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Ultrahigh electron acceleration and Compton emission spectra in a superintense laser pulse
and a uniform axial magnetic field

Yousef I. Salamin*
Physics Department, Birzeit University, P.O. Box 14, Birzeit, West Bank, Palestine

F. H. M. Faisal†

Fakultät für Physik, Universita¨t Bielefeld, 33615 Bielefeld, Germany
~Received 24 August 1999; published 1 March 2000!

Exact expressions for the electron trajectory and energy are discussed, which predict very high acceleration,
in vacuum, by a laser field and a uniform magnetic field. The laser field is modeled by a sin2 pulse and the
initial electron motion, propagation of the laser pulse, and the magnetic field are all chosen in the same
direction. An acceleration gradient in the TeV/m range within a very short travel distance of the electron is
shown to be possible when a resonance condition is initially met. The acceleration and radiation properties are
investigated using a recent analytic solution@F. H. M. Faisal and Y. I. Salamin, Phys. Rev. A60, 2505~1999!#
of the corresponding relativistic equations of motion in the laboratory frame. The radiation losses are shown to
remain small under the resonance condition and the associated weak emission spectra are found to be charac-
terized by highly irregular line distributions.

PACS number~s!: 42.65.2k, 52.40.Nk, 42.50.Vk, 52.75.Di
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I. INTRODUCTION

To accelerate particles in vacuum to extremely high en
gies requires building huge conventional accelerators, a
becoming prohibitively costly. Thus the search for a no
mechanism of acceleration that would cut both size and
seems inevitable. Attention has recently been turned tow
employing intense laser pulses and other electromagn
fields for guiding and accelerating charged particles@1–4#.
Examples include the inverse Cherenkov accelerators@5#, in-
verse free electron laser accelerators@6#, and plasma lase
accelerators@7,8#. Electron energy gradients of up to 5
GeV/m have recently been reached in self-modula
plasma-wakefield laser accelerators@9–12#.

In order to reach an electron energy gradient in the ra
of several TeV/m, very high intensity laser fields must
employed. Recently@13,14# a scheme based on the intera
tion with an ultrashort superintense laser pulse has been
gested. The idea further depends, for achieving the des
energy gradient, on interaction with only a fraction of a las
pulse, provided the electron may be extracted from the in
action region at the right time.

The aim of the present paper is to report on a theoret
investigation of the scheme of achieving high particle acc
eration in vacuum by an intense laser pulse propaga
along the direction of a uniform magnetic field, with th
particle, an electron for definiteness, injected initially in th
same direction. Such an electron absorbs a lot of energy f
the radiation field, provided some specialized condition
initially met. This effect was discussed for the first tim
many years ago by Roberts and Buchsbaum@15#. It has also
been studied more recently by several authors@16–18# as the
basis of a possible scheme to accelerate charged part
Within this context it is understood that the role of the ma

*Electronic address: ysalamin@science.birzeit.edu
†Electronic address: ffaisal@physik.uni-bielefeld.de
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netic field is both to help guide the electron motion and
influence the laser field in a sensitive way, thus allowing
resonance energy absorption by the charged particle from
radiation field and, hence, causing it to accelerate trem
dously within a short time.

Previous analytic discussions@16–18# have tackled the
idealized constant amplitude plane-wave laser field case,
only indirectly. We will investigate the dynamics and th
radiation emitted by the electron in a shortpulsedlaser field
in the presence of a uniform axial magnetic field, analytica
and numerically. To be specific, the analytic work will em
ploy the phase of a sin2 envelope laser pulse as a variable
terms of which explicit expressions for the electron energy
the presence of both fields will be reported.

