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This paper investigates the properties of the ultrashort pulsed beam aimed to the capture-and-acceleration-scenario

(CAS) vacuum electron acceleration. The result shows that the spatiotemporal distribution of the phase velocity, the

longitudinal component of the electric field and the acceleration quality factor are qualitatively similar to that of the

continuous-wave Gaussian beam, and are slightly influenced by the spatiotemporal coupling of the ultrashort pulsed

beam. When the pulse is compressed to an ultrashort one in which the pulse duration Tepwum < 570, the variation

of the maximum net energy gain due to the carrier-envelope phase is a crucial disadvantage in the CAS acceleration

process.

Keywords: vacuum electron acceleration, ultrashort pulsed beam

PACC: 4170, 4260K, 4225B

1. Introduction

Due to the development of chirped-pulse am-
plification (CPA) technique, peta-watt (PW) short-
pulse lasers with intensity of 10?2W/cm? are avail-
able in laboratories.! =4 Because of the high inten-
sity of the laser field, a number of methods have been
proposed to accelerate the charged particles (espe-
cially electrons),®=% such as the wake-field electron
acceleration, the plasma beat wave acceleration, in-
verse Cherenkov acceleration, etc. Among these meth-
ods, Ho et al demonstrates a mechanism of electron
acceleration which is called capture-and-acceleration-
scenario (CAS).'~13 The basic physical mechanism
of CAS acceleration is as follows: relativistic electrons
are injected into a region where the phase velocity of
the laser field is subluminal, thus the electrons can be
trapped in the acceleration phase of the laser field for a
sufficiently long time and receive considerable amount
of energy from the laser field.

Although the high peak power provided by the
ultrashort pulsed beam greatly benefits the CAS ac-
celeration, the spatiotemporal coupling in the prop-
agation makes the investigation of properties of the

pulsed beam much more complicated than that of the
continuous-wave (CW) beam. It has been proved that
even in free space propagation the spatial and tempo-
ral dynamics cannot be analysed separately. Many
phenomena caused by the spatiotemporal coupling
have been reported in several papers,'*=22 which in-
clude the time-derivative effect, decrease of the opti-
cal period along the beam axis, pulse time delay, the
red shift toward the beam periphery, and the spatially
induced group-velocity dispersion, etc. We could rea-
sonably expect that properties related to CAS acceler-
ation, such as the phase velocity, the longitudinal com-
ponent of the electric field, the acceleration quality
factor, and the maximum net energy gain, should be
influenced by the spatiotemporal coupling. Because of
the importance of these properties in the CAS acceler-
ation, the influence of spatiotemporal coupling should
be investigated.

In this paper, based on the Gaussian pulsed Gaus-
sian beam (GPGB), we investigate the properties of
the pulsed beam which is related to the CAS acceler-
ation. The spatiotemporal distribution of the phase
velocity, the longitudinal component of the electric
field and the acceleration quality factor (AQF) are
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investigated. It shows that these properties is qual-
itatively similar to that of the CW Gaussian beam
(GB), and are quantitatively influenced by the spa-
tiotemporal coupling of the pulsed beam, especially
when the full-width-at-half-maximum (FWHM) dura-
tion is shorter than 5 optical cycle. Furthermore, the
maximum net energy gain of the injected electron from
the pulsed beam is influenced by the carrier-envelope
phase (CEP), and this influence is a crucial disadvan-
tage in the CAS acceleration process which is driven
by the ultrashort pulsed beam.

2. Preliminaries

In the CAS process, when electrons are injected
into the electromagnetic (EM) field, their motion is
determined by the relativistic Newton—Lorentz equa-
tion

P (E+V xB) (1)

dt
In this paper our aim is not the detailed numerical cal-
culation of the movement of the injected electron, but
the investigation of the properties of the pulsed laser
beam related to the CAS acceleration. Therefore, our
main discussion is based on the free propagation of
the electromagnetic field. When the paraxial approx-
imation is introduced, the propagation of the electric
field E = E, + E, is governed by the paraxial wave
equation

1
(V3 - 3R)E =0, )

where V3 =07 + 0, is the transversal Laplacian.
Equation (2) can be used to describe both the trans-
verse field | and the longitudinal field E,. Fre-
quently we firstly get E, , then by use of the equation

V.-E=0, 3)

we get the longitudinal electric field. According to
Maxwell’s equations, the magnetic field can be ob-
tained by solving the equation

V x E=-8,B. (4)

As for the ultrashort pulsed beam, we introduce the
local variables, 7 = t — z/¢, ¢ = z. We assume
that the pulsed beam whose pulse duration is longer
than one optical cycle, thus the ultrashort pulsed
beam can be described by a carrier frequency wy
and an envelope ¥,13=%] B = @(r ¢, 7)exp(iwor),
B = &(r,(, 7) exp(iwoT), where wy = 27/Ty and Tj is

the optical oscillation period of the carrier frequency.
The field envelope then satisfies the equations,

[vi — 2iko0¢ <1 - wioafﬂ v, =0, (5)

—i i
Wg_k—0<1+w—087>VLWL, (6)

B(r,C,7) = wio (1 + w%@) Vxw, o (7)

where kg = wo/c. In the derivation of Eqgs.(6) and (7),

. -1 .

approximations (1 — L&) v, = <1+ L@) .
wo wo

¥, and |0:¥¢| < |koP,| are introduced.

From Egs.(6) and (7), the longitudinal electric
field and the magnetic field, as well as their phases,
can be easily obtained if the transversal electric field
solution of Eq.(5) is known.

As can be seen in Egs.(5)—(7), the term L(’“)T![/J_
w
stands for the spatiotemporal coupling of the pulsed

beam. For a smooth pulse envelope, pulse duration At
is a suitable measure of the typical variation time of

1
the envelope. Thus the term L(’“)T![/J_ ~— ||,
wo 2w M

where M = At/Ty, Tp is the oscillation period of the

carrier frequency. For the long or monochromatic

pulsed beam, the term L(’“)T![/J_ is small and can be

ignored, thus the pulsec(f 0beam can be written as a
product of a pulse form and a beam expression. But
for the pulsed beam with only few optical oscillation
periods in the pulse duration, the spatiotemporal cou-
pling cannot be ignored.

The advancing of the solid-state lasers and the
CPA technique provides the high-peak-power ultra-
short pulsed beam with only few or even one cycle os-
cillation in the pulse duration. When the pulse is short
like this, the acceleration properties will be influenced
by the spatiotemporal coupling in the pulsed beam.
Then in the following sections, we will investigate the
properties of the pulsed beam that are related to the
CAS acceleration, such as the distribution of the phase
velocity, the longitudinal component and the accelera-
tion quality factor. And an important property of the
ultrashort pulsed beam, i.e., the influence of the CEP
on the net energy gain of electron, is discussed.

3. Phase velocity of ultra-short

pulsed beam

For convenience of discussion, we assume the
spectrum be a Gaussian one. Then in the temporal
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domain, the linearly polarized GPGB can be written

asl?

ikQT‘2

2q(C)

iZR

@GX

te

g[/iG)(r’gT) = exp {—E

2ol 2]

where t. = 7 — 2T— is the complex time. In Eq.(8),
cq

the time is a complex one t. instead of the com-
monly description, in which the long pulse approxi-
mation is adopted and all the frequency components

are multiplied by a common temporal factor such as
2
-

exp |:—E .
temporal characteristics affect each other during prop-

As a result, in Eq.(8), the spatial and

agation, and this effect is the usually called spatiotem-
poral coupling. And we could reasonably expect that
the spatiotemporal distribution of the phase velocity
will be influenced by the spatiotemporal coupling.
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The phase velocity of the pulsed beam is

Orp(r,s,7) + wo

\/ (Ouo + @y + | (00 + o ) - 0] '
)

where ¢ is the phase of GPGB. Because of the com-

Vp =

plexity of the expression of the phase in Eq.(8), we
write it as an alternative form

Im (JIJ(_G))

p = arctan ————<-.
Re (2(%)

(10)

Based on Egs.(8)—(10), we investigated the spa-
tiotemporal distribution of the phase velocity in the
GPGB.

