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Enhanced electron—positron pair production by frequency chirping in one- and two-color laser pulse fields is in-
vestigated by solving the quantum Vlasov equation. A small frequency chirp shifts the momentum spectrum along the
momentum axis. The positive and negative frequency chirp parameters play the same role in increasing the pair number
density. The sign change of the frequency chirp parameter at the moment ¢t = 0 leads the pulse shape and momentum
spectrum to be symmetric, and the number density to be increased. The number density of produced pairs in the two-color
pulse field is much higher than that in the one-color pulse field and the larger frequency chirp pulse field dominates more
strongly. In the two-color pulse fields, the relation between the frequency ratio of two colors and the number density is not
sensitive to the parameters of small frequency chirp added in either a low frequency strong field or a high frequency weak
field but sensitive to the parameters of large frequency chirp added in a high frequency weak field.
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1. Introduction

The vacuum pair production in the external electric field
in the frame of quantum electrodynamics (QED) was first
proposed in 1931 by Sauter!!! and also studied in 1936
by Heisenberg.[?! In particular in 1951, Schwinger stud-
ied this problem systemically by employing the proper-time
technique.®! He obtained the critical value of the constant ex-
ternal field to create the electron—positron (e”e™) pairs from
the vacuum as E.; = m2c? /el ~ 1.3 x 10'% V /cm, where m is
the electron mass and —e is an elementary electron charge.
This critical field strength is related to the laser intensity
I~ 4.3 x10% W/cm?. The intensity is so high really, how-
ever, as the new experimental development in ultrahigh inten-
sity laser techniques,/*~1 it may be possible to get a subcritical
laser field. 3]

On the other hand, because of the proposed dynami-
cally assisted Schwinger mechanism, which combines differ-
ent pulse laser fields, the vacuum pair creation may be ob-
served even in a much lower intensity laser field.!'"-151 So
many ways can be used to reduce the requirement of laser
field but enhance the pair production, for example, the combi-
nation of sinusoid/ cosine with exponential laser pulse,[!®-!8]
by using super-Gaussian instead of Gaussian pulse to widen
pulse width,[1%20] the usages of multi-slit interference due to
the alternating sign N-pulse electric fields or/and polarized
field,?1-23] and so on.
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Beside changing the shape or carrier phase,|
expected and found that, through adding a small frequency
chirping, it can influence the momentum distribution and then
possibly increase the created e“e™ pair number density./?*%]
In Ref. [24], different frequency chirps lead to the changing
of the momentum spectra and it is explained by a turning
point. In our previous work, > the field time was divided into
three parts and different frequency chirps are applied. Also in
our work of Ref. [26] we have gained the enhanced electron—
positron pair production of a vacuum in a strong laser pulse
field by the possible irregular frequency variation. These few
researches make this topic very interesting meanwhile leav-
ing some problems still open. For example, whether the mo-
mentum spectra and pair number are dependent on the sign
of frequency chirping? What phenomena occur if we change
the one-color pulse with single frequency chirping to a two-
color pulse with double frequencies chirping or if we change
the sign of chirp parameter from positive (negative) to negative
(positive) at the peak position of one-color laser pulse? How
the two-color laser pulse field with different chirping affect the
momentum spectra and the pair production rate?

In this paper, we will answer these questions. We have
studied the one-color and two-color laser pulse fields by
adding positive or negative frequency chirp parameters and
analyze the effects of the frequency chirp parameters on the
laser pulse shape, momentum spectrum and number density. It
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is found that a small frequency chirp can shift the momentum
spectrum along the momentum axis. The positive and nega-
tive frequency chirp parameters play the same role in increas-
ing the pair number density. The sign change of frequency
chirp parameter at the moment r = 0 leads the pulse shape and
momentum spectrum to be symmetric. The case of first posi-
tive and then negative frequency chirp lead to the wider time
lasting of pulse within the neighbor of peak field strength at
t = 0 than the opposite case of first negative and then pos-
itive chirp, therefore, the pair number density dominated by
the tunneling mechanism is larger in the former case. On the
other hand, the number density of produced pairs in the two-
color pulse fields is also much higher than that in the one-color
pulse field. Moreover, in the two-color case, the relation be-
tween the number density and the frequency ratio of two colors
is not sensitive to the small frequency chirp field but sensitive

df(p,t)

to the large frequency chirp field.

