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Figure 1 From top to bottom, the electric fields are E(?), E (), E(?),
and FE;(7), respectively, and the corresponding modulated chirp
parameters are b = 0, b, = 0.002, b, = 0.002, and b; = 0.00004,
respectively. The other parameters are ¢, = 0.1, w, = 0.5, 9 =0, and 7 =

(5), BW, = W, = W, = W; = 0.443¢", Forh wamiot
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Figure 2 (Color online) The frequency curves are obtained by Fourier
transform of the electric field in Figure 1, which correspond to the order
of the electric field in Figure 1 and have the same parameters.
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Figure 3 The 1D momentum spectrum of the created electron and positron pairs correspond to the position of the electric field in Figure 1 under the
multi-photon absorption mechanism, (a) b = 0; (b) b, = 0.002; (c) b, = 0.002 and (d) b; = 0.00004. The other parameters are ¢, = 0.1, w, = 0.5, 9 = 0,

and 7 = 50.
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Figure 4 (Color online) The 2D momentum spectrum of the created electron and positron pairs correspond to the position of the electric field in
Figure 1, (a) b = 0; (b) b, = 0.002; (c) b, = 0.002 and (d) b3 = 0.00004. The other parameters are e, = 0.1, wy, = 0.5, ¢ = 0, and 7 = 50.
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Figure 5 (a)—(d) shows the distribution of turning points when the momentum values of the created pairs conform to 4-photon absorption, the
parameters as same as Figure 1. And the other parameters are e, = 0.1, w, = 0.5, ¢ = 0, and 7 = 50.

T =AW, 2b,, byMIby 75k El i KAE
I, H37 S R BRI RO 2R, 7 A 0 IR W AR =
CiEA

5 Fit5RE

R, BATRIT 1A R 7 R A
FOIE B ) SRS AR T BCE B, KRBT AE IR
THZhEERIE R ERE, RO RN
HEZER, Gt o3 A e A r R AT LA P bt B g A1
PR, FAs vh P AL IE - A R D'
T A T REL, X — Rt —PE] 1R
THIBRL =R, Ak, AT 1 37 (1 25

AT DA SR B 55 7 AR 0 IE TR B R, T L
HISHT LR m 2N BES. X R n] LN A 5 5L
56 v 10 IF R IR R R R A — A A T
R AR E T E S A, AT
JE B (1 HEL 37 W] DAASE 72 AR ) IE BT 1 DBl R AR
XA CEINF, FIERB R, H2%F2D
HIEBERHEE I Z A Z, ASCEE N IERTH2D3)E
ST, RIS R T A—FEM BRI,
AR GEA Y T AR ISR, EIFE,(OFE;®)
BRI, (H2 TR IAE, 'SP
HIAE,(OFIMER R, W] BLR= A 42 23 18] 1 R 5 AR 4345,
MHEAE, O ALK —I G, X —RITCEEE S
NIRETI, RIS FRAT 6 T ol 7= A X — B Rt = 2E

111011-7



{R2%, FEFREE Yy )% R0 2024 4F 5B 5448 % 114

0.01 0.1
(a) (b) 0.1F (c)
0.001 4 o8 0.01F
0.001 [
~ 1E-4 _ 0.0t
Q G )
= S 1E4 S 1E4
1E-5
1E-5 1E-5F
1E-6 1E-6 1E-6 F
0.000 0.005 0.010 0.000 0.005 0.010 0.0000 0.0001 0.0002
b1 bz b3

Bl 6 (a) HINE () RLT = LR EE, (AL, (b) 24 HINE ()R 5K AR b, A2 AL; () FIm NE ()L 150

A EBWEb, AR, Hide, = 0.1, w, = 0.5, ¢ = 0Fz = 50

Figure 6 Panels (a), (b), and (c) are the number of the created pairs for E\(¢), E5(¢), and E5(¢) with by, b,, and b;. The other parameters are ¢, = 0.1, w,

=0.5,¢ =0, and 7z = 50.

