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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
Fakulta fur Physik, Universita 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 putse 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 solutjén H. M. Faisal and Y. I. Salamin, Phys. Rev.6@, 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 numbgs): 42.65-k, 52.40.Nk, 42.50.VK, 52.75.Di

I. INTRODUCTION netic field is both to help guide the electron motion and to
influence the laser field in a sensitive way, thus allowing for

To accelerate particles in vacuum to extremely high enerresonance energy absorption by the charged particle from the
gies requires building huge conventional accelerators, a tagladiation field and, hence, causing it to accelerate tremen-
becoming prohibitively costly. Thus the search for a noveldously within a short time.
mechanism of acceleration that would cut both size and cost Previous analytic discussiorjd6—18 have tackled the
seems inevitable. Attention has recently been turned towariflealized constant amplitude plane-wave laser field case, and
employing intense laser pulses and other electromagnetienly indirectly. We will investigate the dynamics and the
fields for guiding and accelerating charged partidles4].  radiation emitted by the electron in a shptlisedlaser field
Examples include the inverse Cherenkov accelergfdrin-  in the presence of a uniform axial magnetic field, analytically
verse free electron laser acceleratt8$ and plasma laser and numerically. To be specific, the analytic work will em-
acceleratord7,8]. Electron energy gradients of up to 50 ploy the phase of a strenvelope laser pulse as a variable in
GeV/m have recently been reached in self-modulatederms of which explicit expressions for the electron energy in
plasma-wakefield laser acceleratf®s-12]. the presence of both fields will be reported.

In order to reach an electron energy gradient in the range Let By denote the strength of the uniform magnetic field,
of several TeV/m, very high intensity laser fields must bec the speed of light in vacuunm ande the mass and charge
employed. Recently13,14 a scheme based on the interac- of the electron, ang, the forward initial speed of the elec-
tion with an ultrashort superintense laser pulse has been sugon scaled by the speed of light. It turns out that when the
gested. The idea further depends, for achieving the desirdditial conditions and the laser field parameters are such as to
energy gradient, on interaction with only a fraction of a lasermake the ratio
pulse, provided the electron may be extracted from the inter-
action region at the right time. _eBs 148y wc [1+B

The aim of the present paper is to report on a theoretical r= mcow, ¥ 1—8y ZI 1- B, @)
investigation of the scheme of achieving high particle accel-
eration in vacuum by an intense laser pulse propagatinglose to unity, subsequent motion of the electron changes
along the direction of a uniform magnetic field, with the quite dramatically as it absorbs a tremendous amount of en-
particle, an electron for definiteness, injected initially in thatergy from the radiation field. Note thatis nothing but the
same direction. Such an electron absorbs a lot of energy fromyclotron frequency of the electran,=eBs/mc scaled by
the radiation field, provided some specialized condition isthe Doppler-shifted frequency of the laser. Hence1 cor-
initially met. This effect was discussed for the first time responds to a resonance between the cyclotron frequency of
many years ago by Roberts and BuchsbdBj. It has also the electron and the Doppler-shifted laser frequency.
been studied more recently by several authdfs-1§ as the The plan of the rest of the paper is as follows. We discuss
basis of a possible scheme to accelerate charged particldgst in Sec. Il the electron trajectories when the above-
Within this context it is understood that the role of the mag-mentioned resonance condition is initially met. We will show

that the parametric equations of the electron trajectory pos-

sess finite limits and may be written compactlyras1. In
*Electronic address: ysalamin@science.birzeit.edu Sec. Il we report and discuss the exact expression for the
"Electronic address: ffaisal@physik.uni-bielefeld.de electron energy under the same condition. It will be shown
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that energy gradients of about several GeV/m may bdytic expressions of the electron trajectory have been derived
achieved when the parameters are adjusted in such a way 0] for an electron in a linearly-polarized Sitaser pulse

to meet the resonance condition initially. More significantly,and an axial dc magnetic field. Lettify and B¢ stand for
energy gradients in the TeV/m range will be shown to resulthe laser field peak intensity and uniform magnetic field
from interaction of the electron with a fraction of a field strength, respectively, the associated field vectors were ob-
cycle of an ultraintense pulse. Sections IV and V will betained from the potential

