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Generation of very high-frequency waves by up-conversion in a plasma-loaded free-electron laser
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A free-electron laser loaded with a plasma is able to resonate at two different frequencies. The two waves are
copropagating, one with positive slippage while the other has negative slippage. We deduce the nonlinear
partial differential equations describing the interaction between the two waves in the slowly-varying-envelope
approximation. By injecting a signal at the low frequency, a strong signal is produced at the harmonically
related high frequency, with a lethargy time much smaller than that of the spontaneous vacuum emission. This
effect could be applied in the generation of very short wavelength radiation, up to the range of hard x rays.

PACS numbgs): 41.60.Cr, 41.75.Lx, 52.75.Di

The possibility of generating high-frequency radiation bythen more convenient to increase the low frequergy
means of the mechanism of energy conversion between thec/(k,b?), but the dependence of, on the parameters is
two resonant frequencies of a free-electron ld§&L) has not favorable, in this case, because both dimension of the
been described theoretically by Piovediaal. [1] and Stern- waveguideb and wiggler period,, are, in practice, quanti-
bach and Ghalild2], and further demonstrated experimen-ties with a very limited range of variation. The process of
tally by Liu and Marshall[3] and by Levefreetal.[4]. In 5 conversion in a waveguide FEL seems, therefore, to be

these works a wave guide FEL has been studied. The elegynfined to the production of waves in the range of micro-
tron beam is bunched by the low-frequency resonant wavg ,eq or, at most, in the range of UVA, but it seems quite

which is injected at high power level from the outside andimpossible to apply it to shorter wavelengths, e.g., the re-
gives origin to the wave growth at the harmonically relatedgime of x rays ' '

Upper resonant frquency. . In this paper, we propose a way of controlling the disper-
The two frequencies are described by the formula sion and splipf)page ofptheptwo resozant waves ingthe FELpthat
does not present the limitation described above. In this

w1*2:11)f8” [11”3\\@], (1) jv(izphe?e,l the coptrol is obtaiped by filling the wiggler. cavity_

plasma, instead of using a waveguide. We will dem

onstrate that all previous formulas continue to hold simply

wherews=cBky/(1—B)), ky=2m/\,, is the wave vector by rewriting the parametex asX=w,23/(c2k3V,nyf), where
of the wiggler magnetic field3,=v,/c wherev) is the ini- o = (4mnye?/m)*?is the plasma frequency of the electrons

tial parallel velocity of the beam, the parame®r(<1) is  of the plasma background with undisturbed denaiy For
related to the cutoff frequency and transverse dimerisioh  ystance, withn,=4.4x 10 cm™3 (plasma frequencys,

the wave guide ?9(=(/5’Wukwb)_2 and 7\\:%/(1—[35)”2- =1.18x 10" rad/sec), a wiggler with wavelength,,
The regime considered was that whete- 1/yj, when both =1 cm, a beam with the injection value of the Lorentz fac-
waves are forward waves, one with positive and one withor v,=406.8 (y,~317) and a volume density,=
negative slippage. 5.11x 10"* cm™3, we obtainX=0.039, a factora= 100, a

We define the ratio between the resonant frequencies agw-frequency wave with wavelength,=5um, and a
a=w;/w;>1. The previous work$1,2], which were lim-  high-frequency wave with ;=50 nm. As a second example
ited to rather small values of, have shown that the effi- jn the x-ray region, withny=1.24x107 ecm3 (w,=
ciency of the conversion process is particularly large when 1 9g8x 10'® rad/sec), \,=3 cm, 1,=28700 (y,
is an integer but decreases with increasiagroughly as  ~10000), n,=1.76<101° cm 3, X=10 3, «=4000, by
1/Ja. When X<1, the ratioa can be approximated as injecting a wavelength ,=0.6um, one can obtain the high
a~4y{I(1+ ¥fX), while the corresponding estimate f@  frequency wave with ;= 1.5 A.

is given by w,~wsBX/(1+B)). In the case of the wave-  The advantage of this new scheme is thatcan be
guide FEL, the two preceding formulas become, respecstrongly increased with respect to the waveguide case, de-
tively, a~482y?kib?/(1+ Bikzb?) and w,~c/(k,b?). creasing the ratia between the two resonant frequencies, if