Let Bs denote the strength of the uniform magnetic fie
c the speed of light in vacuum,m ande the mass and charg
of the electron, andb0 the forward initial speed of the elec
tron scaled by the speed of light. It turns out that when
initial conditions and the laser field parameters are such a
make the ratio

r 5
eBs

mcv l
A11b0

12b0
5

vc

v l
A11b0

12b0
~1!

close to unity, subsequent motion of the electron chan
quite dramatically as it absorbs a tremendous amount of
ergy from the radiation field. Note thatr is nothing but the
cyclotron frequency of the electronvc5eBs /mc scaled by
the Doppler-shifted frequency of the laser. Hence,r 51 cor-
responds to a resonance between the cyclotron frequenc
the electron and the Doppler-shifted laser frequency.

The plan of the rest of the paper is as follows. We disc
first in Sec. II the electron trajectories when the abov
mentioned resonance condition is initially met. We will sho
that the parametric equations of the electron trajectory p
sess finite limits and may be written compactly asr→1. In
Sec. III we report and discuss the exact expression for
electron energy under the same condition. It will be sho
©2000 The American Physical Society01-1
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YOUSEF I. SALAMIN AND F. H. M. FAISAL PHYSICAL REVIEW A 61 043801
that energy gradients of about several GeV/m may
achieved when the parameters are adjusted in such a wa
to meet the resonance condition initially. More significant
energy gradients in the TeV/m range will be shown to res
from interaction of the electron with a fraction of a fie
cycle of an ultraintense pulse. Sections IV and V will
devoted to a study of the emission of radiation that acco
panies the electron motion under these conditions. In S
IV, we will discuss the radiation losses in general and sh
that they are small in the present situation. We will fina
give explicit illustrations of the emission spectra in differe
observation directions in Sec. V. Our conclusions will
given in Sec. VI.

II. THE ELECTRON TRAJECTORY EQUATIONS

Working fully relativistically ~and employing a vector po
tential description for the radiation and the added unifo
magnetic fields! we have recently obtained exact analytic
trajectories for an electron in the simultaneous presence
uniform magnetic field and an elliptically polarized consta
amplitude plane-wave laser field@19#. More recently, ana-
04380
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lytic expressions of the electron trajectory have been deri
@20# for an electron in a linearly-polarized sin2 laserpulse
and an axial dc magnetic field. LettingAl and Bs stand for
the laser field peak intensity and uniform magnetic fie
strength, respectively, the associated field vectors were
tained from the potential

A~h!5 îAl sin2S k

2
h D cosh2

Bs

2
~ îy2 ĵx!, ~2!

wherek is a real constant between zero and one. Note thk
is related to the pulse duration or full width at half maximu
~FWHM!, t, by k5p/vt and to the numberN of field cycles
in the pulse byN51/k. Moreover,h5v l t2k•r , with k the
wave vector whose magnitude isk5v l /c, and t and r
5(x,y,z) the time and space coordinates of the electr
Furthermore, the dimensionless laser intensity param
q5eAl /mc2 will be used below, withq251 being equiva-
lent to the field intensity'1018W/cm2 . With these nota-
tions, the trajectory of the electron in the presence of
vector potential~2! has been given explicitly@20# as
x~h!5S qc

4v l
Dg0~11b0!H F 2

12r 2Gsinh2F k11

~k11!22r 2Gsin@~k11!h#2F k21

~k21!22r 2Gsin@~k21!h#

1r F2
2

12r 2
1

1

~k11!22r 2
1

1

~k21!22r 2Gsin~rh!J , ~3!

y~h!52S qc

4v l
Dg0~11b0!r H F 2

12r 2Gcosh2
cos@~k11!h#

~k11!22r 2
2

cos@~k21!h#

~k21!22r 2

1F2
2

12r 2
1

1

~k11!22r 2
1

1

~k21!22r 2Gcos~rh!J , ~4!

z~h!5
c

v l
S b0

12b0
Dh1

c

v l

q2

16S 11b0

12b0
D S F 2

12r 2G H S k11

2 D F ~k12!h2sin@~k12!h#

~k12!2
1

kh2sin~kh!

k2 G1S k21

2 D
3Fkh2sin~kh!

k2
1

~k22!h2sin@~k22!h#

~k22!2 G2F2h2sin~2h!

