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A scheme for XUV generation based on a laser-pumped FEL with an
axial electric field

M. Cohen, A. Gover and S. Ruschin
Faculty of Engineering, Tel-Aviv University, Ramat-Aviv 69978, Israe!

A scheme for an XUV-wavelength free electron laser based on trapping electrons in a laser beat in the presence of an axial
accelerating electric field and operating in a continuous pulse train {regenerative amplifier) mode is proposed. Some examples are
shown based on ring optical resonator designs for both the wiggler and the signal radiation. The signal radiation is in a spectral
region of tens of nanometers. A calculation of the parameters indicates that the technology required for an experiment i5 within the
state of the art. Examples presented are based on a pump {(wiggler} field produced by a continuously pulsed CO, or Nd: YAG laser
and a continucus train of sub-ns electron beam pulses in the 0.4-2 MeV range. The signal builds up from an injected single pulse,
which can be generated by high-harmonic {third, fifth) multiplication in the gas of a doubled (tripled) Nd: YAG laser or an excimer
laser. The proposed scheme thus converts a single pulse of XUV radiation into a continuous train of pulses with high average power
in the same wavelength region.

1. Introduction 2. Theory

In order to calculate the forces applied on an elec-
tron, we use the formulation of ref. [7]. The pump and
the signal radiation fields are

In the last decade, a substantial research and devel-
opment effort has been made to attain a free electron
laser operating at a short wavelength (below UV) [1--6].

The main impediment for an FEL operating al a short E (r. t)= Re[ll?w c_i(”“’+"wz)] , 1)
wavelength is the limited quality of the electron beam s _i{oi—k
. ; E(r,t)=RelE vt~z | 2
which makes it difficult to meet the stringent energy :(r ) e[ s © ] @)
spread and emittance acceptance parameters at short
wavelengths. )
Wiggler

In this article we propose to modify the XUV Comp-
ton scattering regenerative amplifier scheme suggested
by Gea-Banacloche et al. [1,2] and operate it in the =
nonlinear regime with an axial electric field as proposed
earlier by Gover et al. [7). In this operation mode, the
electrons are trapped in a laser beat and an axial
electric field to enhance the gain. Since this scheme is
based on operation in the nonlinear regime, the electron
bearn axial velocity spread acceptance is limited only by

< :\;.* Gain -ﬁq‘
Medium

the depth of the beat wave (ponderomotive) potential <+ =t - @
well and not by the wiggler length (as in the linear 0 } ”
regime {1,2)). This can help to obtain higher electron Signal N Interhction /
beam acceptance parameters and more favorable design Region XUV Mirror

parameters. The use of a laser wiggler makes it possible

. R Fig. 1. A f XUV- length FEL
to realize an XUV source with a low-energy compact 8 proposed scheme for an waveleng

consists of a Fabri—Perot resonator for the signal and a matched

accelerator. Our particular scheme requires injection of
a single pulse of XUV radiation in order to start oscilla-
tion, but then a continuous train of XUV radiation
pulses is produced. This scheme is shown in fig. 1.

0168-9002 /91 /%03.50 © 1991 - Elsevier Science Publishers B.V. (North-Holland)

ring optical resonator for the pump. It includes means (an

optical switch) for injecting the signal radiation into the signal

resonator and an amplifier in the pump resonator to com-
pensate for losses in the pump power.
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Fig. 2. The energy diagram of the ponderomotive potential in the presence of an accelerating electric fieid.

where E,, I'Z, w,, &, k, and k,, are the complex
amplitudes, the frequencies and the wave numbers of
the pump (wiggler) and signal radiations, The fields
given in eqs. (1) and (2) are assumed to be transverse
fields, independent of the transverse coordinates. These
waves are propagaling in oppostte directions and over-
lap in the interaction region, as shown in fig. 1. The
electron pulse is traveling in the same direction as the
signal. The equation which describes the motion of a
single electron in the ponderomotive field of the two
waves in the presence of an axial accelerating electric
field, is the axial force equation {7):

dp,
dr
where w=w,—w,, k=k +k,, E, is the externally
applied axial electric field and Epona 15 the ponderomo-
tive field amplitude given by

= —eF,oq sin(kz — wt) — eE,,, (3)

e ~ e
i (A, A EF - E 4
4'TI'Y0mC2( 5 w)l 5 w|’ ( )

Epond =
where A, and A, are the wavelengths of the signal and
pump, respectively, ¢ and m are the charge and rest
mass of the electron, respectively, and ¢ is the speed of
light. v, is the relativistic Lorentz factor defined by

1
AU S (5)
T G

where v is the mean velocity of the electron beam.