The main interest of this scheme lies in the possibility it y, is kept fixed. One can then reach high valuesfwith-
offers of obtaining, by frequency up-conversion, a radiationout increasingr too much. We will give some considerations
with a very short wavelength. Sineg, = aw,, one can pro- on how this parameter, also in the present case, is related to
duce a significant amount of power at a very large frequencyhe efficiency of the process. In addition, we think that the
w, either by increasing the lower frequeney and/or in-  present scheme has all the advantages of the up-frequency
creasinga. The increase imr may be achieved by enhancing conversion with respect to the usual harmonic apprdagh
the initial energy of the beam, but the consequence is thaamely, (i) the linewidth of the resonant high frequency is
contemporary diminution of the process efficiency. It seemdarger than that of the low-frequency wave, as opposed to the
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harmonic case, leading, in particular, to a smaller energy ;. 52 wla. n. g 1
spread 6], and (ii) the slippage of the high-frequency wave T—Z— c2—2+w§} Er= bTW s TN T g-ikez
is lower by a factor ofx than that of the low-frequency wave L9t 9z cv2 Nip 7S s
(in the harmonic approach the slippage is essentially the i
tsr?emseh?r; \a;\JLC:lrergg?rl]()sthus allowing a higher bunching at X 8(z—z4())— ?Pupz(ezx B,) &,
We assume the usual wave equation for the transverse )
component of the electric field in one dimension, i.e.,
32 5 J ws
PP 4, 2 T @p|Ee= =47 dp — - (Up XBu) €&, (8)
W_CP EL(th):_47TT- (2

where w2=4me?n,/m. In the limit w.=eB,/mc<w and
J, is the transverse component of the total currdst),  Whenny,<n,, the dispersion relation of the system is very
i - _ —_ Ny near to that of the cold nonmagnetized plasma, which com-
+J, with J,=—enyu,, and J, . en X T v(t)8(z s he o branchos. 9 i —F\)/—Z+—2k2 -
—z4(t)), wheren, andu, are, respectively, the volume den- PriSes thé two branches =w, and o= ye,+c°K’, he

while J, gives the beam current in the charged sheet modefl‘as a p_urc_ely transverse polarization. The eIectromggnetic
(n,, is the surface density of the electrons on the singldranch is intersected by the beam resonance condition

sheet,N; the total number of sheets, azd andv, are the = (K+ky)v at two points, i.e., two values df and conse-
instantaneous position of tfsth plane and velocity of theth ~ guently of w, satisfy this equation. These values@tan be
beam particle cast in the form given by Eq(l), simply by redefining
2 202, 2
The longitudinal component of the electric field is given X= @/ (C*KyBi ]).- _ _ _
by the Poisson equationdE,/dz=4m(p,+pp), With The system given by the previous equations for the fields

pp=€(No—n,) and p,=—en, ,=8(z—z(t)). The plasma together with Eqs(5) and (6) for the electrons, can be writ-
is described by the cold nonrelativistic electron fluid equa{en in nondimensional form by introducing the definitions

tions: E, =(1/c)(9Aldt), A=Ae+c.c., A;=eAmc®, and the
wiggler parameten,,=ea,/mc®> and can be substantially
an, simplified by making use of the slowly varying envelope

i T 57 (Molp2) =0, (3 approximation, i.e., by putting Ar=i(A,e k=10

+Ae 27 920) and ny/ng=A e ® et cc., with the
e hypothesis thah;, A,, andA, are all slowly varying func-
E— m—c[upx(B+ Bw)], (4 tions of time and space. Considering only the resonant terms,
we obtain at last the equations

d d
2 Up T Upzg> Up=—

ot m

whereB(B,,) =V XA(A,), A,=a,(&e ' w+c.c.)V2 is the Jl w280 (N4 1
vector potential of the helical undulator magnetic field, w1—+02k1— A=— _) e ilkwzst #1(z9)]
=(e+€)/v2, andA=Aé+c.c. is the radiation vector po- dt 9z 2v2 \ Mp /7s" ¥s
tential. Furthermore, the equations for the beam electrons X 8(z—24(1)) 9)
can be written as s
2
J J wpa n 1
dZS(t) _+C2k J— ’A e bw0 ;b) _e_l[szs+¢2(zs)]
—ar Ui, B Y% 2oz ova \ mp § Ys
X 8(z—z4(1)), (10)
dps(t) £y t)+_e2c J (A+A )2]
=T\ e 74 w ; 9 w2 /n ,
dt mc 2m“ctys 9z z=124(t) o —|A =—i —b[Lb E e*l(kLZs*th)g(Z_Zs(t)),
(6) ot 2\ n,/%5
11
wherep;s= Bjsys and ys=[1—v2(t)/c?]~ 2. Here the con- dz
dition obtained from the transverse electron dynamics in the _Z:CBHSY (12)
case of a purely axial injection of the beam, i@, dt
=(v,s/C) ys=(e/mc®)(A+A,), has been used. o,
We assume that the plasma, before the injection of the dps(t) Iﬂ[e“f’LA —ccl- Cayo
beam, is in a state of equilibrium without internal currents dt | ck Lo V20,5
(ny=ng, E=0, B=0, u,=0), and that the beam is so weak
that it produces only small deviations from the equilibrium X[ w A e (P17 kn?)
values.
Retaining only the linear terms and referring to the vari- ~
g only g + w,oAe (P27 ¢ c] , (13

ablesg, =Eé+c.c. andE,, we obtain the following basic
equations: z=z4()



8614 V. PETRILLO AND C. MAROLI PRE 62

0'8 ‘ T T T T T T T T
| 3§ .
.
06H . .
|
|
‘\ 210 -
5 04f ] NG
o2 04r) s Al sar
< \\ AL
\‘ R /A \A
. ot ] £ T
oz 1\ | xﬁ\ _
— A D\D L
— ] S0 SAT
0.0 . ! s N 1 L — !
. T
0 100 200 300 400 500 B
o 0 N I 1 L 1
0.0 0.2 04 0.6 0.8 1.0

FIG. 1. Saturated signaA,|2,r vs a for the excitation of the
high-frequency wave N,=5 um, |A,|=0.5 at 7=0). The solid
curve gives a fit withA;|3,r=a/a® (a=3.27,b=0.68) while the
numerical resultgsolid triangleg show the existence of a more FIG. 2. Saturated Sign$A1|§AT (solid triangle$ and saturation

A

2

complicated structure for not very large valuesaof lengthL a7 in meters(hollow squaresvs the pump strengti,| at
=0, for «a=100 and the signal wavelength;=50 nm (\,
where $12=Ki Z— w1 2t, b=k z-ot, Ys  =5um). The usual vacuum SASE result for this caseAs|3ar

=1+a2,+pZ(t). =1.25 andLgar=3.1m.

An analysis of the various electron phases in the momen-

tum equation(13) shows that the two resonant electromag-saturat'odAﬂSAT’ asa funct|on_of1. The pump V\f:\velength
netic waves do not give rise to any longitudinal mode, be2"d_strength are fixed ak,=5um and |A;[=0.5 (at
7=0), while the beam injection energy is increasing from

causew, is not coupled to the other two frequencies. We can

: : - the value yo=134 when «=10 (A;=500 nm, p=9.2
therefore drop the electrostatic term in E43) which as- 3 0 _ v N
sumes the simpler form: X107°), up to y,=906 when «=500 (\;=10 nm, p

=1.4x10 °). The other parameters have the valugs

dot =4.4x10"* cm™3, n,=5.11x10" cm3 a,,=0.8, \,
Ps( ):_ C8uwo [w,A €l (41t ku2) =1 cm, B,=0.86 T, and the bunch length,=4 mm.
dt V2u,ys One can see that the efficiency of energy transfer to the up-

per resonant frequency is progressively decreasing with the
K i(bytky) increase in the frequency of the radiation excited with a rate
+ oA w)+c.c] : (14 that is approximately given byA;|2,;~a %% for large
z=z4(t) values ofa.
_ _ _ Figure 2 shows the behavior ¢A;|3,; and that of the
The coupling between the two electromagnetic waves igaturation length. g1 in meters vs the pump strengjth,| at
maintained because +k,= a(k,+ky,), leading to the two =0, all other parameters being kept fixed with the follow-
phases being proportional for all values of time and space. ling values y,=406.8 (beam energy of 207.4 MeV at the
a is an integer, in particular, as the electrons of the beam argjection), ;=50 nm, A\,=5 um, =100, p=3x10"3,
bunched on the long wavelength, they acquire a bunchingiith n,, n,, B,,, andL, as in Fig. 1. Figure 2 shows the
also on the short wavelength, leading to a transfer of energieduction of the undulator length that is necessary in a
to the high-frequency wave. This system of equations haplasma-loaded wiggler to reach signal saturation with the
been integrated numerically along the characteristics, introincrease in the pump strength. The saturated signal intensity
ducing the nondimensional variablesT=2ck,pt,  shows first a maximum at relatively low pump strengths,
{=2kypz, andA, ,, wherep is the FEL parameter given by followed by a steady decrease with the scalipfy|3ar
~|A,| . The values given in this figure can also be com-