4 G J 2F ~k11!2

~k11!22r 2G H S k11

2 D
3F2~k11!h2sin@2~k11!h#

4~k11!2 G1S k21

2 D F2kh2sin~2kh!

~2k!2
2

2h2sin~2h!

4 G2F ~k12!h2sin@~k12!h#

~k12!2

2
kh2sin~kh!

k2 G J 2F ~k21!2

~k21!22r 2G H S k11

2 D F2kh2sin~2kh!

~2k!2
1

2h2sin~2h!

4 G1S k21

2 D
3F2~k21!h2sin@2~k21!h#

4~k21!2 G2Fkh2sin~kh!

k2
2

~k22!h2sin@~k22!h#

~k22!2 G J 1r 2F2
2

12r 2
1

1

~k11!22r 2

1
1

~k21!22r 2G H S k11

2 D F ~k111r !h2sin@~k111r !h#

~k111r !2
1

~k112r !h2sin@~k112r !h#

~k112r !2 G

1-2
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1S k21

2 D F ~k211r !h2sin@~k211r !h#

~k211r !2
1

~k212r !h2sin@~k212r !h#

~k212r !2 G
2F ~11r !h2sin@~11r !h#

~11r !2
1

~12r !h2sin@~12r !h#

~12r !2 G J C. ~5!
-
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In Fig. 1 we show a three-dimensional~3D! off-resonance
trajectory for an electron moving initially along1z at the
scaled speedb0'0.994987 (g0510). For the set of param
eters employedr'0.044612 and thus the system is far fro
being in resonance. In this situation, the electron spirals
of and around its initial direction of motion, with the ampl
tude of its transverse motion reaching a maximum whe
encounters the peak pulse intensity. Then it is seen to s
in and toward its initial direction of travel and finally it is le
behind the trailing edge of the pulse. As a result, hardly a
energy absorbed by the electron in the course of its inte
tion with the field is retained at the end of the pulse.

But, close to resonance, sayr 51.001, we get the 3D tra
04380
ut

it
ral

y
c-

jectory shown in Fig. 2. Figure 2 has been produced emp
ing Eqs.~3!–~5! after g0 andb0 have been eliminated from
them in favor ofr'1.001 using Eq.~1!. The remaining pa-
rameters have the same values as in Fig. 1. Here, altho
the condition for resonance is only approximately met,
electron in fact absorbs a tremendous net amount of en
from the pulse. This may be inferred from the fact that
spirals outward and advances forward a much longer
tance before it is left behind the pulse, retaining most, if n
all, of the energy it has absorbed.

Under the condition ofexact resonance, r 51, in the lin-
early polarized sin2 pulse, the trajectory equations take th
form
x~h!→S qc

4vc
D H h cosh2F k11

k~k12!Gsin@~k11!h#2F k21

k~k22!Gsin@~k21!h#1Fk222

k224
GsinhJ , ~6!

y~h!→S qc

4vc
D H h sinh1

cos@~k11!h#

k~k12!
1

cos@~k21!h#

k~k22!
2F 2

k224
GcoshJ , ~7!

z~h!→ c

v l
XS v l

22vc
2

2vc
2 D h1

q2

96S v l

vc
D 2

h31
c

v l

q2

16S v l

vc
D 2S 2

k224
D H S k11

2 D F ~k12!h2sin@~k12!h#

~k12!2
1

kh2sin~kh!

k2 G
1S k21

2 D Fkh2sin~kh!

k2
1

~k22!h2sin@~k22!h#

~k22!2 G2F2h2sin~2h!

4 G J 2F ~k11!2

k~k12!G H S k11

2 D
3F2~k11!h2sin@2~k11!h#

4~k11!2 G1S k21

2 D F2kh2sin~2kh!

~2k!2
2

2h2sin~2h!

4 G2F ~k12!h2sin@~k12!h#

~k12!2

2
kh2sin~kh!

k2 G J 2F ~k21!2

k~k22!G H S k11

2 D F2kh2sin~2kh!

~2k!2
1

2h2sin~2h!