devoted to a study of the emission of radiation that accom-

panies the electron motion under these conditions. In Sec. ~

IV, we will discuss the radiation losses in general and show A(n)=IiA, sir?
that they are small in the present situation. We will finally

give explicit illustrations of the emission spectra in different i
observation directions in Sec. V. Our conclusions will beWherex is a real constant between zero and one. Notexhat

given in Sec. VI. is related to the pulse duration or full width at half maximum
(FWHM), 7, by k=n/wr and to the numbeN of field cycles
in the pulse byN=1/x. Moreover,p=w;t—k-r, with k the
wave vector whose magnitude ls=w,/c, andt and r
Working fully relativistically (and employing a vector po- =(x,y,z) the time and space coordinates of the electron.
tential description for the radiation and the added uniformFurthermore, the dimensionless laser intensity parameter
magnetic fields we have recently obtained exact analyticalg=eA /mc? will be used below, withg?=1 being equiva-
trajectories for an electron in the simultaneous presence of lent to the field intensity~10®W/cn?. With these nota-
uniform magnetic field and an elliptically polarized constanttions, the trajectory of the electron in the presence of the
amplitude plane-wave laser fie[d9]. More recently, ana- vector potential2) has been given explicitlj20] as

BS - o
cosy— = (iy=jx), 2

K
27

Il. THE ELECTRON TRAJECTORY EQUATIONS

_( qc) 2 | k+1 _ K— .
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=

12

(1+r)p=sin(1+r)7] N (1=r)np—sin(1-r)n]
(1+r)? (1-r)?

(k=1+r)p—sin(k—1+r)7n] N (k—=1-r)p—sin(«k—1-r)7n]
(k—1+r)? (k—1—r)2

j

In Fig. 1 we show a three-dimension(@D) off-resonance jectory shown in Fig. 2. Figure 2 has been produced employ-
trajectory for an electron moving initially alongz at the  ing Egs.(3)—(5) after y, and 8y have been eliminated from
scaled spee@,~0.994987 ¢,=10). For the set of param- them in favor ofr~1.001 using Eq(1). The remaining pa-
eters employed~0.044612 and thus the system is far from rameters have the same values as in Fig. 1. Here, although
being in resonance. In this situation, the electron spirals outhe condition for resonance is only approximately met, the
of and around its initial direction of motion, with the ampli- electron in fact absorbs a tremendous net amount of energy
tude of its transverse motion reaching a maximum when ifrom the pulse. This may be inferred from the fact that it
encounters the peak pulse intensity. Then it is seen to spirabpirals outward and advances forward a much longer dis-
in and toward its initial direction of travel and finally it is left tance before it is left behind the pulse, retaining most, if not
behind the trailing edge of the pulse. As a result, hardly anyall, of the energy it has absorbed.
energy absorbed by the electron in the course of its interac- Under the condition o&xact resonance =1, in the lin-
tion with the field is retained at the end of the pulse. early polarized sifipulse, the trajectory equations take the

But, close to resonance, say 1.001, we get the 3D tra- form

( qc) K+ ) K— ) K>=2|
x(17)— g | 19057 (k¥ 2) sinf(«k+1)7]— w(x=2) sinf(k—1) 7]+ ERiiIE (6)
qc , cog§(x+1)n] cog(xk—1)7] 2
y(n)—>(4—%)[nsmn+ Kkt2) T kte2) | COSn], @)