The electrons travel with an axial velocity compo-
nent close to the phase velocity of the ponderomotive
wave y, = vy, where the phase velocity o, is

_ Wy, )\w_ks
% T kL Tk, _(P\w+)\s)c' (6)

In the reference frame moving with the velocity of the
ponderomotive wave phase, a synchronous electron will
have zero kinetic energy. If an electron gets trapped and
keeps in phase with the ponderomotive wave, no kinetic
energy will be added to the electrons, despite the accel-
erating axial field ..

In order to keep the electrons trapped in the
ponderomotive potential wells, three conditions must be
satisfied [7]. First,

Eac = Epond . (7)

The accelerating electric field must be small enough. If
the field will be too high, the potential wells will be
tilted strongly and thus trapping will not occur. The
energy diagram of the ponderomotive potential with an
applied accelerating electric field is given in fig. 2.

Second, the axial energy spread in the eleciron beam,
A&, has to be small compared to the energy depth
(trough to peak) of the potential wells. Electrons which
have energies substantially different from the resonance
Energy, Yy, cannot get trapped and just experience free
space acceleration due to E,.. This trapping condition
was derived in ref. {7] and is given by

\E, Ex|\
A<= &, = 2\6,802y02c‘e( ":wa:) . (8)

we define §), = vg,/¢, where v, = v, is the resonance
velocity. vg, is an axial energy factor associated with the
resonance factor yg, as follows:
Yo
Yo = T3 (9)
7 1+ a?
where a is the normalized transverse vector potential of
the radiation fields (a = e4 , /mc). 1 can be assumed 1o
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be negligible, o << 1. In all practical cases. using the
resonance condition v, = vy, and eq. (6). v, is given by

Ay +A,
Yo: =
i 3

(A\\'A!L")m‘ (10)

and the required electron accelerator energy is

Ay AL

E.= (Y- Nme? = ——
o (Z(Awm ”

-])mc'j. (1)

The third condition that must be satisfied in order 10
attain electron trapping is related 1o the longitudinal
space charge field. This {ield, which is associated with
the spatial bunching of the trapped electrons, should he
negligible in comparison with the ponderomotive field,

. b2 g

o trap
fu () ok = Foe (12)
where J,,,, is the current density of the trapped elec-

trons.

The trapped electrous are seen in the lahoratory
frame 1o traverse al a constant phase velocity across the
potential drop ¢,.(z;) — ¢,.(2;), which is applied along
the interaction length. If the electric accelerating field
E,. is constant in the interaction region, then this
potential drop can be calculated by the value of the
electric field multiplied by the interaction length, £ %
- Since no kinetic energy is added to the wrapped
electrons, the potential energy which was released is
transformed into radiation ficld energy, governed by the
Maxwell's equations [8]. The gain of the FEL will be

G = AP‘\ N Ilrup(¢ac(z2) _¢ac(zl))
=75 = 7 s

5 5

(13)

where I,,,, is the current intensity of the trapped elec-
trons and P, is the signal power. In this scheme the
energy extraction is from the accelerating potential and
not from the kinetic energy of the electron beam. Since
it is difficult to get an appreciable single path gain in
this scheme, we propose 10 use it in a regenerative
amplifier configuration which will operate in a continu-
ous pulse train mode. In this operation mode, a single
pulse of moderate peak power can be converted into a
train of pulses with high average power.