4 G1S k21

2 D

3F2~k21!h2sin@2~k21!h#

4~k21!2 G2Fkh2sin~kh!

k2
2

~k22!h2sin@~k22!h#

~k22!2 G J 1S k11

2 D
3H F ~k12!h2sin@~k12!h#

~k12!2 G F2k12

k12 G1
h2h cos@~k12!h#

~k12!2
1Fkh2sin~kh!

k2 G F2k12

k G2
h2h cos~kh!

k2 J
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1S k21

2 D H Fkh2sin~kh!

k2 G F2k22

k G1
h2h cos~kh!

k2
1F ~k22!h2sin@~k22!h#

~k22!2 G F2k22

k22 G
2

h2h cos@~k22!h#

~k22!2 J 2F3h2sin~2h!2h cos~2h!

4 GC. ~8!
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In arriving at Eqs.~6!–~8!, Eq.~1! has been used to eliminat
g0 and b0 in favor of vc and v l . Equations~6!–~8! were
then used to produce a 3D trajectory corresponding to
same values of the remaining parameters as were used in
2. The exact resonance and near-resonance conditions l
virtually indistinguishable trajectories, all other paramet
being identical. This forces upon us the conclusion that
may not need to meet the delicate balance of parame
required by the condition of exact resonance, but that m
ing such a condition approximately is perhaps good eno
to trigger the enhanced energy absorption by the elec
from the radiation field.

To sum up, we have shown in this section that the hig
symmetric trajectory of an electron in a laser plus unifo
magnetic fields changes quite dramatically when the par
eters conspire with the initial conditions to render the el
tron cyclotron frequency equal to the Doppler-shifted f
quency of the laser. Recall that a linearly polarized wa
may be viewed as a superposition of two~left- and right-
circularly polarized! waves with half the total intensity each
As has been explained in the past@17#, when the resonanc
condition is met, the electron moves in phase with the e
tric field associated with one of the circularly polarize
halves of the wave. As a result the electron continues to
accelerated by this electric field. The correctness of our
rived trajectory equations under the condition of exact re

FIG. 1. Electron trajectory in a linearly polarized sin2 laser pulse
of wavelengthl5800 nm and intensity corresponding toq51, and
a magnetic field of strengthBs530 T, calculated for a pulse con
taining 10 field cycles~k50.1!. The initial scaled electron energy i
g0510 (E0'4.5 MeV), and hencer'0.044612, i.e., away from
resonance.
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nance has also been demonstrated numerically. In the
section, we will show the dramatic change in the process
energy exchange between the electron and the radiation
that results when the conditions for near or exact resona
are initially met.

III. THE ELECTRON ENERGY EQUATION

It has long been known@15# that an electron can gain
tremendous energy through coherent interaction with
electromagnetic wave and a uniform magnetic field, p
vided ~1! the wave vectork is parallel to the magnetic field
Bs ; ~2! the index of refraction of the medium in whic
propagation takes placen[kc/v l51; and~3! the following
condition is met:

v l2
vc

g
2kvz50, ~9!

wherevz is the component of electron velocity parallel toBs
andg is the Lorentz factor. It was shown many years ago
Roberts and Buchsbaum@15# that if the condition~9! is met
initially, it will hold throughout the motion of the electron in
the fields considered.

Note that att50 the condition~9! is exactly equivalent to
our resonance conditionr 51. Moreover, we have shown
@19,20# that

g~12bz!5g0~12b0!. ~10!

This implies that if the resonance condition is met initiall

FIG. 2. Electron trajectory in a linearly polarized sin2 laser pulse
of wavelengthl5800 nm and intensity corresponding toq51, and
a magnetic field of strengthBs530 T, calculated for a pulse con
taining 10 field cycles~k50.1!. The initial scaled electron energ
g0 is such as to maker 51.001, i.e., near resonance.
1-4
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then it will hold for all times, in agreement with Eq.~9!.
Furthermore, Eq.~10! is a statement of conservation of th
quantity E/c2pz , wherepz is the z component of the mo-
mentum of the electron. From it one may also infer that
el
of

ar
e
e

e
-

04380
e

Doppler-shifted frequency of the laser field is a constant.
We now quote the associated expression for the elec

energy derived recently@20#, for the case of a linearly polar
ized laser pulse,
g~h!5g01
q2

16
g0~11b0!X F 2

12r 2G H S k11

2 D F12cos@~k12!h#

k12
1

12cos~kh!

k G1S k21

2 D F12cos~kh!

k

1
12cos@~k22!h#

k22 G2F12cos~2h!