2. Theoretical formalism based on quantum
Vlasov equation

For the completeness of the paper, we have to include the
description about the basic ideas and formula of the quantum
Vlasov equation while the content would be unavoidable rep-
etition of other published papers. Here we outline it similar to
Ref. [19].

The source term of pair production, s(p,t), obviously
depends on the applied external field as well as the elec-
tron/positron kinetic property. From df(p,t)/dr = s(p,¢?),
where f(p,t) is the momentum distribution of the created
pairs, we obtain the quantum Vlasov equation (QVE) in the
following integro—differential equation form

dt 20%(p,t)

0

2 eE(N1 — ! !
eE(t)e] /t dr’ E(t )i)lz(p?iigp’t ) cos {2/,/ dto(p, 7)} ) M

where the quantities are the electron/positron momentum p = (p, pH), transverse energy-squared si =m2+ pi, the total

energy-squared @*(p,t) = €2 —|—pﬁ, and the longitudinal momentum p|| = P; — eA(t). If we define g(p,t) = eE(t)e, /0*(p,t)

and O(p,?',t) = [ o(p,7)d7, then equation (1) becomes

df(p,t)

dr 2 to

Moreover when the integral part is represented by g(p,t) in
Eq. (2), the equation can be expressed as a set of first order
ordinary differential equations (ODEs)!'®!

f(p,1) = %q(p,t)g(m), 3)
g(p,t) =q(p,1)[1 -2f(p,t)] —20(p,t)w(p,t), (4)
Ww(p,t) =20(p,t)g(p,1)- ©)

For convenience and simplicity we denote the derivative of a
physical quantity with respect to time by a symbol dot above
this quantity. It should be emphasized that the change from
the original integral-differential equation to a set of ODEs not
only makes the numerical treatment simpler but also makes the
involved physical quantities or/and terms clearer. For example
the term g(p,?), i.e., the integral part of Eq. (2), constitutes an
important contribution to the source of pair production. In fact
this term reveals also the quantum statistics character through
the term [1 — 2f(p,?)] due to the Pauli exclusive principle.
On the other hand, w(p,t) denotes a countering term to pair
production, which is associated to the pair annihilation in the
pair created process to some extent. Obviously the last one of
ODEs means that the more pairs are created, the more pairs are
annihilated probably in the pair created process. By the way,
the studied system exhibits a typical non-Markovian character.

= 1q(m) tdt’q(p,t’)[l —2f(p,1")]cos[20(p,’,1)]. 2)

\
The initial condition of Eq. (2) can be given as f(p,t),

g(p,to), and w(p,1p) in terms of a concrete physical problem.
Integrating the distribution function to momentum we can gain
the time-dependent e "e™ pair number density as
3
) =2 [ G ©

which will be very useful in the following study on pair cre-
ation enhancement. Since the applied laser field becomes zero
when t — oo, therefore, what we are interested in are the sta-
tionary distribution function f = f(p,t — o) as well as the
final stationary number density n = n(t — oo).

We use the electrons quantities as the normalized ones,
i.e., the length A = 27h/mec = 2.43 x 10712 m, the time
Te = Ac/c = 1.287 x 10721 s, and the momentum mec =
0.51 MeV/c. The field strength is normalized by E. In our
study some typical parameters are given as laser frequency
o = 0.02 or/and w = 0.2, the pulse length 7 = 100, and the
field strength is E = 0.1 or/and E = 0.01, and so on.

3. Numerical results of momentum distribution
and pair number density

In this section, we will analyze the effect of the frequency
chirp parameter on the pair production rate by discussing the
laser pulse field, momentum spectrum and the number density.
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3.1. One-color laser pulse field
The one-color laser pulse field is given by

2
E\(t) = Egexp <_2t1:2) cos(bt* + r), 7

where Eyp = 0.1, = 0.02, and the pulse width T = 100, b
is the frequency chirp parameter. After adding a small fre-
quency chirp, the laser frequency becomes a linear variation
with time as @' = (br + @), can be called effective frequency.
By the way, in general the frequency chirping in the all pulse
time should not go beyond the original frequency ® so that
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Fig. 1. (color online) Momentum spectrum of the longitudinal momentum
with different frequency parameter b.