TIRIER DGR, JFid 4 iy gnt Kok dT 7 2
Wt BeAh, BATERT LIS, fEAMREOL Rt
REEAHF B AR, SR b3 2R O WA IRk i) 2 3¢
R MEOCRE AR, KT Hrs 2k 2R K.

FEXTIE R X PRt e, HATRR 1
XM — ey R gt 2 A, RN thA 1R 2 [ 3
FHELA B8 B EAS AR e e AT W Fe i, e
ZER B ATRIRT L 2, e HSEHO AR R
AR AT V. (B BEE W AL 2 ST
K, HRTBUE A ICIE SE LR 1 2 1) AT RE A 45 2
1 R R

R IR &8 2 S, T DA B B 2R X
BRI AR FORE A 1] R, 5] G A 28 i ) BE 22 AU Y

JSFA LS 5 2] J7 324 (R 755 [5] 9 (Symbolic - Regres-
sion) J7 VA A AR B 5 H A5 s 801 Bl VTS I 7755 K08
3, BT B ek BN 100485088 /L, KER 7 42
W BRI AR, SRR T AU A, KL
IR SR Rh 2 48 7 75 (Neural  Network) t 7] DL
SR 52 26 SR AR S VT RE I R A U R B ik R

H Al CA R s B B L7 SR ok
X Dirac 77 FEHEAT HUE SR MDY, X T8 Viasov 7 127
%, W] OB AERR T oI A HLES 22 SIRE A, Ad
HAT DB, BB A 1 3 & S B s A
T NEE, N @ AL )RR R R
g Ja, P I E R RES B S AR, B
FIFRAF B Al o3 A

i RMTFETVAFACR)FTRAFRREM. FF9EFM LA F % H & (Q. Charles Su)F"Rainer Grobe Ifi %f

Mk T3 M, Bl B X E ¥ % £ % (CSC)H LH.

LB

AW N =

5: 024402

0 N O W

Einstein A. Strahlung-emission und-absorption nach der Quantentheorie. Verh d Deutsche Physik Ges, 1916, 18: 318-328

Maiman T H. Stimulated optical radiation in ruby. Nature, 1960, 187: 493-494

Strickland D, Mourou G. Compression of amplified chirped optical pulses. Opt Commun, 1985, 55: 447-449

Tanaka K A, Spohr K M, Balabanski D L, et al. Current status and highlights of the ELI-NP research program. Matter Radiat at Extremes, 2020,

Dirac P A M. The quantum theory of the electron. Proc R Soc Lond A, 1928, 117: 610-624

Schwinger J. On gauge invariance and vacuum polarization. Phys Rev, 1951, 82: 664-679

Furry W H. On bound states and scattering in positron theory. Phys Rev, 1951, 81: 115-124

Kim S P, Page D N. Schwinger pair production via instantons in strong electric fields. Phys Rev D, 2002, 65: 105002, arXiv: hep-th/0005078

111011-8


https://doi.org/10.1038/187493a0
https://doi.org/10.1016/0030-4018(85)90151-8
https://doi.org/10.1063/1.5093535
https://doi.org/10.1098/rspa.1928.0023
https://doi.org/10.1103/PhysRev.82.664
https://doi.org/10.1103/PhysRev.81.115
https://doi.org/10.1103/PhysRevD.65.105002
http://arxiv.org/abs/hep-th/0005078

{R2%, FEFREE Yy )% R0 2024 4F 5B 5448 % 114

10
11

13
14

17
18

19
20
21
22
23
24

25

26

27

28

29
30

31
32
33
34

Dietrich D D, Dunne G V. Gutzwiller’s trace formula and vacuum pair production. J Phys A-Math Theor, 2007, 40: F825-F830, arXiv:
0706.4006

Dunne G V, Wang Q H, Gies H, et al. Worldline instantons and the fluctuation prefactor. Phys Rev D, 2006, 73: 065028, arXiv: hep-th/0602176
Aleksandrov I A, Plunien G, Shabaev V M. Locally-constant field approximation in studies of electron-positron pair production in strong external
fields. Phys Rev D, 2019, 99: 016020, arXiv: 1811.01419