2 G J 2F ~k11!2

~k11!22r 2G H S k11

2 D F12cos@2~k11!h#

2~k11! G1S k21

2 D F12cos~2kh!

2k

2
12cos~2h!

2 G2F12cos@~k12!h#

k12
2

12cos~kh!

k G J 2F ~k21!2

~k21!22r 2G H S k11

2 D F12cos~2kh!

2k
1

12cos~2h!

2 G
1S k21

2 D F12cos@2~k21!h#

2~k21! G2F12cos~kh!

k
2

12cos@~k22!h#

k22 G J 1r 2F2
2

12r 2
1

1

~k11!22r 2

1
1

~k21!22r 2G H S k11

2 D F12cos@~k111r !h#

k111r
1

12cos@~k112r !h#

k112r G1S k21

2 D F12cos@~k211r !h#

k211r

1
12cos@~k212r !h#

k212r G2F12cos@~11r !h#

11r
1

12cos@~12r !h#

12r G J C. ~11!

The energy expression that holds when exact resonance is achieved may be obtained from Eq.~11! after some~rather
lengthy! algebra. On exact resonance, the scaled electron energy becomes

g~h!→
v l

21vc
2

2v lvc
H 11

q2

16F v l
2

v l
21vc

2Gh2J 1
q2

16S v l

vc
D X F 2

k224
G H S k11

2 D F12cos@~k12!h#

k12
1

12cos~kh!

k G1S k21

2 D
3F12cos~kh!

k
1

12cos@~k22!h#

k22 G2F12cos~2h!

2 G J 2F ~k11!2

k~k12!G H S k11

2 D F12cos@2~k11!h#

2~k11! G1S k21
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2 G2F12cos@~k12!h#
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12cos~kh!

k G J 2F ~k21!2

k~k22!G H S k11

2 D F12cos~2kh!
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1
12cos~2h!

2 G1S k21

2 D F12cos@2~k21!h#

2~k21! G2F12cos~kh!

k
2

12cos@~k22!h#

k22 G J 1S k11

2 D
3H F12cos@~k12!h#

k12 GF2k13

k12 G1
h sin@~k12!h#

k12
1F12cos~kh!

k GF2k11

k G2
h sin~kh!

k J 1S k21

2 D H F12cos~kh!

k G
3F2k21

k G1
h sin~kh!

k
1F12cos@~k22!h#

k22 GF2k23

k22 G2
h sin@~k22!h#

k22 J 2H F12cos~2h!

2 GF3

2G1
h sin~2h!

2 J C.
~12!
ld
es-
no-

e
di-

of
We show in Fig. 3 the energy vs the number of laser fi
cycles h/2p ~a,b!, as well as vs the forward distance
travel during the interaction with the pulse~c,d!, for exact
resonance,r 51. The figure seems to suggest that, for a p
ticular field intensity~q fixed!, the maximum value attainabl
by g is only limited by the number of field cycles in the puls
used. This is in sharp contrast with the nonresonance cas
have discussed earlier@19,20# in which the electron essen
d

-

we

tially returns all the energy it gains back to the radiation fie
upon exit from the pulse envelope. Note, as well, the pr
ence of small energy oscillations that arise from the trigo
metric terms in Eq.~12!. It is interesting to note that the
energy gradient~roughly calculated here as the ratio of th
net energy gain to the distance of travel in the forward
rection during interaction! is about 0.38 GeV/m in Fig. 3~c!.
It would be, however, misleading to conclude, on the basis
1-5
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Fig. 3 alone, that arbitrarily high energies can be obtain
only by employing laser pulses of ever higher intensity a
ever larger pulse duration. As Fig. 4 shows, interaction w
such pulses takes place over correspondingly longer
tances.