It can also be seen that when a small frequency chirp is
applied the maximum value of the momentum spectrum does
not increase. This momentum spectrum shifting by the small
positive frequency chirp may be meaningful to the spectrome-
try measurements for pairs because they are sensitive in a cer-
tain momentum window. The frequency chirp shifts the max-
imum value of the momentum spectrum to the characteristic
momentum range that can increase the detection probability,
refer to Ref. [27]. By the way, the carrier phase can also shift

[1624] however, for a periodic laser

the momentum spectrum,
pulse, the variable carrier phase may lead to the decreasing of

the momentum spectrum sometimes. ']

b < o/t is required. For simplicity we do not consider the
transverse momentum, i.e., p; = 0.

By adding different frequency chirps on the one-color
laser pulse field, the momentum spectrum is plotted in Fig. 1.
First, we add a small frequency chirp with positive b = 1.25 x
10~ and negative b = —1.25 x 10~* respectively. Compared
to the momentum spectrum of free-chirp b = 0 pulse field
(blue dashed line), it is found that the momentum spectrum of
positive chirp (black solid line) is shifted greatly to the nega-
tive direction while the momentum spectrum of negative chirp
(red dotted line) is hardly shifted, see Fig. 1(a).
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p| of the produced electron—positron pairs in one-color pulse laser field E| (1)

Second, we add a larger positive frequency chirp b =
7.5 x 10~ (the black solid line) or a negative frequency chirp
b= —7.5x 10~* (the red dotted line), as shown in Fig. 1(b).
Now we obtain the highly asymmetric momentum spectrum
meanwhile with very irregular oscillation; the peak of the mo-
mentum spectrum is increased also. Positive frequency chirp
still shifts the momentum spectrum to the negative direction
while negative frequency chirp still shifts the momentum spec-
trum to the positive direction very little, which depends on the
concrete effective frequency. The irregular oscillation may be
understood as in the scattering picture as that the correspond-
ing effective scattering potential changes by a variation of fre-
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quency chirp parameter. >4

It should be noted that when there is no frequency chirp,
b = 0, the multiphoton absorbtion happens in the pair pro-
duction process. Therefore, as the laser frequency changes,
it causes the irregular oscillation of the particle density be-
cause the pair number density has achieved the optimal value
when the integers of laser frequency nw = 2 is satisfied. The
detailed discussion has been performed in Refs. [21] and [28]
also, in particular even if the effective mass of electrons is in-
cluded. On the other hand, when a frequency chirp b # 0 exists
in which the field frequency would equal to @' = @+ bt so that
the frequency is not single frequency, which will destroy the
serious multiphoton process condition of n® = 2. Thus as the
frequency changes with time the particle density will have lost
the pronounced optimal behavior. In other words the oscilla-
tion character of the number density versus frequency will be
smoothed.

Third, we try to change the chirping sign before and af-
ter the moment r = 0. Figure 1(c) corresponds to two cases.
One is that we add the small positive frequency chirp b =
1.25 x 10~* when ¢ < 0 and then small negative frequency
chirp b = —1.25 x 10~* when ¢ > 0. The other is vise versa.
The momentum spectrum in the former case is plotted with a
black solid line and the other case is plotted with a red dotted
line. It is found that the sign frequency chirp causes a field
pulse shape to be symmetric which leads to the momentum
spectrum being symmetric also, and moreover the higher num-
b| =1.25x 1074, the
momentum spectrum not only shifts but also its value is larger

ber density is gained. In this situation,

by one order of magnitude than the chirp-free one. By the way
the black solid line exhibits a single peak while the red dotted
line exhibits the double-peak structure. Interestingly if the sign
chirping strength is increased to b = 7.5 x 107#, the results are
shown in Fig. 1(d), the symmetric structure of the momentum
spectrum becomes simpler and the maximum value of them
increases greatly, about four times comparable to the case of
b=125x10"*

Now let us see what happens if we keep the frequency
chirp parameter fixed but change the original frequency ®.
The typical results are depicted in Fig. 2 in which three cases
are studied by positive chip b = 2.5 x 107, negative chirp
b = —2.5 x 10~* and without chirp » = 0. The variation of
the original frequency @ is from O to 0.5. It can be seen
that, when @ < 0.1, the number density decreased first and
then increased, the three curves are almost coincident. When
o > 0.1, as the frequency increases, the curves presented
pronounced oscillation, which is similar to the situation in
Refs. [19] and [28] that are caused by the multiphoton pro-
cess. The oscillation of curve b = 0 is more pronounced. The
adding of frequency chirping results in smoothing of number
density and widening of the peaks and the results of positive
and negative chirp coincide with each other. Moreover for

