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Conditions for electron capture by an ultraintense stationary laser beam
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We present in this paper a quantitative study of an effect, in which a low-energy free electron is captured and
violently accelerated to GeV final kinetic energy by a stationary extra-high-intensity laser b@gm (
=eE/m.,wc=100). The conditions under which this phenomenon can occur, such as the momentum range,
incident angle of the incoming electron, the waist width of the laser beam, etc., have been investigated in detail.

PACS numbsd(s): 41.75-i, 42.50.Vk

I. INTRODUCTION physics quantities, which is the main concern of this paper.
In the following, we will first present the numerical simu-

As a result of the invention of the chirped pulse amplifi- lation model of the electron-laser interaction. Then attention
cation (CPA) technique [1,2], laser intensities of is turned to the electron capture conditions. The conclusion
10?° Wicn? can now be achieved, and it is anticipated thatis drawn in the last section.
intensities of 18 W/cn? or higher will be reached in the
near future[3]. For such lasers with Lm wavelength, the Il. CALCULATION MODEL
electric field can be as high as Q. MV/cm, much
larger than that of conventional accelerators, which is about In our calculation, we adopt the field of lowest-order
1-10 MV/cm magnitude. Thus, ever since the 1980s, therélermite-Gaussian mode, whichxspolarized and propagat-
has been much research concerning how to make use of iif1g along thez axis. The expression for the transverse elec-
tense laser fields to accelerate particles, especially electrori§ic component can be written 6]
such as laser-induced beat-wave or wake-field electron accel-
erations by plasmas and inverse Cherenkov accelerations. Wy x2+y? )

But when media are involved, the difficulties of controlling Ex:EOVﬁeX - wz—(z) ex+(a)t—kz— ?(2)— ¢o
medium breakdown and unstabilities related to plasma-

matter interactions cannot be solved easily. Hence, in our K(x?+y?)
work, we will put the focus upon the electron acceleration by _T(z)
intense lasers in vacuum.

We have found in our previous stu¢i¥] that an electron
can be accelerated to MeV energies when the laser intensi
is large enough@,=eE,/m.wc=10, whereQ, is a dimen-
sionless parameter measure of the field intensitg,andm,

, @

where E, is the reference electric-field strengtlig is the
Beam width at the focus centdrthe laser wave numbeg,
the initial phase, and

the electron’s charge and rest mass, respectivelye laser 27172
. . ; 2z
circular frequency, and the speed of light in vacuumBut W(z)=wp| 1+| — , 2
MeV kinetic energy is too low for a practical accelerator kwg
because it is far less than what can be obtained with the
present facilities, e.g., GeV electrons at SLAC. Recently we kWS 2
reported a phenomendB] that showed that an electron can R(z)=2z 1+ E) , 3
be captured and violently accelerated to GeV energy by a
laser beam withQy=100 (for a Nd:glass laser, this corre-
sponds to a laser intensity of about?d0W/cn?). This elec- (2)=tar? k_Wé> 4
tron capture effect should be an effective mechanism of ac- ¢ 2z )’

celeration by lasers. However, this mechanism depends on

many parameters, such as the electron’s incident momentuithe other electric and magnetic components can be obtained
and angle, the width of the laser beam, etc. For the purpoday using[7]

of practical application of such mechanism, it is necessary to

probe the relationships between the capture effect with these Ex=(i/k)(JE«/9x), 5

B=—(i/w)VXE. (6)
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FIG. 1. Schematic geometry of electron scattering by laser 000_
beam. The laser propagates along#lais.wy is the beamwidth at 0 I
waist. Without losing generality, we assume electrons come in from | L P N SN
the minusx side parallel to thex-z plane. (; ,Py;,Pyi=0,P;;) de- 0 5 10 15 20 25 30
note the incoming energy and momentum of the electron and P
(7vt+Pxs,Pyt,P,¢) that of the outgoing state is the Lorentz factor xi
andb, is the impact parameteﬂ.ztan’l(Pxi/Pyi) is the electron 6000
N Y . X
incident angle, andb=tan™ “(Py;/P,;) the deflection angle in the (b) y
X-y plane. [ l fm
5000 -
dpP
a:—e(E+V><B) (7) 4000 -