c [ wi—w? q2<w|)2 5 C qz(w|)2 2 k+ 1\ (k+2)p—siN(«k+2)n] «&n—sin(kn)
S | R LA PR PR T P e L L 2?2
(K—l knp—sin(ky) (k—2)p—si(k—2)7n]| [27—sin(27y) (k+1)? (K+1
172 2 (r—2)? B 4 k12| 2
y 2(K+1)77—Sir{2(K+1)77]_+(K—1> 2K7;—sin(2/<7;)_277—sin(277) 3 (k+2)p—sin(k+2)7]
4(k+1)? 2 (2x)? 4 (k+2)2
Kky—Sin(k7) (k—1)2]| [ k+1\| 2k p—sin(2kn) 27n—sin(27) (K—].)
T2 “lxx=2)|\ 2 202 4 172
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4(K_1)2 K2 (K—2)2 2
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In arriving at Eqs(6)—(8), Eq. (1) has been used to eliminate nance has also been demonstrated numerically. In the next
vo and B, in favor of w. and ;. Equations(6)—(8) were  section, we will show the dramatic change in the process of
then used to produce a 3D trajectory corresponding to thenergy exchange between the electron and the radiation field
same values of the remaining parameters as were used in Fitpat results when the conditions for near or exact resonance
2. The exact resonance and near-resonance conditions ledace initially met.
virtually indistinguishable trajectories, all other parameters
being identical. This forces upon us the conclusion that one Ill. THE ELECTRON ENERGY EQUATION
may not need to meet the delicate balance of parameters
required by the condition of exact resonance, but that meet- It has long been knowil5] that an electron can gain
ing such a condition approximately is perhaps good enougkrfemendous energy through coherent interaction with an
to trigger the enhanced energy absorption by the electroglectromagnetic wave and a uniform magnetic field, pro-
from the radiation field. vided (1) the wave vectok is parallel to the magnetic field

To sum up, we have shown in this section that the highlyBs; (2) the index of refraction of the medium in which
symmetric trajectory of an electron in a laser plus uniformpropagation takes placge=kc/w,=1; and(3) the following
magnetic fields changes quite dramatically when the parantondition is met:
eters conspire with the initial conditions to render the elec-
tron cyclotron frequency equal to the Doppler-shifted fre- ¢
quency of the laser. Recall that a linearly polarized wave i 7"‘”2: 0, ©)
may be viewed as a superposition of tWleft- and right-
circularly polarized waves with half the total intensity each. \ynerey, is the component of electron velocity parallelBg
As has been explained in the pgst], when the resonance andy is the Lorentz factor. It was shown many years ago by
condition is met, the electron moves in phase with the elecroperts and Buchsbauf5] that if the condition(9) is met

tric field associated with one of the circularly polarized nitially, it will hold throughout the motion of the electron in
halves of the wave. As a result the electron continues to bgye fields considered.

accelerated by this electric field. The correctness of our de- Ngte that at=0 the condition(9) is exactly equivalent to
rived trajectory equations under the condition of exact resogr resonance condition=1. Moreover. we have shown
[19,20 that

¥(1=B2)=70(1-Bo). (10

This implies that if the resonance condition is met initially,

FIG. 1. Electron trajectory in a linearly polarized %laser pulse
of wavelengtih=800 nm and intensity correspondingde- 1, and FIG. 2. Electron trajectory in a linearly polarized $laser pulse
a magnetic field of strengtBs=30T, calculated for a pulse con- of wavelengtth\=800 nm and intensity correspondingde- 1, and
taining 10 field cycle$x=0.1). The initial scaled electron energy is a magnetic field of strengtB;=30T, calculated for a pulse con-
v0=10 (Ex~4.5MeV), and hence~0.044612, i.e., away from taining 10 field cyclegx=0.1). The initial scaled electron energy
resonance. vp is such as to make=1.001, i.e., near resonance.

043801-4
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then it will hold for all times, in agreement with Eq9). Doppler-shifted frequency of the laser field is a constant.
Furthermore, Eq(10) is a statement of conservation of the = We now quote the associated expression for the electron
quantity &/c—p,, wherep, is the z component of the mo- energy derived recently20], for the case of a linearly polar-
mentum of the electron. From it one may also infer that thdzed laser pulse,

2 2 +1\[1—-cog(k+2) 1—cog x7) —1\[1-cogkn)
7(77)=yo+2—6y0(1+/30)( — K2 iikz 77]+ K5{K7] +<K2 ) :&KU
1—C05{(K—2)77]} 1—005{277)} (k+1)? (K+1 1-cod2(k+1)7n] (K—:L) 1-coq2k7)
* K2 T2 Tl ern2—r2| || 2 2kt |12 2K
1-co927) 1-cog(k+2)np] 1—cog«kn) (k—1)? k+1\|1-cog2«kny) 1—cog27)
T2 T 2« Tleen—r|ll 2 2 2
) K—1> 1-co§2(k—1)7]] l—cosmy)_l—cos{(K—Z)n]“+r2{_ 2, 1
2 2(k—1) K K—2 1-r2  (k+1)%-r?
1 k+1\[1—cod(k+1+r)y] 1—cog(xk+1—r)7] (K—l) 1-cog(k—1+r)7]
||| 2 PR kit |72 P
1-cog(k—1-r)7n] 1-cog(1+r)n] 1—cog(1-r)7n]
M }_ 1+r 1-r }) D

The energy expression that holds when exact resonance is achieved may be obtained ftht) &ter some(rather
lengthy) algebra. On exact resonance, the scaled electron energy becomes

Wit w? 2| w? 5 qz((u|) 2 k+1\[1-cog(xk+2)n] 1—cog«n) k—1
Y= 2w 0, 16 a)|2+w§ 7 +1_6 w_c K2—4 2 Kk+2 * K * 2 )
1-cogky) 1—cod(k—2)7y]] [1—cog27) (k+1)2]([k+1\[1—co§2(xk+1)7]] [k—1
o P T2 Tk | |12 2kt 1) 2
1—co92kn) 1-cog27y)] [1—cod(k+2)n] 1—cogkn) (k—1)2 (K+1 1—cog2k7)
x 2K * 2 B K+2 B K B k(k—2) 2 2K
1-co927) (K_l) 1-cod2(k—1)7n] 1-cogkny) 1-—cog(xk—2)7n] (K+1
N R k-1 | |7« 2 ]+ 2 )
[ 1-cog(k+2)7n]||2xk+3| 7xsinN(«k+2)n] |1—codkn)|l2«+1 nsin(m;)} (K—l)( 1-cog«n)
X -~ +
K+2 K+2 K+2 K K K 2 K
2k—=1| msin(kn) |[1l—cog(k—2)7n]||2xk—3| nsiN(«k—2)7] 1-co927)||3| mnsin(27n)
x K * K * K—2 k—2 | K—2 B 2 2 * 2 '

(12

We show in Fig. 3 the energy vs the number of laser fieldtially returns all the energy it gains back to the radiation field
cycles /27 (a,b, as well as vs the forward distance of upon exit from the pulse envelope. Note, as well, the pres-
travel during the interaction with the pulge,d), for exact ence of small energy oscillations that arise from the trigono-
resonance;,=1. The figure seems to suggest that, for a parimetric terms in Eq.(12). It is interesting to note that the
ticular field intensity(q fixed), the maximum value attainable energy gradientroughly calculated here as the ratio of the
by yis only limited by the number of field cycles in the pulse net energy gain to the distance of travel in the forward di-
used. This is in sharp contrast with the nonresonance case wection during interactionis about 0.38 GeV/m in Fig.(8).
have discussed earli¢l9,2q in which the electron essen- It would be, however, misleading to conclude, on the basis of
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30 sponding only to one quarter perjodNote that most of the
energy gained in the first quarter cycle is deposited back into
the radiation field during interaction with the second quarter
cycle. However, it is also significant to note that more energy
absorption and less reemission take place when the electron
interacts with the successive quarter field cycles. Thus a net
gain in energy builds up quickly and the electron advances
0.25 ‘ . ‘ ‘ ‘ ‘ forward a long distance.

(d

20

10

Energy (GeV)

_ IV. RADIATION LOSS

We have been concerned thus far only with the accelera-

tion of the electron. However, accelerated charged particles

‘ . ‘ ‘ ‘ ‘ emit radiation and, therefore, can lose energy. Thus, radia-

o Tos 1 15 2 0 005 01 015 02 tion losses may place a limit on the maximum energy attain-

w2n z (m) able by the particle in an accelerator. It is important, there-

FIG. 3. Energy of the electron whose trajectory is given in Fig.fore’ to Investlgate.the rad|§1t|on loss under  the presgnt

2. In (a) and(b) the energy is plotted vs the number of field cycles S.Cheme of .acc'eleratlon. To this end we employ the relativis-
727, while in (c) and(d) it is plotted vs the distance of travel along F'C generalization of the _Larmor formul1] for the total

the z axis. Note thatb) and(d) have been produced by zooming on instantaneous power emitted by the electron,

the portions of(a) and(c), respectively, that correspond to interac- 2 2 B dp

tion with the first two field cycles. P(t)== — 6[ - BX——

3 dt dt

0.15

Energy (GeV)