most of ® the number density of pairs created in the chirped
laser pulse is higher than that of the chirp-free one. For ex-
ample, at @ = 0.325, the number density n = 3.585 x 1072 in
the case of chirping is two orders of magnitude higher than
n=5.4x 107" in the chirp-free one. As ® increases, the
difference becomes larger. For example, when @ = 0.49, n =
9.8 x 1071 is got for chirp-free laser pulse and n = 3.5 x 10~/
is got for the other two chirping cases, obviously, the differ-
ence between them is almost three orders of magnitude.
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Fig. 2. (color online) Electron—positron number density vs the original fre-
quency in one-color pulse laser field E; (¢).

Now let us see how the pair number density depends on
the frequency chirping in one-color field. When @ = 0.02 is
fixed, the number density vs the frequency chirp parameter is
depicted in Fig. 3. The lines labeled by a and b are number
density curves related to the positive and negative frequency
chirp parameters, respectively. The curve c is the number den-
sity curve related to the frequency chirp parameter which is
positive when ¢ < 0 and negative when ¢ > 0 and curve d is
the opposite case about the frequency sign. It can be seen that
the curves a and b coincide completely. It is not surprising be-
cause when + — — the positive chirped laser pulse field and
the negative one are the same so that they have the time-reverse
symmetry. As the frequency chirp parameter |b| increases the
number density increases also. But the number densities in the
cases of curves ¢ and d are higher than those of curves a and
b. This can be understood from the point of turning points.
The laser pulse fields related to curves ¢ and d are symmetric
compared to the curves a and b, so that more turning points
exist in the complex ¢ space. Then the interference between
the turning point pairs causes a complex oscillation structure
in the momentum spectrum which can!!62°-311 consequently
increase the pair production rate.””’! On the other hand, the
number density of curve c is higher than curve d, which may
be attributed to the fact that the strong but slow varying field
around time ¢t = 0 triggers the tunneling process of Schwinger

020301-4



Chin. Phys. B Vol

.26, No. 2 (2017) 020301

pair creation, that has a little difference in the two cases. Ob-
viously this slow varying field has a wider width around time
t = 0 in the case c than d because when ¢ # 0 the frequency is
decreasing in curve c but is increasing in curve d.
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Fig. 3. (color online) Electron—positron number density versus the fre-
quency chirp parameter |b| in one-color pulse laser field E (¢).

3.2. Two-color laser pulse field

It is mentioned in some works!>%?8] that as the pulse num-
ber increases the pair production rate will be enhanced. In
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particular by a high frequency weak field superimposed on the
low frequency strong field the dynamically assisted mecha-
nism can enhance greatly the pair production.['”] Now let us
investigate this problem under the multi-color pulse fields by
including the effect of the frequency chirp parameter on the
pair production rate. For simplicity we only consider two-
color laser pulse fields by adding the frequency chirping. The
fields can be given as

2
E(t) =E\(t)+Ex(t) = Eyexp (—22_2> cos(b1t2 + 1)
12 5
+ Eyexp 53 cos(bot” + mt), 8

where w; = 0.02, @, = 10w; = 0.2, E1 =0.1, E; =0.1E| =
0.01, and 7 = 100. The frequency chirp parameters are b
and b, for low frequency field E;(¢) and high frequency field
E; (1), respectively, and in general by < /7T, by < @,/7 are
required.

For some typical frequency chirp parameters b; and b,
the momentum spectrum are depicted in Fig. 4. By comparing
the blue dashed lines in Fig. 4(a) and Fig. 1(a) we found that
the maximum value of the momentum spectrum in two-color
chirp-free laser pulse is two orders of magnitude higher than
that of the one-color chirp-free laser pulse.
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Fig. 4. (color online) The same as in Fig. 1 except in two-color pulse laser field E| (1) + E»(¢) with different frequency parameters b; and by.
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In the case of the two-color laser pulse, first we study
the effect of frequency chirping with the same signs of b; and
by. The momentum spectrum curve is depicted in Fig. 4(a)
when b; = 1.25x 1074, b, = 10b; = 1.25 x 1073 (black solid
line) and by = —1.25 x 1074, by = 10b; = —1.25 x 1073 (red
dotted line). The same as Fig. 4(a) is shown in Fig. 4(b)
except that the frequency parameters are increased as b; =
7.5 x 1074, by = 10b; = 7.5 x 1073 (black solid line) and
by =—7.5x10"%, by = 10b; = —7.5 x 1073 (red dotted line).
Some phenomena can be observed from Figs. 4(a) and 4(b). It
is seen from Fig. 4(a) that, by adding a small frequency chirp
to the two-color laser pulse, the momentum spectrum shifts
along the longitudinal momentum axis, especially for the posi-
tive frequency chirping. In comparison of chirping with chirp-
free the maximum value of the momentum spectrum does not
increase remarkably but an oscillation structure with a small
peak appears. In the comparison of Fig. 4(b) with Fig. 4(a),
when the chirp increases 6 times, the maximum of the mo-
mentum spectrum increases 8 orders of magnitude.