Sevostyanov D G, Aleksandrov I A, Plunien G, et al. Total yield of electron-positron pairs produced from vacuum in strong electromagnetic
fields: Validity of the locally constant field approximation. Phys Rev D, 2021, 104: 076014, arXiv: 2012.10751

Diez M. Time-scales of Particle Formation in the Sauter-Schwinger Effect. Dissertation for Doctoral Degree. Graz: University of Graz, 2022
Hebenstreit F, Alkofer R, Gies H. Pair production beyond the Schwinger formula in time-dependent electric fields. Phys Rev D, 2008, 78:
061701, arXiv: 0807.2785

Bergues B, Ni Y, Helm H, et al. Experimental study of photodetachment in a strong laser field of circular polarization. Phys Rev Lett, 2005, 95:
263002

Sauter F. Uber das Verhalten eines Elektrons im homogenen elektrischen Feld nach der relativistischen Theorie Diracs. Z Phys, 1931, 69: 742—
764

Lv Q Z, Su A C, Jiang M, et al. Pair creation for bosons in electric and magnetic fields. Phys Rev A, 2013, 87: 023416

Jiang M, Lv Q Z, Sheng Z M, et al. Enhancement of electron-positron pair creation due to transient excitation of field-induced bound states. Phys
Rev A, 2013, 87: 042503

Gong C, Su Q, Grobe R. Birth process of electron-positron pairs inside supercritical fields. Europhys Lett, 2023, 141: 65001

Wang L, Wu B, Xie B S. Electron-positron pair production in an oscillating Sauter potential. Phys Rev A, 2019, 100: 022127, arXiv: 1905.04429
Su Q, Su W, Lv Q Z, et al. Magnetic control of the pair creation in spatially localized supercritical fields. Phys Rev Lett, 2012, 109: 253202
Gong C, Li Z L, Li Y J, et al. Resolving rapidly chirped external fields with Dirac vacuum. Phys Rev A, 2020, 101: 063405

Xie B S, Li Z L, Tang S. Electron-positron pair production in ultrastrong laser fields. Matter Radiat at Extremes, 2017, 2: 225-242
Akkermans E, Dunne G V. Ramsey fringes and time-domain multiple-slit interference from vacuum. Phys Rev Lett, 2012, 108: 030401, arXiv:
1109.3489

Alkofer R, Hecht M B, Roberts C D, et al. Pair creation and an X-ray free electron laser. Phys Rev Lett, 2001, 87: 193902, arXiv: nucl-th/
0108046

Hebenstreit F, Alkofer R, Gies H. Schwinger pair production in space- and time-dependent electric fields: Relating the Wigner formalism to
quantum kinetic theory. Phys Rev D, 2010, 82: 105026, arXiv: 1007.1099

LiZL, LuD, Xie B S, et al. Enhanced pair production in strong fields by multiple-slit interference effect with dynamically assisted Schwinger
mechanism. Phys Rev D, 2014, 89: 093011

Li L J, Mohamedsedik M, Xie B S. Enhanced dynamically assisted pair production in spatial inhomogeneous electric fields with the frequency
chirping. Phys Rev D, 2021, 104: 036015, arXiv: 2104.08828

Diez M, Alkofer R, Kohlfiirst C. Identifying time scales in particle production from fields. Phys Lett B, 2023, 844: 138063, arXiv: 2211.07510
Dumlu C K, Dunne G V. Stokes phenomenon and schwinger vacuum pair production in time-dependent laser pulses. Phys Rev Lett, 2010, 104:
250402, arXiv: 1004.2509

Schneider C, Torgrimsson G, Schiitzhold R. Discrete worldline instantons. Phys Rev D, 2018, 98: 085009, arXiv: 1806.00943

Udrescu S M, Tegmark M. Al Feynman: A physics-inspired method for symbolic regression. Sci Adv, 2020, 6: eaay2631, arXiv: 1905.11481
Hermann J, Schitzle Z, Noé F. Deep-neural-network solution of the electronic Schrodinger equation. Nat Chem, 2020, 12: 891-897