is solved numerically with the fourth-order Runge-Kutta = 3000
method together with the Richardson’s first-order extrapola-

tion procedurg8], whereV is the electron velocity in units 2000
of ¢. For simplicity, throughout this paper, length is normal-

ized by 1k, time by li, and energy and momentum are

normalized bym.c? andm.c, respectively. 1000 |
0 [ T 1 . 1 . 1 . 1 . 1
Ill. RESULTS AND DISCUSSION 0 50 100 150 200 250 300 350
Previously the ponderomotive potential mof@/10] was Initial laser phase (08

widely used to analyze the free-electron motion in a laser

field. By this model, the potential corresponding to a station- FIG. 2. (a) gives the maximum net electron energy gajfy,

ary laser beam of monofrequency is conservative, and elec-y;, as a function of the incident electron momentupy; .

tron scattering by this potential is bound to be elastic. ThisThrough this paper, electron energy and momentum are measured
model stands well when the laser intensity is small. With then units ofm.c? andmec, respectively, length in the unit ofk/and
progresses in theory and experimést, whenQ,>0.1, the time in liw. A laser beam of Hermite-Gaussian (0,0) mode with
electron may be scattered inelastically by the intense lasdield intensityQ,= 100 and beamwidtiv, =200 is used. The elec-
beam. Moreover, whe@,= 100, incident electrons with low tron comes in withg=tan *0.1. The momentum range for the elec-
energy and small crossing angle relative to the laser propdton capture to occur is defined by the conditigg, — ;> 300. For
gation direction may not be reflected as predicted by thé 9ivenPy (and soy), the electron final energy; is sensitive to

ponderomotive potential model. Instead, they will enter thethfer:aser initia; phase, [seef Eq(1)]. (b) pre(sjefnts ag_en;_onstration
strong-field region of the laser beam and keep moving alon the y; as a function ofp, for P,;=3.5, and from this figure one
an get the corresponding value of the maximum final enesgy

for a very long time as if captured by the laser beam. Whe : .
this phenomenon happens, electrons can have net energyigg%ogor capture cases, the calculation was terminatedt at

gain as high as 1 GeV. The ponderomotive model is totally
invalid in describing this effedt5].

Previously three basic conditions under which the elecelectron cannot enter the strong-field region of the laser
tron capture phenomenon may emerge had been determindzeam.
They are extra-high intensity, small crossing angle, and Figure Za) presents the variation of the maximum net
small transverse momentui,; relative to the extra-high electron energy gainy;,— v;, with the incident electron
intensity. The electron transverse momentum is a sensitivemomentumP,; for a laser beam of a the Hermite-Gaussian
factor of the electron capture phenomenon. It should b&0, 00 mode with laser intensityQ,= 100, beamwidthw,
much smaller tha®),/+/2. The value 0fQ,/\/2 was used in =200, and electron incident angte=tan 10.1. Herey;, is
the ponderomotive model as a criterion for the reflection othe maximum electron final energy. We note that when the
penetration of an incident electrdd]. Of course, the elec- values of the paramete@,, wy, 6, andP,; are given, the
tron incident momentum must not be too small, or else theslectron final energyy; is also strongly dependent on the
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FIG. 4. The same as in Fig(& but for electron incident angle
tan 10.15 and laser beamwidth,=200 (a), as well asw,
=150 (b).