Closer scrutiny of the graphs of energy vs forward d
tance of travel, shown in Figs. 3 and 4, leads to a be
understanding of the process of energy exchange betwee
electron and the radiation field. As the plots labeled~b! and
~d! in both figures show, absorption of a huge amount
energy by the electron, per meter of travel, takes place du
its encounter with the firstquarter of a field cycle. In fact,
according to Fig. 3~d! an energy gradient of 9.5 GeV/m i
gained atq51, while when zooming on the first quarte
cycle of Fig. 4~d! ~not shown! a gain of about 38 TeV/m is
found atq5100, provided the electron can be extracted
the end of the first quarter cycle~e.g., among other possibili
ties, by matching the resonance over the distance co

FIG. 3. Energy of the electron whose trajectory is given in F
2. In ~a! and~b! the energy is plotted vs the number of field cycl
h/2p, while in ~c! and~d! it is plotted vs the distance of travel alon
thez axis. Note that~b! and~d! have been produced by zooming o
the portions of~a! and~c!, respectively, that correspond to intera
tion with the first two field cycles.

FIG. 4. Same as Fig. 3, but forq5100.
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sponding only to one quarter period!. Note that most of the
energy gained in the first quarter cycle is deposited back
the radiation field during interaction with the second quar
cycle. However, it is also significant to note that more ene
absorption and less reemission take place when the elec
interacts with the successive quarter field cycles. Thus a
gain in energy builds up quickly and the electron advan
forward a long distance.

IV. RADIATION LOSS

We have been concerned thus far only with the accele
tion of the electron. However, accelerated charged parti
emit radiation and, therefore, can lose energy. Thus, ra
tion losses may place a limit on the maximum energy atta
able by the particle in an accelerator. It is important, the
fore, to investigate the radiation loss under the pres
scheme of acceleration. To this end we employ the relati
tic generalization of the Larmor formula@21# for the total
instantaneous power emitted by the electron,

P~ t !5
2

3

e2

c
g6H Fdb

dt G
2

2Fb3
db

dt G
2J , ~13!

whereb is the instantaneous velocity of the electron sca
by the speed of light. We turnP(t) into a function of the
phase h using the chain rule of differentiationdb/dt
5(db/dh)(dh/dt) and Eq. ~10!, together with a well-
known vector identity. When the resonance condition is u
to eliminate the dependence upon the initial velocity, th
results

P~h!5
2

3

~evcg!2

c H Fdb

dhG2

1g2Fb•
db

dhG2J . ~14!

A good qualitative measure of the energy loss may
obtained by considering the ratio of the power radiated to
energy gained within one cycle of the laser field. In oth
words, we define the ratio

G~h!5
2p

v l

P

E 5
4p

3v lc

~evcg!2

gmc2 H Fdb

dh G2

1g2Fb•
db

dhG2J .

~15!

To compute loss rates using Eqs.~14! and ~15! we need to
borrow a few more equations from Ref.@20#, namely,

bx~h!5
1

g~h! Fq f~h!2
vc

c
y~h!G , ~16!

by~h!5
1

g~h! Fvc

c
x~h!G , ~17!

bz~h!512
g0

g~h!
~12b0!, ~18!

where f (h)5sin2(kh/2)cosh used to model the laser puls
in Eq. ~2!. Equations~16!–~18! give the components of the
electron velocity vector scaled by the speed of light

.

1-6
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vacuum. These velocity components are shown vs the n
ber of field cycles in Fig. 5 forq51 andBs530 T. Note that
the three components exhibit oscillations during interact
with the first few field cycles, but soon afterwardbz grows
andbx andby decline in absolute value.