Lorin E, Yang X. Time-dependent Dirac equation with physics-informed neural networks: Computation and properties. Comput Phys Commun,

2022, 280: 108474

111011-9


https://doi.org/10.1088/1751-8113/40/34/F01
http://arxiv.org/abs/0706.4006
https://doi.org/10.1103/PhysRevD.73.065028
http://arxiv.org/abs/hep-th/0602176
https://doi.org/10.1103/PhysRevD.99.016020
http://arxiv.org/abs/1811.01419
https://doi.org/10.1103/PhysRevD.104.076014
http://arxiv.org/abs/2012.10751
https://doi.org/10.1103/PhysRevD.78.061701
http://arxiv.org/abs/0807.2785
https://doi.org/10.1103/PhysRevLett.95.263002
https://doi.org/10.1007/BF01339461
https://doi.org/10.1103/PhysRevA.87.023416
https://doi.org/10.1103/PhysRevA.87.042503
https://doi.org/10.1103/PhysRevA.87.042503
https://doi.org/10.1209/0295-5075/acc12b
https://doi.org/10.1103/PhysRevA.100.022127
http://arxiv.org/abs/1905.04429
https://doi.org/10.1103/PhysRevLett.109.253202
https://doi.org/10.1103/PhysRevA.101.063405
https://doi.org/10.1016/j.mre.2017.07.002
https://doi.org/10.1103/PhysRevLett.108.030401
http://arxiv.org/abs/1109.3489
https://doi.org/10.1103/PhysRevLett.87.193902
http://arxiv.org/abs/nucl-th/0108046
http://arxiv.org/abs/nucl-th/0108046
https://doi.org/10.1103/PhysRevD.82.105026
http://arxiv.org/abs/1007.1099
https://doi.org/10.1103/PhysRevD.89.093011
https://doi.org/10.1103/PhysRevD.104.036015
http://arxiv.org/abs/2104.08828
https://doi.org/10.1016/j.physletb.2023.138063
http://arxiv.org/abs/2211.07510
https://doi.org/10.1103/PhysRevLett.104.250402
http://arxiv.org/abs/1004.2509
https://doi.org/10.1103/PhysRevD.98.085009
http://arxiv.org/abs/1806.00943
https://doi.org/10.1126/sciadv.aay2631
http://arxiv.org/abs/1905.11481
https://doi.org/10.1038/s41557-020-0544-y
https://doi.org/10.1016/j.cpc.2022.108474

{R2%, FEFREE Yy )% R0 2024 4F 5B 5448 % 114

Two-dimensional momentum distribution of positrons in super-
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In this study, the two-dimensional momentum spectra of electron-positron pairs produced in vacuum under different
forms of a strong chirped laser field and the particle number density under different chirped coefficients are investigated
using the quantum dynamic equations. The two-dimensional momentum spectrum of positrons created in vacuum
indicates an obvious interference distribution effect after the laser frequency is chirped in various forms. Moreover, the
two-dimensional momentum spectrum gradually tends to be isotropic, i.e., exhibits a normal circular distribution, which
is a remarkable characteristic of the chirped field reflected in this spectrum. In addition, the reason for the interference
effect can be qualitatively understood by analyzing the structure of turning points. Investigation of the number density of
particles shows that it is very sensitive to the chirp coefficient. Moreover, the number density shows an obvious periodic
distribution and enhancement with a change in the chirp parameter. This observation provides a new method for
increasing the production of electron-positron pairs in future experiments.

strong chirped field, electron-positron pairs, two-dimensional momentum distribution
PACS: 34.50.Rk, 03.65.-w, 12.20.-m

doi: 10.1360/SSPMA-2024-0001

111011-10


https://doi.org/10.1360/SSPMA-2024-0001

	真空中超强啁啾激光场下正电子产生的二维动量分布
	� �� 引言�
	� �� 量子Vlasov方程�
	� �� 超强激光场及光子频谱�
	� �� 理论分析�
	� .1�� 一维及二维粒子动量谱�
	� .2�� 基于转变点结构的理论分析�
	� .3�� 不同啁啾系数下的粒子数密度�

	� �� 结论与展望�


