- \ N\ Q

old); second, the repetition rate is limited by the longest of RN &&\ \

thehrecombination ((?]r removal) time of the carriers and the} e -~ §\\\\ s\\\\ .\\\\\\\\\\

recharging time of the capacitors. 5 N &2 N &2 NN
In this Letter, we identify and analyze a way of generat- 2 NS B2 Y B2 S

ing tunable laser-driven undulator radiation in the Infrared N

(LURI). We show how a picosecond compact FIR source v

can be based on the LURI concept. The schematic of sughG. 1. Schematic for generation of a laser-driven undulator
a source is shown in Fig. 1. It consists of a short intenseadiation. The resonant wavelength= 217 /A,,.
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frequency,A,, = 27 /k,, is the undulator periodicity; is  In the most interesting case,
the plasma de_nsity, ande a}r)dm are electron charge and ke < 0, < [wokye )
mass, respectively. In addition, we demonstrate that a lon luti be found ~ W2 /2% d
intense laser pulse becomes Raman unstable in the prd&® SOutions can be foun Ay ~ w,/2k,c an
ence of periodic magnetic field. Unlike the usual Ramarw2 = 2kwcwiy/w;,. Note that under condition (2); <
instability in unmagnetized plasma, where the internalwo < w>. For example, fOFI_io =4.0 X 10" cm™,
mode is an electrostatic plasma wave, in our case the imt, = 1 cm, Ao = 1.0 um, we find A; = 50 um, A, =
ternal mode is the LURI. 200 A. As we explain below, the rate of emission/atis

To proceed, assume a linearly polarized magneti®iegligible. However, by appropriately shaping the driver
wiggler with B,, = B,, cogk,z)é, and a linearly polar- Iasgr lpulse, a conS|derab_Ie amount of far infrdiiddz
ized laser pulse with vector potentiah = ¢,ao({)mc?/ ~ radiation at; can be obtained. o
e codwot — koz), Where ¢ = v, — z. Plasma is as- If the Rayleigh length of the emitted radiation is much
sumed to be very underdensﬁe, so that> w,, and larger than1/k,,, electric field can be assumed in a
the group velocityv, = c. It will be shown below that form E = ¢é,E,({) explik,z)/2 + c.c.  Substituting this
LURI is most efficiently generated by laser pulses oféxpression into the wave equation and combining it with
duration 7, =~ A;/2 < A,, so that the influence of the the Lorentz equation of motion for the plasma electrons,

plasma waves on electron motion can be neglected. In th&€ obtain, after some algebra,

nonrelativistic limit of a§ < 1 the longitudinal electron 0 . W] i . k; 2, -
velocity is given byv. = caj({)/4. Hence, only the ol ti o 2k, V1 |Ey =i %Bwa‘)@’xi)'
plasma electrons overlapping with the laser pulse are A3)

moving and can, in principle, radiate. The high-frequency. . . . .
(2wp) component of the longitudinal electron velocity Equatlond(S_) I%"?m be integrated in 1D, neglecting Wie
also leads to radiation generation; this effect is neglecteff™: and yielding ;
because the focus of this Letter is on producing infrared E. — —j ki By e—iwlg/c[ dg/eiwlf’/ca2(§/) (4)
radiation. In addition, we limit our calculation to the Y 8k, 0 0 '
cohergnt ra}dlatlon generation and assume plasma_ to lijuation (4) indicates that the radiation behind a finite
cold since it can be shown that the incoherent emissioguration laser pulse has a well-defined frequengy and

is very small and the thermal effects are negligible forits amplitude is proportional to the Fourier transform of

subrelativistic plasma temperature. the laser intensity profile. Hence, LURI is most efficiently
Influenced by the magnetostatic field, electrons experigenerated by a square laser pulse of duratiors 7/ w1,
ence acceleratiof, = ~[ead(¢)B,,/4m] codk,z). The resulting in

effect of the magnetic field on the longitudinal motion of E,| = 2B, /2 (5)
plasma electrons was neglected sind®, /mcr; < 1 Y 0Fw/ -
is always satisfied for magnetic fields not exceedingNote that, if the laser pulse is much longer than half of
10 T and subpicosecond laser pulses. Periodic maghe wavelength of LURI, the amplitude of the radiation is
netic field is important for two reasons: (i) It enables&xponentially small. In contrast, the radiation amplitude
plasma electrons to radiate in the forward directionof @ dc to ac radiation converter (DARC) is insensitive to
by imparting a finite transverse acceleratian, and the width of the ionization front [4]. An equation simi-
(i) periodicity provides phase matching for the emit- lar to Eg. (5) can be derived for the radiation amplitude
ted radiation, enabling constructive interference fromat the higher frequency solution of Eq. (1). Sinteis
different regions along the wiggler. The combinationVery short (shorter tham,), no appreciable radiation at
of a laser pulse, moving at a speed approaching Wavelengthi, is expected. Another approach to generat-
and a periodic magnetic field introduces the necessarj?d LURI is to use an electromagnetic beat wave of two
spatiotemporal correlation between different regions ofongd laser pulses instead of a single ultrashort one. When
the plasma, resulting in a Doppler-upshifted radiation [2].the frequency detuning of the two lasers matches the LURI
In 1D, condition (ii) is equivalent to requiring that emit- frequencyw;, LURIis resonantly driven, and its amplitude
ted radiation slips one wavelength ahead as the laser pulé&proportional to the duration of the beat wave. Thus, the
moves by one wiggler periodk.Az — wAr = —21r, LURI source can a_llso be viewed as an efficient plasma-
whereAz = A, andAr = A, /v,. This can be recast in based frequency-difference generator.
a form familiar from FEL physics, with the group velocity ~As an example of a picosecond LURI sourcé@tu.m,

of the laserw, = ¢4/1 — w2 /w§ assuming the role of the bas_ed on the present tephno_logy, consideN,a= 50
. P period undulator with periodicity\,, = 1 cm and mag-
beam velocity,

netic field strengthB,, = 1.0 T, filled with ny = 4.0 X
(k: + kg = @, (1) 10" cm™3 T, = 25 eV plasma. The LURI is driven by
wherew andk, are related through the dispersion relationa3 J, 7, = 85 fs micron laser focused to@a = 200 um
w? = k*c? + w,z,. Equation (1) determines the frequencyradius. Such a laser pulse has a peak intengjty
of the emitted radiation, and can have two or no solutions3 X 10! W/cn? (corresponding toay = 0.15) and is
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assumed to be generated af@a= 1 Hz repetition rate. field and the kinetic energy of the plasma electrons is much
The basis for choosing is explained below, after the smaller than the LURI energy, if Eq. (2) is satisfied.
two-dimensional effects are discussed. Such a source Another source of energy loss, not taken into account
producesrgir = N,,A1/c = 8 ps long pulses with about by the present calculation, is to electrostatic plasma waves.
1 kW peak power. A source of preformed plasma of theDespite the fact that the laser pulse is much shorter than
required size and plasma density could be, for examplehe plasma period, the ratio of the LURI ener@y to

a lithium oven described in Ref. [8]. Incidentally, the the energy of electrostatic wavés, is, typically, small:
plasma does not have to be preformed for the LURI schemg = U, /U,, = (wg/k,c)*A, /A, Wherewg = eB,,/mc
towork (in contrast to a DARC source, where plasma needs the electron cyclotron frequency in the wiggler field.
to recombine or be removed from the interaction region inThus the efficiencyn is about0.5% for this numerical
order to charge the capacitors for the next shot). For exexample. However, the energy lost to the electrostatic
ample, the driving laser may tunnel ionize the gas when itsvake can be recovered, in principle, by launching laser
intensity is high enough. pulses in pairs, separated by a half-integer number of

Using this numerical example, we discuss some advarplasma wavelengths. An unrecoverable source of energy
tages of the LURI source over DARC. In general, utilizingloss is inverse bremsstrahlung. It can be shown that for
static magnetic field avoids the breakdown and recharginthe parameters of a picosecond LURI source, presented
limitations of the dc to ac radiation conversion schemesabove, bremsstrahlung losses are negligible. For the same
and having a steady-state plasma eliminates the idle timgarameters, plasma heating also turns out to be small
of recombination. From Eq. (5) the peak electric field(about0.5 eV per shot). Another effect that the laser
E, = 30 kV/cm. To generate FIR radiation of such in- pulse might have on the plasma is to blow it up via
tensity using DARC requires dc electric fieldk of the the transverse ponderomotive force. This effect turns out
same strengtlE, = E,. Increasing the laser power and to be insignificant because the driving laser pulses are
the magnetic field of an undulator to increase the outpupancake shaped—the transverse size is larger than then
power of a LURI source may be much easier technologilongitudinal. The fractional change in the electron density
cally than further increasing the static electric field in a(neglecting the ion response) is indeed very snéallin =
DARC because of the breakdown limitations. 0.5a5crt /o =3 X 1073,

The repetition rate of LURI source can, in principle, Focusing the incident laser to a tight spot is advanta-
be very high since the driving laser pulse can be cycledjeous for obtaining the largest LURI power for the given
through the undulator with arbitrary frequency. In prac-laser power. The one-dimensional calculation presented
tice, of course, the repetition rate will be limited by the above fails when the spot size becomes small. Using
heating of the plasma, as discussed below. Sidcédkaser the results of the three-dimensional theory of undulator
cannot be fired very frequently, the plasma-filled undula+adiation by electron bunches [9], we estimate the peak
tor needs to be placed inside a high-quality optical cavityLURI power, given the incident laser energy and assum-
The device would then operate in a burst mode, with itdng the optimal pulse duration; = 7/w;. The rms an-
output consisting of macropulses (pulsed at frequefady  gular spread of the undulator radiation depends on the
each consisting of2 micropulses separated by the cav-spectral width of the collected radiation, and is given
ity roundtrip time, thereby producing = Qf, bursts per by (66) = v/(Aw/w)A/A,,. This angular spread roughly
second. Reusing the laser pulse by confining it in a higheorresponds to a focal waist sizex = A/(86). If the
Q cavity is also necessary to improve the efficiency of daser spot sizer > Ax, the one-dimensional treatment is
LURI source since only a small fraction of the laser energyaccurate, and further focusing of the laser increases the
is lost in a single pass. total power radiated into théAw/w) bandwidth. This

Note that the laser pulse leaves a wake of static magnetitan be qualitatively understood by noting that the radia-
field behind. To see this, note that electrons retain the finittion from a wide beanv > Ax is transversely incoher-
velocity in they direction (gained inside the laser pulse ent, with the transverse coherence length roughly equal
due tov,B,, force) after they fall behind the laser pulse.to Ax. The total radiated power is proportional to the
This velocity is proportional to the local undulator strength,product of the square of the number of electrons inside
i.e., is periodic with the undulator periosl,. Thus it the coherence zone (independentodf and the number
can shown that two different modes are excited in theof coherence zone®.,, = (o/Ax)>. Also, the electron
plasma: (i) the earlier discussed undulator radiation modegcceleration scales ag ~ o2 for a fixed laser power,
with frequencyw = w; and amplitude8, =~ E,,and (ii)a  so that the total radiated power scalessas. However,
magnetostatic mode, with frequeney= 0 and amplitude aso approachedx, radiation acquires transverse coher-
IBS)| =~ 0.5k, B, [ d{aj({). Clearly, [B¥)| behind the ence, and its intensity scales as the square of the number
laser pulse depends only on the total laser energy per uriff electrons inside the laser pulst? « ¢*, becoming
area, and not on the duration of the pulse, in contrast to thimdependent ofr.

DARC, which generates appreciable magnetostatic field To quantify this argument, we use the three-dimensional
only when the ionization front is shorter than [4]. We  Eg. (3) to estimate the total power of LURI. Assuming a
estimate that the energy left behind in the static magnetitransversely Gaussian longitudinally flat-top incident laser
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pulsead = exp(—r2/c?), we obtain &n/ng)a with Eq. (7) results in a dispersion relation,
o4 2 2
_APIBLAY f Kot/ wpw3lagl® 1 1 1
Py = dk ke —_ D At —
U 16mic3 (me?)t (0® — w}) = 32 <D, " D+>’ ®)

cloi( kz:;‘(/z‘zwﬁv))’ (6) where D+ = (ko = k)? + w2 — (0o = w)* are the
v dispersion functions for the anti-Stokes (Stokes) lines,

whereP; is the incident laser power. Equation (6) losesand (w,k) are the frequency and wave number of the
validity for transverse numbe#s > +/2k,, w;/c. undulator radiation. Equation (8) describes the spatio-

Radiation emitted at different angles to the directiontemporal evolution (in one spatial dimension) of a novel
of the laser propagation (differef) has different fre- undulator radiation instability of long intense laser pulses
quencies, approximated by = w;(1 + k*c/2k,w1). in the presence of a periodic magnetic field. A de-
Coherence properties of radiation are determined by thgailed spatiotemporal analysis can be carried out following
spot sizeos, and can be classified into three regimes: (i)Refs. [11,13]. Here we calculate a purely temporal growth
o > JMALN, /8 (i) VAiA,/8 < o <JAA,N,/8; rate of this four-wave instability (of relevance to very long
(i) o < +/A1A,,/8. Inthe regime (i), radiation has a very laser pulses) using Eq. (8y4, = w,wglaol/8wo.
narrow bandwidth determined by the number of undulator In conclusion, a new method for generating coherent
cyclesAw/w = 1/N,,; in the regime (ii), radiation band- tunable radiation in the plasma is described. Radiation is
width is limited by the spot sizeAw/w =~ A, A;/8c?;  emitted when an ultrashort laser pulse propagates through
in the regime (iii), radiation is broadbanlw/w = 1, the plasma in the presence of a static periodic magnetic
and the total power is independent of. The laser field. This radiation can be viewed as an electromagnetic
spot size in the numerical example of a picosecondvake, propagating along with the pulse. Itis also demon-
LURI source was chosernr = +/A;A,/8 =200 um  strated that, in the presence of static periodic magnetic
since further decrease in the spot size does not rdield, long laser pulses become modulationally unstable,
sult in a higher power in the infrared. Equation (6) generating electromagnetic wakes.
confirms that approximately a kilowatt of far-infrared This work was supported by the United States De-
light is generated. Additional information provided by partment of Energy (U.S. DOE) Contract No. DE-ACO02-
the three-dimensional treatment is that this radiatiofCHO-3073. We gratefully acknowledge discussions with
is emitted into a range of wavelengt®s < A < 50 um.  Dr. M. Zolotarev.
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