Next we calculate the loss rate using Eqs.~14!–~18!. The
results for a number of cases are presented graphically.
ure 6 shows how the ratioG varies during 10 laser cycles an
in Fig. 7 we show the energy gain as a function of the int
action time.@Recall thatt5h/v l1z(h)/c.# Figure 7~a! was
calculated for the field intensity corresponding toq51 and
Fig. 7~b!, for q5100. It is interesting to note that althoug
the pulse employed has a duration oft'13 fs, nevertheless
the motion of the electron is shown over a much long
interaction time@roughly 260 ns in Fig. 7~a! and about 2.6
ms in Fig. 7~b!#. In other words, due to the high speed wi
which it moves during the interaction time, the electronrides
with the pulse for a time much longer than the pulse’s du
tion. It is quite evident from both figures that radiation loss
are negligibly small by comparison to the rate at which
electron gains energy from the field.

Another feature of the exchange of energy, more evid
in Fig. 6~a! than in Fig. 6~b!, is that the loss rate reaches

FIG. 5. Velocity components, scaled by the speed of light
vacuum, of the electron whose trajectory is given in Fig. 2, vs
number of field cycles in the pulse.
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steady maximum value toward the end of the interaction
riod. This explains the saturation exhibited by the curve
energy gain vs time of Fig. 7, during the same time interv

V. EMISSION SPECTRA

We have seen in Sec. IV that under the cyclotron re
nance condition, a small part of the energy absorbed by
electron from the laser field is reemitted. It is well know
that a particle moving at relativistic speeds emits radiat

FIG. 7. Evolution in time of the electron energy.

e

FIG. 6. Ratio of the radiated energy to the energy gain per la
oscillation vs the number of field cycles.
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mostly in a small cone around its instantaneous direction
motion. In addition, the emitted radiation has a frequen
distribution. Because of current interest in the generation
harmonics of the radiation field, we study the emission sp
tra in this section. We will investigate both the forward a
the backscattered spectra as well as those emitted in th
rections of the electric and magnetic field components of
laser field.

The spectra are calculated using the same procedure
@19,20# starting with the well-known expression of radia
energy emitted per unit solid angledV and per unit fre-
quency intervaldv @21#,

d2E~v,V!

dV dv
5

e2

4p2c
U E

0

Tn3@@n2b~ t !#3ḃ~ t !#

@12n•b~ t !#2

3expH ivF t2
n•r ~ t !

c G J dtU2

. ~19!

In this equationE is used to denote the radiated energy,n is
a unit vector in the direction of propagation of the emitt
radiation~direction of observation!, ḃ5db/dt, andT is the
time interval over which the incident fieldseen by the elec
tron is nonzero. In order to make Eq.~19! easy to program, a
change of integration variable is made fromt to h with the
help of the chain rule of differentiation together with E
~10!.

A typical generated frequency spectrum is given by
doubly differential emission cross section. This quantity may
be obtained by dividing the radiant energy, emitted into
unit solid angle per unit frequency per unit time, by the
cident energy flux, (eqv0)2/8pcr0

2 , r 0 being the classica
electron radius. Thus

d2s~v,V!

dV dv
5

1

T

8pcr0
2

~eqv l !
2

d2E~v,V!

dV dv
. ~20!

The doubly differential cross sections are calculated on
basis of Eqs.~19! and~20! and are plotted below against th
scattered frequency, with the latter expressed in units of
laser frequencyv l . Atomic units, with e5m51, will be
used. In Fig. 8 we show the forward and backscattered s
tra over one decade of laser frequencies. The forward s
trum has one peak corresponding to the laser fundame
~pump! frequency. We have shown previously@20# that the
forward spectrum has another peak atv/v l5r , but due to
the resonance condition this peak coincides with the fun
mental peak here. Furthermore, for the value ofk50.1 used
here, the two sidebands discussed in Ref.@20# are also en-
gulfed by the fundamental~Thomson! peak. In a recent ar
ticle, we have also shown@22# analytically that the spectrum
of the backscattered radiation consists of very many pe
spaced closely on the frequency scale in contradistinctio
the usual harmonic spectra. We note that an anharmonic
quency distribution has been found by Hartemannet al. @23#
in the absence of the uniform magnetic field as well.

