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Abstract The electron-positron pair (EPP) creation under
Gaussian and super-Gaussian pulse trains are studied by the
computational quantum field theory (CQFT) in the single-
photon regime. The details of the EPP creation are studied
from the time evolution of the EPP number, energy spec-
tra and spatial distribution of the electrons. The results indi-
cate that the final created EPPs is the non-linear accumula-
tion of the multi-pulses, which depends on the time inter-
val, pulse shape and pulse number. The optimal time inter-
val can be chosen based on the pulse resonance condition,
which is derived by the perturbation method. Besides, steeper
super-Gaussian pulses and adding more pulses facilitate the
EPP creation as well. The results indicate that, under optimal
multi-pulse parameters, the number of the EPPs obtained is
much larger than the sum of the EPPs created under the same
number of single pulses. This finding not only can enhance
the EPP creation, but also can improve the multi-pulse uti-
lization and guide future experimental research on the EPP
creation.

1 Introduction

One of the most astonishing theoretical predictions of quan-
tum electrodynamics (QED) is that the electron-positron
pairs (EPPs) can be created from the vacuum under the strong
external field. In 1951, Schwinger calculated the EPP cre-
ation rate P,+,- ~ exp(—mn E.-/E) under ultra-strong uni-
form electrostatic field, in which the critical electric field
strength £, = 1.3x 10'8 V/m[1]. E., requires alaser inten-
sity of up to 102 W /cm?, whereas the current laser intensity
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that can be achieved is about 1023 W/cm? [2]. Therefore,
the Schwinger mechanism cannot be directly verified exper-
imentally nowadays. The EPPs can also be created by the
time-dependent field. With the development of the laser tech-
nology, ultra-short and ultra-strong laser pulses have been
widely applied to the creation of the EPPs [3-5].

The researches on the EPP creation under time-dependent
fields mainly involves the single short laser pulses, and the
combination of short pulses, etc. Previous researches indi-
cated that the EPP creation depends sensitively on the pulse
shape, pulse intensity, pulse duration and the carrier envelope
phase, etc [6—11]. Moreover, the pulse combination can bring
some new effects that promote the EPP creation, e.g., the
dynamically assisted Schwinger effect occurring in the com-
bination of strong and slow pulse with weak and fast pulse
can significantly enhance the EPP creation [12—14], and the
EPP creation under the double-pulse with time-interval can
be significantly enhanced by choosing proper time interval
[15-17]. If the field is composed by multi-pulses with time
interval (i.e. pulse train), what phenomenon will occur in the
EPP creation?

In recent years, efforts have been concentrated on the gen-
eration of pulse trains due to its increasing applications in
fundamental sciences and advanced technologies [18,19].
For instance, pulse trains have been extensively applied to the
control of photon transition dynamics in atomic or molecular
systems. Among them, the occurrence of pulse coherence or
pulse resonance effects can lead to interesting phenomena,
such as population accumulation and resonance transitions in
atomic systems under weak optical excitation [20,21]. The
pulse train is characterized by pulse parameters (i.e. pulse
strength, pulse shape, pulse duration, time interval etc.), and
the parameterization allows for systematic and convenient
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control of the corresponding researches. This makes pulse
trains into a popular tool. It may be possible to experimen-
tally observe the creation of the EPPs from the vacuum
through pulse train in the future, and the relevant theoreti-
cal research on the EPP creation is necessary. There were
some studies on the pair creation under multi-pulse field,
e.g., the alternating-sign N-pulse configuration for spinor
QED was studied and additionally the configurations con-
sisting of equal-sign pulses was examined [24], the boson
pair creation in an alternating-sign N-pulse electric field was
investigated [23], and the creation of the EPPs induced by
the field composed of two sets of alternating-sign N-pulse
fields was investigated. Previous studies have shown many
interesting phenomena of the EPP creation under multi-pulse
field [22]. Even so, further researches are needed on the cre-
ation of the EPPs under multi-pulse field: previous researches
mainly focused on alternating-sign multi-pulse field, while
there was little research on equal-sign multi-pulse field; the
external field only has a temporal distribution, and the spatial
distribution was simply considered uniform; finally, previous
studies have mainly focused on the momentum spectra, while
there was little research on the temporal evolution and spa-
tial distribution of the created EPPs. In our work, the EPP
creation under the equal-sign multi-pulse field is studied, of
which the spatial distribution follows Sauter potential. We
systematically study the details of EPP creation, including the
temporal evolution of EPP number, energy spectra, and spa-
tial distribution. Besides, the effects of the pulse time interval,
pulse number, and pulse steepness on the EPP creation are
studied, as well as the optimal creation conditions.

The paper is organized as follows. In Sect. 2, we introduce
the computational quantum field theory (CQFT) that permits
us to calculate the spatio-temporal pair creation probability
for arbitrary external force field. In Sect. 3, the EPP creation
under the equal-sign multi-pulse field is studied, and we anal-
yse the effects of the time interval, the pulse duration, the
pulse number, and the pulse shape on the EPP creation. In
Sect. 4, we give the conclusion and outlook.

2 The theoretical method

The computational quantum field theory (CQFT) is applied
to study the EPP creation process. The time evolution of
the quantum field operator ¥ (x, 1) is described by the Dirac
equation [25-29] (Here and below we use atomic unit).

9. s .
i) = [corpc+osc? + Ve, @

where o and o3 are the Pauli matrices. The electric field is
described by the scalar potential V (x, t). We focus on the x
axis, and the Dirac four component spinor wave functions
can be reduced to two components [28,29].
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Notably, the field operator not only satisfies the Dirac
equation, but also satisfies the time-dependent Heisenberg
equation i0V(1)/0t = [H,y(t)] [29-31]. The quantum
field theoretical Hamiltonian H = I/A/Thl//, where h =
ho + V(x,1). hg = coipy + o3¢? is the field-free Hamil-
tonian. The field operator can be expanded by the particle
annihilation operator b ») and the antiparticle creation oper-

ator (ﬂ)
Y0 =Y bytu,)+ Y di (1) (x)
P n

= bpup(x.t)+ Y diva(x, 1), )
p n

up(x) (£ > ¢2) and v, (x) (E < —c?) are the energy eigen-
states of hg. up(x,t) and v, (x, t) satisfies the Dirac equa-
tion [Eq. (1)]. The subscripts p and n represent the positive
and negative energy, respectively. The time evolution of the
fermion annihilation and creation operators are

by(t) = Zép/ /dxu’;(x)upr(x,t)
p/
+Z(2://dxu’;(x)vn/ (x, 1), 3)
di () =Zl;pr/dxv;';(x)up/(x,t)
p/

+Z£Z,/dxv;;(x)un/ (x, 1), )

respectively. The electronic portion of the field operator

Yelx,t) = Zp by (t)up,(x), the positronic portion of the

field operator I/Afe+ (x, )y =3, c?n} (t)v, (x). Using the com-
L h A 5 5t

mutator relations [, bp,]+ =38, ldn, dn/]+ =3,/ the

spatial distribution of the created electrons and positrons are

pe(x, 1) = ((vac|| ) (x, 1) e (x, 1)||vac))

=" [(plUO Iy, @), )
p.n
P+ (x, 1) = ((vac|[ P, (x, D+ (x, 1) vac))
= > 1mlUOp)onx)I*, 6)
p.n

where ||vac)) is the initial vacuum state, the double bars
and brackets are used to indicate that this is a state of the
second-quantised quantum field theory [29]. The usual quan-
tum mechanical states are denoted by a single bar and bracket.
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Finally, the total number of the created EPPs is defined as

N = [ i) = Y (vacl B @by 0)lvae))

p

=Y KpluIn)*. )
p.n

The time evolution operator U (t) = f”exp[—i fot h(t/)dt/]
evolves the field-free negative state |n) (i.e. v,(x,t = 0))
under Eq. (1) to get the evolved-state |n(¢)). The total time
evolution from O to #,,,, is decomposed into N7 consecu-
tive actions, each time step At = t,,, /N7 Wwith an order
of 10~%a.u. Applying the split operator technique [32-34],
the time evolution operator in each time step is written as

—i VAt —iVAt
U@+At, t) = exp( 5 )+

O (Ar?), and the error in each step is of order O (A#3) ensur-
ing the convergence of the numerical calculation. Finally, by
using the fast Fourier transformation (FFT) between the spa-
tial and momentum space, the time-evolved state |n(f)) =
U (t)|n) can be obtained, and then the spatial and energy dis-
tribution, as well as the total EPP number can be calculated
out.

The external field represented by the scalar potential is
V(x,t) = V(x)f(t), where f(¢) is the temporal distribu-
tion. V(x) = V[l + tanh((x — x9)/W)]/2 is the spatial
distribution, which indicates that the electric pulse is con-
fined in a range of about 2W along the x direction [35]. The
temporal distribution f(¢) is composed of several Gaussian
pulses, in which each pulse is the same and the time interval
between the adjacent pulses is also the same. The expression
of f(¢) is as follows,

Yexp(—ihoAt)exp(

M

f@t) = Z e—[(f—lk)2/2T2], (8)

k=1

where T is the pulse duration and V is the pulse strength,
and in our model the strength and duration of each pulse are
the same. M is the number of the pulses that composites the
field. r; = (2k — 1)t; + (k — 1)t is the time center of the
k —th pulse, where 1 is the time center of the first pulse, and
7 is the time interval between adjacent pulses. The schematic
diagram of the temporal distribution of the combined field is
shown in Fig. 1.

3 Results and discussion

In this section, the creation of the EPPs under equal-sign
double and multi-pulse field are studied by CQFT. Firstly,
the effects of the time interval and pulse duration on the time
evolution of the EPP number are studied in a double-pulse
field. The condition that time interval affects the EPP creation
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Fig. 1 The schematic diagram of the temporal distribution of the field
composed by several Gaussian-pulses

is derived by the perturbation method. Then, we extend the
field into a multi-pulse field and study the effects of the pulse
number and pulse shape on the time evolution of the EPP
number. Meanwhile, we compare the relationship between
the growth rate of the EPP number and the number of the
pulses. Finally, we further investigate the details of the EPP
creation under the multi-pulse field from the time evolution
of the energy spectra and spatial distribution.

3.1 EPP creation under double-pulse field

In this section, the field composed by two equal-sign
Gaussian-pulses (i.e.,M = 2) is applied. The time evolu-
tion of the total created EPP number under the filed is shown
in Fig. 2. Without loss of generality, several time intervals
are chosen to study the effects of time interval on the EPP
creation. Besides, due to the EPP creation generally depends
on pulse duration, two pulse durations are considered as well.

As shown in Fig. 2, the number of the EPPs calculated by
CQFT is represented by solid lines, and the time evolution of
the EPP number is sensitively depends on the time interval
between the two Gaussian-pulses. Three time intervals are
chosen: 7 = 7.75E — 5 (i.e. T = 7.75 x 107°), 1.61E — 4
and 2.4E — 4. The EPP number reaches a certain value when
the first pulse is finished, after the time interval t, the EPP
number continue grows under the action of the second pulse.
When T = 1/+/2¢2, there is a significant stepwise increase
in the EPP number under the action of the second pulse when
T =7.75E — 5 and 2.4E — 4, and the final EPP number is
the accumulation of the sequential action of the two pulses.
Moreover, the final EPP number is greater than the sum of
the EPPs created by two single pulses acting alone. However,
when the time interval T = 1.61E — 4, the EPPs created
under the second pulse is very small and negligible, and the

@ Springer
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Fig. 2 The time evolution of the total created EPP number under the
field composed by two Gaussian-pulses. (a) The pulse duration 7 =
1/+/2¢2, (b) the pulse duration T = 1/2+/2¢? The calculation results
of CQFT are represented by solid lines, and the results of first-order
perturbation method are represented by dashed lines. The first time
center t{ = 0.000202a.u. and t; = 0.000102a.u. for T = l/\/ic2 and
T = 1/2+/2¢2, respectively. The other parameters V = 1.5¢2,W =
3/c, and the final time ¢y = 0.002a.u.

final EPP number is small as well. When the pulse duration
T = 1/2+/2¢?, the time evolution of the EPP numbers are
shown in Fig. 2b. When v = 7.75E — 5 and 2.4E — 4, the
number of the EPPs increases greatly under the action of
the second pulse, and the final EPP number is very large.
When the time interval t = 1.61 E — 4, the number of the
EPPs created under the second pulse is a little small, but
is larger than the EPPs created at T = 1/4/2¢2 and 7 =
1.61E — 4. Therefore, under different pulse duration, the
accumulation effect occurs in the time evolution of the EPP
number, which can be enhanced or weakened by different
time intervals. Besides, at the same time interval, the number
of the EPPs created changes with pulse duration. By selecting
an appropriate time interval, the creation of the EPPs can
be significantly promoted. In addition, the time evolution of
the EPP number numerically calculated based on the first-
order perturbation formula (Egs. (9, 10)) is represented by
dashed lines in Fig. 2. Interestingly, the numerical results
computed by the first-order perturbation theory and CQFT
are in good agreements, this indicates that the pair creation

@ Springer
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Fig. 3 The dependence of the final EPP number on the time interval
under the field composed by two Gaussian-pulses. The black line cor-
responds to the pulse duration 7 = 1/+/2¢?, and the green dashed
line is the fitting curve; The blue line corresponds to the pulse duration
T = 1/2+/2¢?, and the red dashed line is the fitting curve. The other
parameters V = 1.5¢2,W = 3/c, and the final time ¢y = 0.003a.u.

in the single-photon regime. Since there are high frequency
Fourier components in the pulse, the electron-positron pairs

can be created by absorbing single-photon transitions.
The first-order transition amplitude from the negative state
|n) to the positive state | p) at an arbitrary time ¢ is given by

pn

[ / :
Ca ey =5 [l me B Ea
tJo

= %/ (pIV(@)|n) f (1) Er—EnE gg
0

. (E—n)? & —n)?
-l 2 ] - 2
= Vpn/ {e 2T + e 2T
0

N i (Er=Eé gg

©))

1
Where V), = - (p|V (x)|n). By summing over all the states
i

of p and n, we can obtain the first-order perturbation estima-
tion of the total EPP creation as

2
N o)=Y | o] (10)
p.n

In order to obtain a more comprehensive understanding of
the dependence of the final EPP number (i.e. # = 0.002a.u.)
on the time interval, we numerically calculate the final EPP
number based on CQFT (Eq. (7)) and the first-order pertur-
bation formula (Eq. (10)), respectively.

As shown in Fig. 3, the results based on CQFT and the
perturbation formula are represented by solid and dashed
lines, respectively, and the two results are in good agreement.
The number of the EPPs oscillates with the time interval,
alternating between peaks and valleys. The peak of the N (7)
curves are caused by pulse resonance, which can significantly
enhance the EPP creation. To obtain the resonance condition,
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we derive the formula for N (7) by the first-order perturbation
method as follows

ND (1) = Z)c},‘,,)(tf,z)f

p.n
2
gt E-n?
=Z Vpn/ {e 272 +e 272 }ei(Ep—En)Edé-
pn 0
2
L Emm? o E-n?
~ Vpn/ {e 272 +e 272 }ei(Ep—En)Ed%-
pn -