3. Parameter selection

In this section we will present the main parameters
that characterize the FEL operating in the scheme which
is described above, The parameters of this scheme will
be selected for operating in the XUV region pulse train
maode.

We first derive an expression for the interaction
tength along which the energy is extracted. For a reason

that will be clarified in the next section it will be
assumed that

T\\' < 1;. (14)

where 7, and 7, are the pulse durations of the pump
and the signal, respectively. As is described in the
previous section. the optical pulses which travel in op-
posite directinns, propagate one through the other, while
the electron pulse travels through the optical pulses’
overtap region with a velocity u,. = ¢, in the same
direction as the signal. According 1o the assumplion
(14}, almost all the trapped electrons v o continuous
electron beam will experience the same interaction time.
The interaction time is defined as the time period in
which the electron experiences the presence of both the
pump and the signal field. This perind of time. calcu-
lated in the laboratory frame. is given by

T (15)

T TR,

Correspondingly. the interaction length. which is the
distance that a trapped electron passes during the inter-
action time, can be expressed as follows:

.
fii = Bocttni = 7571 78, (16}

where /, = ¢7,, is the length of the pump pulse, In any
case. where the Doppler shift is significant (A << A )0t
can be seen irom eq. (6) that §;. is close to unity. In
such circumstances, the interaction time is half of the
pump time duration 7, and the signal and pump pulses
will completely separate after a time equal to half the
duration of pump pulse beam, the time the two pulises
intersect.

We will derive the FEL parameters under the as-
sumption that the waves which were given by the fields
in egs. (1) and (2) are Gaussian beams [9). Diffraction
of the long-wavelength pump wave constrains the effec-
tive interaction length to be of the order of a Rayleigh
length. Since the interaction length was fixed by eq.
(16), the Rayleigh length of the pump, zy,,. is selected
as

Zow = !inl/z' (17)
With this adjusiment. the pump field amplitude at
z = +2z,, will be reduced by a factor V2 compared to

its value at the plane z=0. The waist, w,. of the
Gaussian pump beam is

12

"‘.(]\»:(ZU“A“/':T) - (18}
If the waist of the signal wave is focused 1o be equal to
the waist of the pump wave, the signal ficid amplitude
on the axis at the planes - = + ;. will decrease to

EO) £
(1 + z(?i“'/z(%s)]/l (1 N ?\25/)\2“_)]/2 ;
(19)

Eh:,(z = zU\\) =
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where E,(0) is the amplitude of the signal field on the
axis at the plane z = 0 and 2y, is the Rayleigh length of
the signal. It is concluded from eq. (19) that when the
wavelength of the signal is in the XUV region (A, <
Ay), the diffraction of the signal wave throughout the
interaction fength is entirely negligible. The amplitude
of the pump electric field can be expressed in terms of
the pulse power by integrating the intensity over the
cross section of the Gaussian mode. This integration
yields :

. RN 1/4 P\
Lol (3) (3) o)
where P, is the pump beam power. Similarly, we can
write an expression for the amplitude of the signal
electric field:

)= 2 (%) [ 2)7 (21)

€ w

where P, is the signal beam power. The pulse energy is
assumed to be &, =P, X Turse

In order to express the ponderomotive field in terms
of the field powers and wavelengths, egs. (20), (21) and
eq. (10) are substituted into eq. (4). Then, substituting
eq. (18) together with eq. (17) for the beams waist (for
the case where wy, = w,, ) gives a convenient expression
for the ponderomotive field:

4 e (PO)I/Z(-&‘)I/I (PSPW)1/2

T me? \ € Aw L

E

pond =

ANV (pp Y2
~09ax 1073 M) LRI T , (22)
AW [inl
where the units are in the mks system.
Next, we can fix, according to the condition given in
€q. (7), the intensity of the accelerating electric field to
be

Eac = %Epond' (23)

Using the last equation, together with the assumption of
constant axial electric field and eq. (22), the potential
drop applied over the interaction length will have the
form

1,2
Ap=E, I, =047x 10*3(%‘1) (PPY? (1)