The (r,¢) distribution of the phase velocity of
GPGB is shown in Fig.1(a).
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Fig.1. (a) The spatial distribution of (V,/c—1) x 10* at 7 = 0. (b) The transverse distribution of (Vp/c — 1) x 104
at ¢ = 0 for different time instants. (c) The distribution of (Vp/c — 1) x 10* at r = 1.2w(¢). To show the time
delay of the distribution, the time coordinate is taken as 7/ = 7 — r2/2cR(¢) instead of 7. (d) The variation of
(Vp/c— 1) x 10* alone the propagation distance ¢ at r = w(¢) for different time instants, and that of the CW GB
is also drawn for comparison. In Figs.1(a)-1(d) the parameters is taken as At = Tp, wo = 10\g.
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The distribution of the GPGB is qualitatively similar
to that of the CW GB:['3] when r = 0, the phase veloc-
ity is superluminal, and the phase velocity decreases
toward the beam periphery. Consequently, there is a
subluminal region in the beam periphery. This prop-
erty makes it possible for the CAS acceleration by use
of the ultrashort pulsed beam. Because of the spa-
tiotemporal coupling in the GPGB, there are quan-
titative differences between the spatiotemporal distri-
bution of the phase velocity of the pulsed beam and
that of the CW GB. And these differences are illus-
trated in Figs.1(b)-1(d).

In Fig.1(b), the transverse distribution of the
phase velocity of the pulse centre (7 = 0) is com-
pared with that of the pulse leading (7 < 0) and the
pulse trail (= > 0) at the plane ¢ = 0. It shows
that the phase velocity is slightly different in vari-
ous parts of the pulse. In the subluminal phase ve-
locity region, the leading part and the tail part have
smaller phase velocities. And the distribution of the
phase velocity is symmetric about the pulse centre,
ie. Vp(r,0,7) = V,(r,0, —7).

Along with the propagation of the pulsed beam,
the distribution of the phase velocity is no longer sym-
metric about 7 = 0. And just as the time delay of the

(17]

pulse amplitude,'* ! the symmetric centre is delayed by

a factor 19 = , where R(z) = z[1 + (z/2r)?]*/?

r
2¢R(z)
is the radius of the wave front at the cross section z.
This property is shown in Fig.1(c).

In Fig.1(d), we plot the distribution of the
phase velocity alone r =

2 1/2
ZR

tre frequency at the cross section ¢. Considering the

w(s), where w(s) =

w(0) is the beam width of the cen-

time delay of the distribution of the phase velocity,
we introduce a new temporal variable 7/ = 7 — 79 in
Fig.1(d). As for the CW GB, the phase velocity which
is cat ¥ = w(s) and r = w(s) can be regarded as
the edge of the subluminal region. But in the pulsed
beam, the phase is not equal to ¢ at r = w(s). As
shown in Fig.1(d), at the time-delay shifted pulse cen-
tre, i.e., 7 = 0, the phase velocity is superluminal at
r = w(s), which means that the region of the sublumi-
nal phase velocity is diminished. At the shifted pulse
heading and the tail, the phase velocity at r = w(s) de-
creases with the |7/|. When |7/| = At/2, the phase ve-
locity is still superluminal. When |7/| increases to At,
the phase velocity is smaller than ¢ and the subluminal
phase velocity region is expanded into the r < w(s)

region.

In Fig.1 the pulse length is taken as At = Ty,
then the FWHM duration Tpwuam =~ 1.6775. With
the increase of pulse duration, the influence of spa-
tiotemporal coupling on the distribution of the phase
velocity becomes weaker. In our investigation, when
At > 3To(Trwum > 57T0), the influence is very weak
and can be neglected.