Very rich ~but less accurate! spectra are also shown i
Figs. 9 and 10 for observation along the direction of la
04380
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polarization and in the direction of the magnetic compon
of the laser field. We are still hesitant to interpret these sp
tra pending a more accurate numerical calculation@24#. Suf-
fice it to say here perhaps that the spectrum along the po
ization direction, Fig. 9~a!, appears to be richer than tha
along the laser magnetic field direction, Fig. 9~b!, as ex-

FIG. 8. Forward~top! and backscattered~bottom! spectra. The
electron is assumed to have been injected initially, with energy
satisfies the resonance condition, along the propagation directio
a laser pulse of peak intensity corresponding toq50.01 and having
10 field cycles and a wavelengthl5800 nm. The uniform magnetic
field has strengthBs530 T. For this magnetic field strength an
laser wavelength, the resonance condition is met for an injec
energy of about 114 MeV.

FIG. 9. ~a! Spectrum emitted along the electric component
the laser field.~b! Spectrum emitted along the magnetic compon
of the laser field. The laser field intensity corresponds toq51, and
the other electron and field parameters are the same as those o
8.
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pected. Furthermore, a simple formula predicting the f
quencies that would be observed along an arbitrary angle
the laser propagation direction has been reported by us
cently @19# for the general off-resonance conditions. Whe
the said formula is adapted to suit the condition of resona
(r 51) and after the appropriate observation angle is
lected, it still predicts the existence of a tremendous num
of closely spaced emission frequencies.

Finally, in Fig. 10 we illustrate the difference between a
off-resonance spectrum and an on-resonance one. To this
a small portion of the spectrum shown in Fig. 9~a! around
v5v l has been calculated under both conditions and
shown in Fig. 10. Figure 10~a! corresponds tog05200, i.e.,
one that does not meet the resonance condition, while F
10~b! is for g05223.594, i.e., for almost exact resonanc
We notice a substantial reduction in the strength of the lin
in going from Figs. 10~a! and 10~b!. This demonstrates quite
clearly the resonance absorption of energy by the elect

FIG. 10. ~a! Spectrum emitted along the electric component
the laser field over a small frequency interval for an off-resonan
scenario withg05200. ~b! The corresponding spectrum when th
condition for resonance is fulfilled,g0'223.594. The laser field
intensity corresponds toq51, and the other electron and field pa
rameters are the same as those of Fig. 8.
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from the radiation field. Given the fact that these spectra
not highly accurate, it is almost impossible to draw conc
sions about the number of emission lines in each.

VI. CONCLUSIONS

We have studied in detail a scheme, dependent upon
initial resonance condition between the Doppler-shifted la
frequency and the cyclotron frequency, for accelerating
electron in vacuum to extremely high energies by an inte
sin2 laser pulse and in the presence of a strong uniform m
netic field. For the field parametersl5800 nm andBs
530 T ~chosen for the sake of concreteness in the illus
tions! one finds that the resonance may be achieved in p
tice for an initial electron injection energy of about 11
MeV. This can be ensured by preacceleration to that ene
before the electron is subjected to the laser and magn
field environment for further acceleration. It has been sho
that an acceleration gradient in the GeV/m range can
achieved for interaction with a pulse of several cycles t
also leads to a rather large longitudinal travel distance of
electron. More significantly, it has been shown that accele
tion gradients of many TeV/m can be achieved if the el
trons are extracted from the interaction region after enco
tering the firstquarter cycleof the laser pulse. In this cas
the electron can be accelerated to very high energies with
drastically reduced longitudinal travel distance. This, ho
ever, requires the use of very high laser field intensities.

We also show that the radiation losses that accompany
above acceleration process remain small. The relatively w
associated emission spectra are found to depend strong
the direction of emission and are in general composed
irregular distributions of emission lines. More concrete co
clusions concerning the emission spectra should perh
await a more accurate calculation than has been done h
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