The power that can be generated in this scheme is
proportional to the current trapped in the ponderomo-
tive potential wells. Observations of electron trapping
by laser beat and energy transfer effect were reported in
refs. {10] and {11]. In that experiment, & trapping ef-
ficiency of 25% was obtained. A new scheme that injects
electrons into the traps by means of an abrupt (non-
adiabatic) change in the axial field [12,13] demonstrated
a trapping efficiency as high as 60%. In general, we can

write, [, =7 where 7 is the trapping efficiency and
I is the current entering the interaction region. The
substitution of eq. (24) into the gain equation (13) yields

A\ 2 p i
G=0.47x10‘3(}\—:) (?‘:) L (25)
Clearly, the gain grows in proportion to the current /.
However, a large current can produce an effective en-
ergy spread across the beam due to the space charge
effect (A& [eV] =307 [A]/8) which may exceed the
trap depth &, and not satisfy the inequality (8). The
rhs of this inequality can be expressed in terms of
power by substituting eqgs. (20) and (21):

A 1,72
rp = 1 X107 P2} Ty (26)

It should be noted that the longitudinal energy spread
problem due to the space charge effect can be eliminated
if Brillovin flow can be realized in the beam. In this
case eq. (8) will be limited by thermal energy spread
and emittance.

4. Examples

In this section we present numerical examples, which
do not yet correspond to optimized design parameters,
in order to demonstrate the possibilities of realizing the
proposed scheme. The examples are detailed in tables 1
and 2. In these exampies, the pump field is produced by
a continuously pulsed high-power CO, laser (at 10.6
pm) and a Nd: YAG laser (at 1.06 pm).

The numerical calculation was done for operating
the scheme in the 10100 nm region. In this region,
when the CO, laser is used as a pump, the required
electron energy is 2 MeV at 100 nm ranging up to §
MeV at 10 nm. Pumping with the Nd:YAG laser
reduces this energy range to 0.4-2 MeV. These are very
low energies and could be attained by quite compact
accelerators — either rf or high-current electrostatic
accelerators,

The signal in the 10-100 nm region can be generated
by nonlinear frequency mixing. The third- and fifth-
order frequency conversion is a straightforward method
for preducing an XUV seed radiation pulse of narrow
spectral width and high intensity (0.03-100 W) [15].
Another method for the production of radiation at soft
X-ray wavelengths involves the use of laser-produced
plasmas. In this method faser pulses are focused onto
steel or other targets to produce plasmas emitting in-
tense soft X-ray radiation [16,17]. It requires further
study to find out if this pulsed radiation can be spatially
and temporally filtered to produce a sufficiently coher-
ent and intense seed radiation pulse for the FEL ampli-
fication process.
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Table 1
Examples of pumping with CO, laser. The example in brackets
refers to realization of a Brillouin flow

Table 2
Examples of pumping with Nd:YAG laser. The example in
brackets refers to realization of a Brillouin flow

Cavily dimensions

fipy lem) LS 15 1.5 1.5

L [m] 30 30 30 30
Electron beam

Yo 5.2 7.3 9.4 16.3

&, [MeV] 2.2 32 43 78

I [A] 3.0 30 50 5.0 (30)

!ap [A] .6 0.6 1.0 1.0 (6)
Pump laser puise

P, IGW] 15 20 30 100

7, [ns] 0.1 0.1 0.1 0.1

&, ] 1.5 20 30 10

Ay {um] 10.6 10.6 10.6 10.6

Wy, [nm] 0.16 0.16 0.16 0.16

Zgw (M) 7.5 7.5 75 7.5
Signal pulse

P, [W] 10 5 8 10

7, [ns] 200 200 200 200

& [n]] 2 1 1.6 2

A, [A] 1000 500 300 100

wye [mim] 0.16 0.16 0.16 0.16

L 0.79 1.6 26 7.9
Axial electric field

E, kY /m] 1.2 0.69 0.82 0.96

Ag [V] 17.7 10.2 122 14.4
FEL pararneters

Epona KV /m) 2.4 14 16 1.9

Eieap [EV] 203 184 230 328

AP, [W] 10.6 6.1 12.2 14.4 (72)

G 1.1 1.2 15 14 (M

Cavity dimensions

fine [cm] 1.5 1.5 1.5 15

L [m] 30 30 30 30
Electron beam

T 1.8 24 3.1 5.2

&, [MeV] 0.4 0.72 1.1 22

I[A] 1.8 2.5 25 4.0 (30}

Tieap 1A] 0.36 Q.5 0.5 0.8 (6)
Pump laser pulse

P, [GW] 30 3.5 4.0 5.0

7, |ns] 0.1 01 0.1 0.1

g, N 0.3 0.35 0.4 0.5

A, [pm] 1.06 1.06 1.06 1.06

Wy, [T} 0.05 0.05 0.05 (.05

7g,, [mm} 6.8 7.1 73 7.4
Signal pulse

Po[W] 10 10 5 5

7, [ns) 200 200 200 100

&, [n]] 2 2 1 0.5

A, [A] 1000 500 300 100

Wy [mim)] 0.05 0.05 0.05 0.05

2gs [cm} 7.2 15.2 258 79.0
Axial electric field

E,. [kV/m] 1.8 1.3 0.76 0.48

Ag [V] 250 19.0 112 72
FEL parameters

Epena (KV,/m] 3.7 27 1.5 0.97

Eeap (V] 41.2 44 38.6 41.2

AP, 9.0 9.5 5.6 5.8 (43.5)

G 0.9 1.0 1.1 1.2 {(5.0)

Constdering the cavity for the XUV signal, we point
out an intensive research and development effort for the
fabrication of new, efficient optical components, such
as mirrors and beam-splitters, for the X-ray laser cavity
[18,19]. In general, there are two types of the reflectors
to be used. One is the selective multilayer mirror and
the other is the broadband concave mirror with sliding
modes. The calculated reflectivity for some materials is
10-40% in the 4-40 nm range [20]. The theory of X-ray
mirrors was investigated intensively [21-28] and there
are no sericus technological problems in their produc-
lion now.

The electron beam must have the same waist as the
optical radiation. At such a waist, the current densities
requirements are not too high so the space charge
effects are negligible. The trapping efficiency is taken to
be 20% for the peak current incoming to the interaction

region. Higher values of efficiencies will diminish some
of the FEL parameters.

The gain is reduced as the wavelength of the injected
signal goes deep intc the XUV region. This reduction,
which is indicated in eq. (23), can be compensated by
the pump radiation wavelength. In turn, the latter will
restrain the energy spread in the electrons pulse as it
appears in eq. (26) and will call for further cold beam.

The length of the ring cavity shown in fig. 1 is
consistent with the length of typical accelerators. For
I =30 m and a pump pulse of 0.1 ns with a peak power
of 50 GW, the cavity will carry 50 MW of circulating
power. If the reflection coefficient of the mirrors for the
pump radiation is 99.5%, after one round-trip a medium
with 2% gain will bring the pump back to the original
level. The repetition rate expected in this scheme is very
high. This implies pump lasers of very high average
power, which are difficult to realize. A possible com-

IX. UNCONVENTIONAL SCHEMES
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promise is to inject 2 pump pulse once during rounds-
trips so that the output will consist of continuous mac-
ropulses,

The energy extraction from the pump power is given
by the Manely-Rowe relations, which state that the
generation rate of the signal photon flux is equal to the
annihilation rate of pump photons, AP /w = AP, /w,
[29]. The total generated signal power AP, is derived
fram hoth the pump power AP, is derived from hoth
the pump power AP, and the axial electric power AP, ..
In the examples given in tables 1 and 2, w, < w, and
P = P, . and the pump wave attenvation AP,_/P, due
to the pump depletion can be neglected in comparison
with the lasers in the mirrors.

An injected short-wavelength signal laser pulse of
the tevel of several watts may be hard to achieve.
However. a tow-level XUV seed radiation produced by
one of the methods mentioned before can be ramped
from low to high signal power level by the FEL amplifi-
cation process.
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