4. The spatiotemporal distribu-

tion of longitudinal component

When electrons are injected into the laser field,
the acceleration properties is determined by the full
EM field, including the transversal and longitudinal
electric field as well as the magnetic field. But the pre-
vious research shows that the electron is accelerated
mainly by the longitudinal electrical field.['3] This
property makes the longitudinal electric field very im-
portant in the acceleration process.

From Eq.(7), the longitudinal component is de-
termined by

w9 an

In Fig.2(a), the transverse distribution of the lon-
gitudinal component at 7 = 0,{ = 0 cross section is

drawn.
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Fig.2. (a) The transverse distribution of the longitudinal com-
ponent of the electric field JIC(G) x 10% at ¢ = 0,7 = 0 for dif-

ferent pulse duration At. (b) The distribution of JIC(G) x 103
at r = 1.2w(¢) with At = Tp. To show the time delay of the
distribution, the time coordinate is taken as 7 — r?/2cR(()
instead of T.
wo = 10)\g.

The parameter in Figs.2(a)-2(b) is taken as
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And for comparison, we also drawn that of the CW
GB. It shows that, at ( = 0, the transverse distri-
bution of the longitudinal component of the pulsed
beam is qualitatively similar to that of the CW GB:
the longitudinal component is mainly distributed at
the beam periphery of the transverse component. At
r =~ 0.7w((), the longitudinal component arrives at its
maximum. And this is true at ¢ > 0.

Quantitatively, as shown in Fig.2(a), the maxi-
mum of the longitudinal component of the GPGB is
smaller than that of the CW GB. But at the periphery
of the longitudinal component, the intensity of the lon-
gitudinal component of the GPGB is larger than that
of the CW GB. This means that the spatiotemporal
coupling shifts the energy of the longitudinal compo-
nent of GPGB to the periphery. And the difference
decreases with the increase of pulse duration, when
At > 3To(Trwum > 5710), the difference is so small
that it can be neglected.

In Fig.2(b), it shows that there is also a time de-
lay 79 = L of the pulse centre of the longitudinal

2¢R(z)
component, just as the time delay of the distribution
of the phase velocity.

5. The acceleration quality factor

In the CAS acceleration, to make the injected
electron accelerated effectively, there should be a re-
gion where: (i) the phase velocity is sufficiently low
to trap electrons in the acceleration phase of the laser
field for a sufficiently long time; (ii) the longitudinal
component should have sufficiently high intensity to
provide electrons with considerable account of energy.
Therefore we introduce the acceleration quality factor
(AQF) to present the acceleration capability of the
laser field,!?!

Q = Qum,O(m, )WY, (12)

Vi
where m, = 1 — -2 presents the contribution from the
c

phase velocity, Qo = 107. Considering that electrons
cannot be trapped when m, > 0, we introduce the
Heaviside step function O(m,,).

The distribution of the AQF is shown in Fig.3(a).
At the plane ¢ = 0, 7 = 0, where the intensity of
the pulse is the maximum, the acceleration region is
shifted a little to the beam periphery compared to that
of the CW GB with the same intensity of the pulse

peak. The maximum of the AQF of the pulsed beam
is smaller than that of the CW GB. And at the periph-
ery the AQF of the pulsed beam is larger than that
of the CW GB. And this difference decreases with the
pulse duration. When the pulse duration is increased
to At = 3ty (Tpwnm = 57)), the difference can be
neglected.

s0{ @
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Fig.3. (a) The transverse distribution of the AQF at { =

0, 7 = 0 for different pulse duration At. (b)The distribution of

AQF at r = 1.5w(¢) with At = Tp. To show the time delay of

the distribution, the time coordinate is taken as 7—12/2cR(()

instead of 7. The parameter in Figs.3(a) and 3(b) is taken as
wo = 10\g.

As expected, the AQF of the pulse centre is the
maximum, and that of the pulse trail and the pulse
head is smaller than that of the centre. Thus, the
AQF of the pulse can be looking as an AQF pulse.
With the propagation of the pulse, there is also a time
delay of the distribution of the AQF pulse, as shown
in Fig.3(b).