1 252 |\ 13 a3 . IVEl . .
_ = | _“p3wo and Ar =i Ckw970w1,2~A pared with those obtained in the usual one-dimensional FEL
P Yo | 168,¢Kj, 12 wiayo L2 simulations, when there is no plasma and no account is taken

of the low-frequency resonant wave. In the vacuum case, this

We assume that the long-wavelength wave acts as a punigst wave is counterpropagating with respect to the electron
wave and give a finite value to its amplituid,| at 7=0.  bunch and has no practical effects on the growth of the high-
The other free parameters ag,, the initial energy of the frequency wave. With the same values as beforeyfarn,,
beam (given by y4), «a, p, and the length of the electron B,,, andL,, one can show thain vacuum when there is no
bunchL,. The main effect of the pump is that of shortening signal atr=0 and the FEL is operating in the self-amplified
decisively the lethargy time. The intensity of the signal ob-spontaneous emissio(SASE regime, Lgar=3.1 m and
tained at saturation is, however, generally smaller than thg#,|3,;=1.25. From Fig. 2, one can see that the saturated
generated spontaneously in a vacuum FEL. values of the signal intensities that are obtained with the

In Fig. 1 we give the behavior of the signal intensity atplasma loading and for rather low pump strengths
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FIG. 3. loggA|? vs the undulator lengtlz in meters(solid FIG. 4. logdA4|® vs the undulator lengtiz(m), when X\,
curve, for the same case;=50 nm with|A,|=0.1 atr=0 (N;  =1.5A. The curveda), (b), and(c) give the growth of the signal

=2200). The dashed curve shows the growth of the signal in tha&vhen the pump wave is, I’eSPECtiVGMﬂ.:lO, 1, and 0.6. The
usual case in which the FEL is operatiilg vacuumand in the ~ dashed curve shows the SASE growth without plasma.

SASE regime.

the FEL is operating in single pass, and the signal is starting
. from noise. We have chosenp =28 700(beam energy 14.66
(JA]<0.2) even exceed the vacuum val(tke maximum GeV), the wiggler period ish,=3 cm, p=3x10 %

value in the case of Fig. 2 ig\l@_AT: 1.62at|A2|~(_).15). a=4000 \,=0.6 um), a,o=2.69 corresponding to a peak
Figure 3 gives the actual profile pA,|* vs the distance  yqjue of the magnetic field of the helical undulatBy,

in meters along the undulator, compared with the growth in- g 96 T and the beam lengthlis=4 mm. As in Fig. 3, we
the usual vacuum and SASE regime, for the same parameteggmpare the usual vacuum growth of the signal, which has a
as before, with the pump streng{i;|=0.1. The beam saturation length of about 85 m and a saturated intensity
bunching factor at the higher frequencyb;  |A,|3,;=0.92, with the signal increase in the plasma-loaded
=(UN7) 2 e #1401 has the valugb,|=4.6x10"* at  case and with three values of the pump waverato,
7=0 in both cases. All numerical results confirm that with namely, |A,|=10, 1, and 0.6. With the first value of the
the low-frequency pump and the plasma-loaded undulatopump strength, i.e.|A,|=10, the signal saturates &t
the radiation emitted at the first maximum, i.e., at saturation~5 m, with |A;|3,;=0.025, while Lgay=15.6 m and
follows the same scaling laws as the usual SASE singlefA;|3,;=0.23 andLgar=20 m and|A;|3,;=0.8, when the
passage radiation. pump is at the values 1 and 0.6, respectively. One can see
In Fig. 4 we give, as a last example, a case in the x-rayhat the present scheme could be used as a convenient alter-
region, in which the excited wave has the wavelength native method of reducing the great length of the undulator
=1.5A. In this case, we use parameters whose values ases proposed in this project, and of controlling, at the same
near to the values assumed in the LCLS projé&gtin which  time, the intensity of the x-ray output radiation pulse.
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