2

2
] ; (13

Fig. 3 alone, that arbitrarily high energies can be obtained , , )

only by employing laser pulses of ever higher intensity andvherep is the instantaneous velocity of the electron scaled

ever larger pulse duration. As Fig. 4 shows, interaction withPy the speed of light. We turf(t) into a function of the

such pulses takes place over correspondingly longer dig2hase » using the chain rule of differentiatiord/dt

tances. =(dB/dn)(dn/dt) and Eqg. (10), together with a well-

tance of travel, shown in Figs. 3 and 4, leads to a bettel© eliminate the dependence upon the initial velocity, there

understanding of the process of energy exchange between tfRSUlts

electron and the radiation field. As the plots labe(bdand 5 5

(d) in both figures show, absorption of a huge amount of P(y)=2 (ewcy) (
. Y

energy by the electron, per meter of travel, takes place during 3 c

its encounter with the firstiuarter of a field cycle. In fact, o

according to Fig. &) an energy gradient of 9.5 GeV/m is A good qualitative measure of the energy loss may be

gained atq=1, while when zooming on the first quarter obtained by considering the ratio of the power radiated to the

cycle of Fig. 4d) (not shown a gain of about 38 TeV/m is €Nergy gained_ within one cycle of the laser field. In other

found atq= 100, provided the electron can be extracted atVords, we define the ratio

the end of the first quarter cycle.g., among other possibili- 2 2 2

ties, by matching the resonance over the distance corre- ()= 2m P _ 4m (ewcy) Hd—ﬁ} +’yz[ﬂ. dﬁ} ]

dB

2
_+2
dn

dpl?
B ) s

0 € 30c yme ||dy dn
300 ————————————— . . : (15)
% 200 | @ To compute loss rates using Eqé4) and (15) we need to
= .
3 borrow a few more equations from R¢R20], namely,
@ 100 | .
u 1 W
0 . , ] Bx(m)= ) af(n)——y(m |, (16)
0 2x10° 4x10° 6x10° 8x10°
) | - | By ()= —— | Zoxq >} (17
- =——|—=x(7)|,
g © : N AD=50 eX
fos) | | B =1-—12 (1~ o) (19
w — 4 - 1l
S R
0 ‘

0 0.5 1 156 2 0 40 80 120 160

wom 2 (m) where f(7) =sir’(k7/2)cosn used to model the laser pulse
in Eq. (2). Equations(16)—(18) give the components of the
FIG. 4. Same as Fig. 3, but for=100. electron velocity vector scaled by the speed of light in
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-0.002 ‘ , ‘ . J 1672
0.004 [ ‘ ' ‘ ' b 107
(b) iz
o | i WWWWWWMWW
107
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107
-0.002 | 1 . (b) g=100
107
00 T — —
0 2 4 6 8 10
n/2n
1 L
FIG. 6. Ratio of the radiated energy to the energy gain per laser
B 0.999996 | © | oscillation vs the number of field cycles.
Z
0.999992 | ] steady maximum value toward the end of the interaction pe-
riod. This explains the saturation exhibited by the curve of
0.999988 | 1 energy gain vs time of Fig. 7, during the same time interval.

0 2 4 6 8 10 V. EMISSION SPECTRA
n/2n
We have seen in Sec. IV that under the cyclotron reso-
FIG. 5. Velocity components, scaled by the speed of light innance condition, a small part of the energy absorbed by the
vacuum, of the electron whose trajectory is given in Fig. 2, vs theelectron from the laser field is reemitted. It is well known

number of field cycles in the pulse. that a particle moving at relativistic speeds emits radiation

vacuum. These velocity components are shown vs the num- 30
ber of field cycles in Fig. 5 fog=1 andB;=30 T. Note that
the three components exhibit oscillations during interaction S
with the first few field cycles, but soon afterwa@j grows 8
and B, and B, decline in absolute value. >

Next we calculate the loss rate using E(s)—(18). The 2
results for a number of cases are presented graphically. Fig- W
ure 6 shows how the ratib varies during 10 laser cycles and
in Fig. 7 we show the energy gain as a function of the inter- 0
action time.[Recall thatt= n/w,+z(75)/c.] Figure Ta) was
calculated for the field intensity correspondingge 1 and
Fig. 7(b), for g=100. It is interesting to note that although 300
the pulse employed has a duration®e$13 fs, nevertheless
the motion of the electron is shown over a much longer
interaction time[roughly 260 ns in Fig. (& and about 2.6
ms in Fig. 1b)]. In other words, due to the high speed with
which it moves during the interaction time, the electrimes
with the pulse for a time much longer than the pulse’s dura-
tion. It is quite evident from both figures that radiation losses
are negligibly small by comparison to the rate at which the 0
electron gains energy from the field.