FIG. 3. Dependence of the momentum range for electron cap-az
ture(a) and the dependence of the peak final electron engggyb)
on the beamwidtlw, are shown. The laser beam and the electron

inci_dent angle are the same as those in Fig. 2 but the beamWidtQIectron incident energy being around 10-30 MeV, the inci-
varies. In(a), the top curve represents the capture momentum UPPeant electron can get up to GeV energy from the laser beam.

limit and the bottom curve for the lower limit. The momentum From the results listed above, we can say more specifically
range for electron capture is between these two curves. To unde,

stand the way to get the curves in Fig. 3, Figa/zan be regarded fhat the electron must have incident energy in the range of

as an example from which one may specifically extract the valueg'o_30 MeV, in order to get_ violently a_lccelerated. Thls .
of the momentum range ang, for laser beamwidthv, =200 should be one advantage of this acceleration scheme, since it
b .

does not need to preaccelerate the electron to a high energy.
o ) ) We go on to discuss now the influence of the beamwidth
laser initial phasep, [see Eq.(1)]. Figure Zb) gives an a4t the focus centew, on the momentum range in which the
example showingy; as a function ofeg for P,i=3.5 with  gjectron capture occurs. The results presented in Fa). 3
other parameters being the same as in Fi@.ZFrom Fig.  ghow that this momentum range depends sensitively on the
2(b) one can extract the value ofiy for P,;=3.5. If we  peamwidth. In this figure, the top curve shows the maximum
define the electron capture phenomenon to occur by the comnomentum and the bottom curve the minimum momentum
dition -ysm— 7>300, then from Fig. @) one can see that the \yhere the electron capture can occur. One can see thaf as
minimum incident momentuni,; for the electron capture decreases, the lower limit of this momentum range decreases
phenomenon to occur is ne&,;=1.5. ForP,i>1.5, yim  slightly. Whenw,= 220, this value is about 2.00, and when
kept increasing and reached 1 GeV nBgr=2.0. WhenP,; =150, it is about 0.95. On the another hand, the upper
increased to near 3.2, the electron net energy gain reached jfgit of this momentum range keeps increasing substantially
peak valueysy—yi~5400, corresponding to the peak final ajong with decreasingvy. Whenw,= 220, the momentum
energy of abouty;, 2.7 GeV. After that,y;,, kept decreas- range for the capture effect[2.00,8.29, while[0.95,22.5

ing with increasing incident momentum until the electronfor wy,=150. Thus, the range of incident momentum within
capture phenomenon disappears wign>12.5. Thus one which the electron capture occurs varies inversely with the
gets that the momentum range for electron capture to occuseamwidth. We found also that the peak electron final en-
is 1.5<P,;<12.5 under the given conditions. Correspond-ergy y;, [see Fig. 2a) for its definition] is influenced by the
ingly, the incident electron energy ranges 7.7 MeV beamwidth. As shown in Fig. (B), when wy=150, y¢,

<64 MeV. In the range 24 P,;<6.0, corresponding to the reaches 6680, corresponding to 3.4 GeV, and thgrvaries
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slightly with increasingwg. Whenwy>190, it goes down
quickly.

In our previous investigatiorjgl,11] of electron scattering
by a laser beam, the electron incident angielative to laser
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by a ultraintense stationary laser beam. We present here the
momentum ranges for electron capture under different laser
beamwidths and the maximum energy and electron gains
from the laser beam in each case. Based on our numerical

beam’s propagation direction was an important parameteanalysis, the momentum range for electron capture becomes

Only when# is small enough §</4) would the electron

narrow with increasing beamwidth. We also presented the

scattering proceed inelastically. Hence, it is no wonder thainfluence of the electron incident angle. All these findings
the electron capture is also sensitive to the incident angle. Ifnay hopefully help the development of far-field electron ac-
the angle changes a little, the capture conditions will changeelerators based on the electron capture effect.

a lot. All the discussion above is based @rtan 0.1.
When we change the electron crossing angle o

There are many questions left open to further discussion,
such as the quantum physics underlying the complex elec-

=tan 10.15, as shown in Fig. 4, electron capture does notron capture phenomenon, the wave damping caused by the
occur at all whernw,=200[Fig. 4@)], because all the elec- multielectron bunches accelerated by the wave, etc. We do
trons are scattered by the laser beam soon after they incideptan to study those questions in the future.

on the laser beam and the maximum net energy gain is only
tens of MeV. Atwy=150 [Fig. 4(b)], in some cases, elec-
trons can be captured by the laser beam whep—v; in-
creases to a few hundred MeV, and in that case we may say
that the electron is weakly captured.
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