2 2
=423 [Vpu [P e T Er=E0 N2 4 cos[2ty + 1)(Ep — En),
p.n
(11

where 7 is the final time of the numerical simulation. The
result of Eq. (11) indicates that the time interval can peri-
odically adjust the final EPP number. The pulse resonance
occurs and there is a maximum EPP creation, when the
cosine function reaches its maximum value. The resonance
condition fulfils (zr + 211) A E = 2kn(k = 0,1,2...),
where AE = E, — E, is the energy gap between the elec-
trons transit from the negative energy state to the positive
energy state, and the first pulse center #{ = 0.000202a.u.
and 0.000102a.u. for pulse duration T = 1/+/2¢* and
T = 1/23/2¢?, respectively. The average value of AE (i.e.
‘AE) can be approximated as 2¢2 [16], then 261 AE are 15.2
(for T = 1/4/2¢?) and 7.7 (for T = 1/24/2¢?). To fur-
ther verify the resonance condition, we fit the N(t) curves
obtained by the CQFT with the fitting formula (Eq. (12)).
The N(t) curves obtained by CQFT and the first perturba-
tion method both conform well to the fitting curve in Fig. 3.

N(t) = Nexp(—B7) - cos(wyT + @) + Niny, (12)

here N is the amplitude, S is the decay factor, wy is the
oscillation frequency, ¢ is the phase of the N(t) curve, and
Niny is the asymptotic total created pair numbers at the long
time limit. When 7 = 1/+/2¢2, the fitting parameters are
N = 0004 B = 7529 wy = 2.02¢> ¢ = 15.8 and
Niny = 0.0076. When T = 1/2+/2¢2, the fitting parame-
ters are N = 0.007 B = 995.8 wy = 2.02¢> ¢ = 8.2 and
Niny = 0.011. The resonance condition shown by the fitting
formula is wyT + ¢ = 2k (k = 0, 1,2, 3...), where wy is
approximately equal to 2¢2. Comparing with the resonance
condition obtained by the perturbation method, wy = AE,
and ¢ with the error of within 6% of 2¢; AE obtained by the
perturbation method. Therefore, we obtain the expression
for pulse resonance as wt + 2tjw = 2knw(k =0, 1,2,3...),
where @ = 2¢2, and the resonance expression can facilitate
us to choose an appropriate pulse time interval. When the
time interval between the pulses satisfies the resonance con-
dition, the creation of the EPPs can be significantly enhanced.
In the following, we study the effects of pulse number and

0.06 —1=7.75E-5
——1=1.61E-4 l
0.05 +——1=6.52E-4
1=9.07E-
0.04
% 0.03 4
0.02
0.01 A A “—1
0.00 T T T
0.000 0.002 0.004 0.006 0.008
t

Fig. 4 The time evolution of the EPP number under the field composed
of six Gaussian-pulses. Four time intervals are chosen: 1 = 7.75E — 5
(the black solid line), t = 1.61 E —4 (the blue solid line), T = 6.52E —4
(the red solid line) and T = 9.07E — 4 (the green solid line). The other
parameters V = 1.5¢2,W = 3/c, the pulse duration T = l/ﬁcz, and
the final time # = 0.008a.u.

pulse shape on the EPP creation in the multi-pulse field, the
pulse duration is chosen as 7 = 1/+4/2¢? without loss of
generality.

3.2 EPP creation under multi-pulse field

When the field composed by two equal-sign Gaussian-pulses,
two pulses act in sequence, and the number of the EPPs is
the accumulation of the the two pulses. If there are more
pulses, the number of the EPPs will be the accumulation of
the multi-pulses. Therefore, the final number of the EPPs will
increase with the number of the pulses. In the following, the
field composed by six pulses, we study the time evolution of
the EPP number under four time intervals, which are chosen
without loss of generality.

As shown in Fig. 4, the number of the EPPs accumulates
under the sequential action of the six Gaussian-pulses. When
the time interval is good (e.g. t = 4.1E —4 and 9.07F —4),
each pulse causes a large EPP creation, and the amount of
the EPP growth caused by each pulse is almost the same at
the same time interval. When the time interval is poor (e.g.
T = 1.61E — 4 and 6.52F — 4), after the first pulse, each
pulse causes less EPP creation and ultimately creates fewer
final EPPs. Therefore, by increasing the number of the pulses
and selecting suitable time interval, the number of the created
EPPs can be significantly enhanced.