Another feature of the exchange of energy, more evident
in Fig. 6(a) than in Fig. &b), is that the loss rate reaches a FIG. 7. Evolution in time of the electron energy.

0 100 200 300
Time (ns)

200

(b) g=100

Energy (TeV)

0 1 2 3
Time (ms)
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[y
5]

mostly in a small cone around its instantaneous direction of
motion. In addition, the emitted radiation has a frequency
distribution. Because of current interest in the generation of
harmonics of the radiation field, we study the emission spec-
tra in this section. We will investigate both the forward and
the backscattered spectra as well as those emitted in the di-
rections of the electric and magnetic field components of the
laser field.

(@)

e
o

d’o/dQde (a.u.)
(4]

The spectra are calculated using the same procedure as in 0r
[19,2Q starting with the well-known expression of radiant 20
energy emitted per unit solid angl#) and per unit fre-
quency intervade [21], 3 15| (b)
(]
d’E(w,Q) € anX[[n—ﬁ(t)]Xl?(t)] 30
dQdew  47%c|Jo  [1-n-B(1)]? ® 5
o
2
n-r(t ! b
Xexp[iw t— ® ]dt (19 0r ——— - h
0 2 4 6 8 10
W,

In this equatiorE is used to denote the radiated enengys
a unit vector in the direction of propagation of the emitted FIG. 8. Forward(top) and backscattere(bottom spectra. The

radiation (direction of observation B= dg/dt, andT is the electron is assumed to have been injected initially, with energy that
time interval over which the inciaent fielsbén by the elec- satisfies the resonance condition, along the propagation direction of
tron is nonzero. In order to make E€L9) easy to program, a a Ia§er pulse of peak intensity corresponding teO.Ql and having
change of integration variable is made frarto 7 with thé 10 field cycles and a wavelengt+=800 nm. The uniform magnetic

. . I . field has strengtiBs=30T. For this magnetic field strength and
?fcl)g) of the chain rule of differentiation together with Eq. laser wavelength, the resonance condition is met for an injection

. L energy of about 114 MeV.
A typical generated frequency spectrum is given by the

doubly differential emission cross sectidrhis quantity may
be obtained by dividing the radiant energy, emitted into
unit solid angle per unit frequency per unit time, by the in
cident energy flux, quo)2/87-rcr§, ro being the classical
electron radius. Thus

apolarization and in the direction of the magnetic component
of the laser field. We are still hesitant to interpret these spec-
“tra pending a more accurate numerical calculaf@4. Suf-
fice it to say here perhaps that the spectrum along the polar-
ization direction, Fig. @), appears to be richer than that

along the laser magnetic field direction, FigbQ as ex-
d%0(w,Q) 1 8wcrd d’E(w,Q) 9 g gbR

dQdw T (eqwl)z dQdw - 20 1.5x10°
The doubly differential cross sections are calculated on the ER @
basis of Eqs(19) and(20) and are plotted below against the g
scattered frequency, with the latter expressed in units of the § ,
laser frequencyw,. Atomic units, withe=m=1, will be 2 0.5x10
used. In Fig. 8 we show the forward and backscattered spec- ]
tra over one decade of laser frequencies. The forward spec- ol
trum has one peak corresponding to the laser fundamental 3x10°
(pump frequency. We have shown previougBO] that the
forward spectrum has another peakediv,=r, but due to S ox10°
the resonance condition this peak coincides with the funda- % ®)
mental peak here. Furthermore, for the valuecef0.1 used 8 o
here, the two sidebands discussed in R2€] are also en- :\é 1x10
gulfed by the fundamentdlThomson peak. In a recent ar- ° Ul |||| l ll W )
ticle, we have also showi22] analytically that the spectrum 0 —— —
of the backscattered radiation consists of very many peaks 0 2 4 6 8 10

spaced closely on the frequency scale in contradistinction to w/e.