6. Influence of the CEP on the

net energy gain of the electron

The phase difference between the carrier wave and
its pulse envelope, called the carrier—envelope phase
(CEP) or the absolute phase, is an important pa-
rameter of the laser pulse. In this section we discuss
the influence of CEP on the net energy gain of elec-
trons. Assume that the electron trajectory angle is
Therefore
the energy gain is primarily due to the longitudinal

small compared to the diffraction angle.
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)

component of the electric field !I/C(G , and the energy

gain is approximately
W=—c / dCRe[¥(V exp(iwor +igo)l.  (13)

To get the accurate energy gain, Eq.(13) should be
numerically integrated by using the exact orbits, and
the difference between the velocity of electrons and
the phase velocity of the pulsed beam should be con-
sidered. For convenience of discussion, the approx-
imation adopted in Ref.[13] is introduced, and from
Eq.(13), the approxiQmate energy gain is W[Mev] ~

0.19a0kowg exp | — cos(woT + o), where ag =

-
A2
eFy/(mwe) is the usually adopted parameter which
is related to the intensity of the laser beam at the
focus.

In Fig.4, we illuminate the influence of the CEP
po on the maximum net energy gain for different
pulse duration under the condition wg = 10Ag. It
shows that the maximum net energy gain is greatly
influenced by the CEP when the FWHM pulse dura-
tion Trwnm is about one or two cycles long. When
Trwam = Tp, the maximum net energy gain is re-
duced from 110MeV to 55MeV when the CEP is in-
creased from 0 to w. This reduction is 50% of the
maximum net energy gain when the CEP is 0. When
Trwam = 27y, the reduction is about 16%. The differ-
ence decreases rapidly with the pulse duration. When
Trwam = 5Ty, the difference is only 3%.

105 -
Z 901
=
H \
"
g Trwnm = 1o
= 754
Tewnm = 2To
Trwam = 310
60
Trwnm = 5To
T T T
0 2 4 6

$o
Fig.4. Variation of the maximum net energy gain Wiax
with the CEP ¢ for different pulse duration.

Thus, although the compressed laser pulse can
provide a considerably high peak power, when the

pulse is compressed to an ultrashort one in which the
FWHM pulse duration Trwum < 570, the variation
of the maximum net energy gain with CEP is a dis-
advantage in the CAS acceleration process. In this
case, to improve the availability of the pulsed beam
and make the CAS acceleration the most efficient, the
CEP should be precisely controlled.

7. Discussion and conclusion

In summary, we have investigated the properties
of the ultrashort pulsed GB aimed to the CAS acceler-
ation. It shows that the qualitative distribution of the
phase velocity, the longitudinal component and the
AQF are similar to that of the CW GB. This makes
it possible to use the ultrashort pulsed beam to ac-
celerate electrons. Quantitatively, the spatiotemporal
coupling (i) makes the phase velocity of the pulse trail
and head a little smaller than that of the pulse centre;
(ii) shifts the subluminal phase region of the pulse cen-
tre, the energy of the longitudinal component of the
electric field and the distribution of the AQF toward
the beam periphery; (iii) decreases the maximum of

the longitudinal component of the electric field and

T2

2¢R(z)
of the distribution of phase velocity, the longitudinal
electric field, and the AQF in the pulse. When the

FWHM pulse duration Tpwum > 570, the spatiotem-

the AQF; (iv) induces the time delay 79 =

poral coupling as well as the above influence is very
weak and can be neglected. And the long pulse ap-
proximation can be adopted, i.e. the pulsed beam can
be simply written as a product of a beam expression
and a common temporal shape factor, in the investi-
gation of the CAS acceleration process.

Furthermore, although the high peak power of the
ultrashort pulsed beam greatly benefit the CAS accel-
eration, the influence of the CEP on the maximum net
energy gain is a critical disadvantage when the FWHM
pulse duration is shorter than 5 optical cycle. There-
fore, if we want to introduce these ultrashort pulsed
beam into the CAS acceleration process, besides the
technique of large-band-width pulse amplification and
pulse compression, the technique of CEP control is

very important.
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