Subsequently, we study the creation of the EPPs under
the field composed by six super-Gaussian pulses, since pre-
vious studies on the EPPs created under single pulse con-
cluded that the EPP creation also depends on the pulse shape
[10,11]. The temporal distribution of the field is f(t) =

@ Springer
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Fig. 5 The time evolution of the EPP number and the pulse shape. (a)
The time evolution of the EPP number under the field composed of six
pulses. Four pulse shapes are chosen: s = 1 (the black solid line), s = 2
(the blue dash line), s = 3 (the red dot line) and s = 5 (the green dash
dot line). (b) The pulse shapes for two different pulse steepness (s = 1
and s = 5). The other parameters V = 1.5¢2,W = 3/c, T = l/ﬁcz,
T =9.07E — 4, and ty = 0.008a.u.

M
3" e~ lt=1* /2T and the pulse shape can be adjusted by
k=1
the steepness s. If s = 1, the field is composed by Gaussian

pulses. If s > 1, the field is composed by super-Gaussian
pulses. The rising and falling edges of the pulse will become
steeper as s increases, and the pulse will approach a rectan-
gular pulse when s > 5. The schematic diagram of the pulse
shape changing with s is shown in the illustration in Fig. 5b.

In Fig. 5, we choose four pulse shapes (i.e.s = 1, 2, 3 and
5), and the time interval T = 9.07E — 4. For different pulse
shapes, the EPP number is the accumulation of the EPPs
created by the six pulses. As s increases, the number of the
EPPs created under each pulse increases, and the final number
of the EPPs increases as well. This is due to the fact that there
are more higher energy Fourier components under steeper
super-Gaussian pulse, thus contributing to the creation rate
of the EPPs. In addition, it was found in previous studies
that the steeper the falling edge of the pulse, the smaller the
annihilation rate of the particles [10]. Therefore, more EPPs
are created under steeper super-Gaussian pulses (i.e. larger

@ Springer
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Fig. 6 The dependence of the final EPP number on time interval for
field composed by different pulse shapes and pulse numbers. The param-
eters V = 1.5¢2,W = 3/c, and the pulse duration 7' = 1/«502

s), then the final EPP number is also large under the field
composed of steeper super-Gaussian pulses.

We further study the dependence of the final EPP num-
ber on time interval under different pulse numbers and pulse
shapes. As shown in Fig. 6, for different pulse numbers and
pulse shapes, the peaks of the N (t) curves correspond to the
same time interval. Moreover, at the same time interval, the
steeper the super-Gaussian pulse and the more pulses, the
number of the EPPs can be significantly enhanced, e.g., the
black curve under the field composed by six super-Gaussian
pulses (s = 5). Therefore, in the study of the EPPs created
in the multi-pulse field, we can choose an appropriate time
interval based on the resonance expression obtained in the
previous section. Subsequently, to study the enhancement
effect of the multi-pulse field on EPP creation, the ratio of
the final EPP number created in the multi-pulse field to that
created in a single pulse is calculated. The dependence of the
ratio with the number of the pulse is shown in Fig. 7.

Asshown in Fig. 7, the horizontal axis represents the num-
ber of the pulses, which is denoted by M. The vertical axis
is the ratio R = Njys /N1, where Ny is the final number of
the EPPs created in the multi-pulse field, and Ny is the final
number of the EPPs created in a single pulse, which consti-
tutes the multi-pulse field. The time intervals t = 7.75E —5
and T = 1.5E — 4 are corresponding to the first peak and
first valley in the N (7) curve in Fig. 6, respectively. The gray
dashed line R = M in the figure indicates that the pair num-
ber growth factor is equal to the number of pulses. When
T = 7.I5E — 5, the ratio under each multi-pulse field is
greater than the number of the pulses, especially when the
number of pulses is 6, the ratio approaches 14. However,
when t = 1.5F — 4, the ratio under each multi-pulse field is
smaller than the number of the pulses, e.g., the ratio is around
2 when M = 6. This is because T = 7.75E — 5 satisfies the
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Fig. 7 The dependence of the ratio on the pulse number among the
multi-pulse field. The parameters V = 1.5¢2, W = 3/c, the pulse
duration T = 1 /\f2c2