Second let us examine the effect of frequency chirping
with the opposite signs of b; and b, when by > 0, by, =
—10b; < 0, and b; < 0, bp = 10b; > 0. The momentum
spectrum are depicted in Fig. 4(c) and Fig. 4(d), where |b;| =
1.25x 10~* and |b;| = 7.5 x 1074, respectively. Similarly af-
ter adding a small frequency chirp to the two-color laser pulse,
the momentum spectrum shifts along the longitudinal momen-
tum axis and the maximum value has no obvious increase but
the appearance of a small peak lacking an oscillation struc-
ture. On the other hand, when the chirp increases 6 times the
maximum of the momentum spectrum increases 9 orders of
magnitude. By the way in all cases of chirping the black solid
line and the red dotted line have a momentum-reverse symme-
try except a nonzero momentum value as the symmetry point.
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Fig. 5. (color online) Electron—positron number density versus the ratio

of magnitude of frequency chirp to the original frequency, where |b|/@ =
|b1|/ @) = b/ @, in two-color pulse laser field E (¢) + Ea(t).

When w; = 0.02 and @, = 0.2 are fixed, by changing the

b1 and by, we obtain how the number density curve depends

on |b|/ in Fig. 5. Since we keep by /b; = @, /®; so the hori-
zonal axis can be characterized by a unified quantity |b|/®. It
can be seen from the figure that, although the shape or value
of the momentum spectrum of the four fields are different, the
number density of them are the same. It reveals the intrin-
sic symmetry again about the effect of chirping on the mo-
mentum spectrum and concludes that this time-reverse or/and
momentum-reverse symmetry leads to the same pair produc-
tion.

Now we will investigate which laser pulse chirping field
contributes more to the pair production rate when @,/w;
changes. We can see the effect of single frequency chirp-
ing, for example, keep by = 0 fixed but change b, or keep
by = 0 fixed but change b,. Some typical results about how
the number density curves depend on the ratio @, /o, for dif-
ferent single frequency chirping are shown in Fig. 6. The con-
crete different values of b; and b, can be seen directly from
the figure labels. As a comparison we plotted the line with
a black square symbol as the number density curve related to
the chirp-free two-color laser pulse field. It is found that, as
the ratio @, /®, increases the number density increases slowly
and tends to reach a saturation value. Different from Fig. 2,
in the two-color laser pulse here, the number density curve
does not exhibit the oscillation behavior. On the other hand
it is interesting to find that the number density curves are in
coincidence almost. It can be concluded that in the two-color
laser pulse field, if we add a small frequency chirp in either of
E|(t) or Ey(t), the effect of them on the pair production are
the same and the increasing of the number density are not ob-
vious compared to that of the chirp-free one. The main reason
for the number density increase is the increase of the original
frequency ratio of the two-color laser pulse field.

1077 LJ LJ LJ L) L)
] +b1 = O,b2 =0 .
g ] b, =1.25x10"%b,=0
10751 L b =2.50x104,b,= 0 ]
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1077 4 b, =7.50X10,b, =0 1
{1« b,=1.25x10"b,=0
= 107104 b,=2.50x10"4b, =0 ]
107 1
107y —— b,=5.00x10"%b, =0 ]
] —x— b, =T7.50X10"*b, =0
10-13 y y T T T
10 15 20 25 30 35
w2/UJ1

Fig. 6. (color online) Electron—positron number density vs the original two-
frequency ratio in two-color pulse laser field E;(7) + E»(r) with a single
small frequency chirp of either b; or b,.
Finally, we keep b; = 0 fixed and change a single parame-
ter by, or we change b within a small value but keep changing
the corresponding b, = 10b; within a relatively large value.
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We depict the number density curves vs the ratio @,/®; in
Fig. 7 for different values of b; and b,, which can be seen di-
rectly from the figure labels. In Fig. 7, the values of b, are
different in the four groups of curves labeled 1, 2, 3, and
4 in the left side of the curves. For example, the marked
1 curves (except the chirp-free black solid line) correspond
to by = 1.25 x 1073 and the marked 4 curves correspond to
by =7.5 % 1073, From these four sets of curves it is found that
when the frequency ratio @, /; is not large, the number den-
sity curves seem very sensitive to the frequency chirp increase.
For example, in the case of @,/w; = 10, when the chirp pa-
rameter b, increases 6 times from marked 1 to 4 the number
density increase from ~ 107 B to ~ 10’3, i.e., about 10 orders
of magnitude. As the frequency ratio @,/®; increases the dif-
ferences between the four groups of number density curves are
reduced, but there are still 5 orders of magnitude difference at
@,/ @; ~ 30. On the other hand two curves in each group have
little difference. But for the frequency ratio @, /w; = 10, the
difference of the two curves is evident because whether the
small frequency chirp is added plays a role, especially in the
case of group “2”.
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Fig. 7. (color online) Electron—positron number density versus the original
two-frequency ratio in two-color pulse laser field E (¢) + E»(¢) with a rel-
ative large chirping for b, and the chirping of b is either absent or small
still.

If we choose the number density curve of chirp-free,
by = 0 and b, = 0, as a reference, it is found that the differ-
ences in the curves 1 are very small. A little difference exists
when the ratio @,/®; increases. It may be caused by the di-
versification of the frequency.?%3%3%1 All the curves in each
group 1, 2, 3, 4 are almost the same except when @, /®; = 10.
This is because as the frequency ratio increased the small fre-
quency chirp in the field E;(¢) can be ignored. When the fre-
quency chirp becomes larger, as the frequency chirp increased,
the number density curves become less sensitive to the increas-
ing of the frequency ratio @, /@, in the group 4 the number
density curves even do not change almost. By comparing the
values of the curves, we found that the large frequency chirp of

high frequency weak field E(#) contributes more to increasing
the number density. Certainly to meet the condition b < @/t
we do not add too large frequency chirp parameters about by
as well by. As the frequency ratio becomes larger the number
density curve presents a small oscillation behavior, see the in-
set of Fig. 7, this may be caused by the larger frequency chirp.

4. Conclusions

By solving the quantum Vlasov equation, we investigated
the effect of frequency chirping parameter on the electron—
positron pair production in one- and two-color laser pulse
fields. The main findings of the present study are listed in
the following.

(i) A positive or negative frequency chirp parameter is
added to the one-or two-color pulse field, then the momentum
spectrum and the number density curve of the created pairs in
this field is obtained. It is found that in either one- or two-
color laser pulse field the small frequency chirp shifts the mo-
mentum spectrum along the momentum axis, especially for
the positive chirping. It can expand the detection probability
by spectrometer.

(i) Adding frequency chirp to the one-color pulse field
results in a smoothing number density curve and the widen-
ing of the peaks in the multiphoton pair production process.
The positive and negative frequency chirp parameters play the
same role in increasing the number density. It is a natural re-
sult of time-reverse symmetry.

(iii) The sign change of frequency chirp parameter at the
moment ¢ = 0 leads pulse shape and momentum spectrum to be
symmetric and the number density to be increased. The chirp-
ing of first positive and then negative has a relatively higher
number density than that of first negative and then positive.

(iv) In the two-color pulse field, the number density is
much higher than that in the one-color pulse field. The larger
frequency chirped pulse field contributes more to increasing
the pair production rate.

(v) In the two-color pulse field, the relation between the
frequency ratio of two colors and the number density is not
sensitive to the parameters of small frequency chirp added in
either a low frequency field or a high frequency field but sensi-
tive to the parameters of large frequency chirp added in a high
frequency field.

(vi) When the frequency chirp parameter increases 6
times, the number density can increase 10 orders of magni-
tude. As the original frequency ratio becomes larger the num-
ber density curve presents a small oscillation behavior.

We believe that the results obtained here are helpful to
deepening the understanding of the pair production by includ-
ing the effect of frequency chirping, and in an alternative way
one can expect to control the pair production through the ap-
propriate frequency chirping.
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