the usual harmonic spectra. We note that an anharmonic fre- fig, 9. (g Spectrum emitted along the electric component of
quency distribution has been found by Hartemanal.[23]  the laser field(b) Spectrum emitted along the magnetic component
in the absence of the uniform magnetic field as well. of the laser field. The laser field intensity correspondg#al, and

Very rich (but less accurajespectra are also shown in the other electron and field parameters are the same as those of Fig.
Figs. 9 and 10 for observation along the direction of lasess.
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3x10° . . from the radiation field. Given the fact that these spectra are
not highly accurate, it is almost impossible to draw conclu-
o160 | @) | sions about the number of emission lines in each.

VI. CONCLUSIONS

x10° 1
We have studied in detail a scheme, dependent upon an

initial resonance condition between the Doppler-shifted laser
: . w w frequency and the cyclotron frequency, for accelerating an

0 L

4x10’ ' ' electron in vacuum to extremely high energies by an intense
; sir? laser pulse and in the presence of a strong uniform mag-

&0t (b) 1 netic field. For the field parameters=800 nm andBg

ox10” | | =30T (chosen for the sake of concreteness in the illustra-

tions) one finds that the resonance may be achieved in prac-

Doubly differential cross section (a.u.)

1x10” | i tice for an initial electron injection energy of about 114
L M I[ MeV. This can be en_sured_by preacceleration to that energy
o e ——— ‘ ullh before the electron is subjected to the laser and magnetic
0.9989  0.9994 0-99039 1.0004  1.0009 field environment for further acceleration. It has been shown
O)I

that an acceleration gradient in the GeV/m range can be
FIG. 10. (a) Spectrum emitted along the electric component Ofachleved for interaction with a pulse of several cycles that

the laser field over a small frequency interval for an off-resonancéleSO leads to a rather large longitudinal travel distance of the

scenario withy,=200. (b) The corresponding spectrum when the e_Iectron. _More significantly, it has been shqwn thc'_:lt accelera-
condition for resonance is fulfilledy,~223.594. The laser field tON gradients of many TeV/m can be achieved if the elec-

intensity corresponds tq=1, and the other electron and field pa- foNs are extracted from the interaction region after encoun-
rameters are the same as those of Fig. 8. tering the firstquarter cycleof the laser pulse. In this case
the electron can be accelerated to very high energies within a

pected. Furthermore, a simple formula predicting the fre_dras;tlcally reduced longitudinal travel distance. This, how-

guencies that would be observed along an arbitrary angle tgvfl(l’ re<|:|U|rers] thethuste:{hof vedr_y th'ghl laser ft'ﬁldt intensities. th
the laser propagation direction has been reported by us re- € also show that the radiation Josses that accompany the

cently [19] for the general off-resonance conditions. Whenabove acceleration process remain small. The relatively weak

the said formula is adapted to suit the condition of resonanc ssociated emission spectra are found to depend strongly on

(r=1) and after the appropriate observation angle is selne direction of emission and are in general composed of

lected, it still predicts the existence of a tremendous numbe'(lzrlruegglr?; dc'gg'cbelﬂ%ns ?r:eerglr?]issginognzsé '(\:/ltges(;%ﬁ:ftee?ﬁg' S
of closely spaced emission frequencies. 9 P P P

Finally, in Fig. 10 we illustrate the difference between ar]await a more accurate calculation than has been done here.

off-resonance spectrum and an on-resonance one. To this end
a small portion of the spectrum shown in FigaParound
w=w, has been calculated under both conditions and is Y.l.S. acknowledges, with thanks, financial support for
shown in Fig. 10. Figure 18) corresponds ta/,=200, i.e., this work from the Alexander von Humboldt Stiftung in
one that does not meet the resonance condition, while Figdonn, Germany. He also thanks the Fakufiar Physik at
10(b) is for y,=223.594, i.e., for almost exact resonance.Universitd Bielefeld and the Fakulteftr Physik at Univer-
We notice a substantial reduction in the strength of the linesita Freiburg for hospitality during part of the time this work
in going from Figs. 1() and 1@b). This demonstrates quite was carried out. This work was partially supported by DFG,
clearly the resonance absorption of energy by the electroBonn, under the SPP “Relativistische Effekte.”
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