pulse resonance condition, and the pulse resonance can sig-
nificantly increase the creation of the EPPs. In addition, when
s =5, R is slightly larger than that of s = 1. Therefore, by
selecting optimal time-interval, steeper super-Gaussian pulse
and more pulses, the number of the EPPs will be much larger.
Finally, to see more details of the EPP creation, we study the
time evolution of the energy spectra and spatial distribution
of the electrons.

As shown in Fig. 8, the first column is the energy spectra
and the second column is the spatial distribution, with each
row corresponding to the same multi-pulse field. When 7 =
7.75E —5, the energy spectra is narrow and gradually gathers
around E = 1.2¢> over time, and particles gather in the
middle in the spatial distribution. When v = 1.5E — 4, the
energy spectra distribution is relatively wide, and the spatial
distribution is relatively scattered. The temporal evolution of
energy spectra and spatial distribution provides more details
on the EPP creation, new particles are sequentially created
under the action of six pulses, and the energy density and
spatial density of electrons gradually accumulate.

4 Conclusion and outlook

In summary, we study the creation of the EPPs under the
equal-sign multi-pulse field, on which there is a very lit-
tle researches. The details of the EPP creation are studied
from three aspects: the time evolution of the EPP number,
the energy spectra and the spatial distribution of the elec-
trons. The time evolution of the EPP number indicate that
the number of the EPPs varies sequentially with the action
of each pulse, and the final EPP number is the non-linear

p(E.) p(x,t)
0-004 2.2E-3 0004 5.3E-1
0.003 (@) e (O ' =
1.4E-3 3.3E1
10.002 11e3 £10.002 2,661
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8.2
37ea 0:001 e
0.0E+0 0.0E+0
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2
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1063 0.001
5.1E-4

0.0E+0

15 20
E[c?] X

-1.0 -0.5 0.0

Fig. 8 The time evolution of the energy spectra and spatial distribution
of the created electrons. The parameters for the eight subfigures are as
follows: s = 1t =7.75E — 5 for (a) and (b),s =5t = 7.75E — 5 for
(¢)and(d),s =1t =1.5E —4for(e)and (f),s =5t = 1.5E —4 for
(g) and (h). Other parameters V = 1.5¢2, W = 3/c, the pulse duration
T =1/v2c2

accumulation of the EPPs created by each pulse. The accu-
mulation of the electron density is reflected by the energy
spectra and spatial distribution.

Meanwhile, the dependence of the accumulation effect
on the time interval, pulse shape and pulse number are
studied. The time evolution of the EPP number indicates
that the number of the EPPs increases significantly in a
stepwise manner at better time intervals, which fulfils the
pulse resonance condition. The formula for the pulse res-
onance condition is calculated by the perturbation method
and verified by the fitting formula. Based on the formula
(0wt 4+ 2tiw = 2kmw(k = 0,1, 2,3...)), suitable time inter-
val can be selected and bad time intervals can be avoided.
Besides, the accumulation effect also depends on the shape
and number of the pulses. The larger the steepness of the
pulses, the more number of the pulses, the creation of the
EPPs can be enhanced. Finally, we find that under optimal
field parameters, the number of the EPPs created in the multi-
pule field is much greater than the sum of the EPPs created
by the same number of single pulses. This not only enhance
the EPP creation, but also improves pulse utilization. Due
to the rapid development of the laser technology in recent
years, ultra-short and ultra-strong pulses will be a powerful

@ Springer



1116 Page 8 of 8

Eur. Phys. J. C (2024) 84:1116

tool for directly detecting the creation of the EPPs in vac-
uum by experiments in the future. Our findings on the EPP
creation under multi-pulse field will have some guiding role
for future experimental research on the EPP creation.
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