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FAEZGERFE LR L ABSTRACT

Optimization of external fields for electron-positron pair
creation in vacuum

ABSTRACT

The possibility of using super-strong external static electric or electromagnetic fields
to break down the vacuum state and to generate electron-positron pairs is one of the most
important predictions of quantum electrodynamics. In fact, various laboratories around the
world have invested large resources into the development of new high power lasers that
might become sufficiently intense to break down the vacuum state and confirm the
pair-creation process predicted by Schwinger and others. It therefore seems obvious that
explorations of the optimal space-time profile of the external field to maximize the final
particle yield deserve some special attention. The ultimate goal would be to develop a
computational algorithm (likely based on infinite-dimensional optimization) to identify the
best parameter regime to maximize the particle yield in a given energy range. The main
content of this thesis includes four parts:

1. By using numerical solutions to the quantum field theoretical Dirac equation, we
studied the electron-positron pair-creation process from the vacuum due to a spatially
localized supercritical electric field. By varying the spatial profile of this external field, we
search for optimal field configurations that maximize the pair-creation rate in the
steady-state. We find that for the class of pulse shapes with a single maximum and fixed
total energy, the rate depends nonmonotonically on the field’s spatial width. It turns out
that the Schwinger rate can be modified so that it can provide analytical estimates for the
threshold behavior as well as finite pulse effects.

2. We studied the dynamics of sets of independent systems, all of which are coupled
to the same time-dependent external force. Using optimal control theory, we compute the
most efficient temporal pulse shape for this force that can maximize the collective response
of these systems simultaneously. This response can be a weighted sum of all amplitudes at
the final interaction time. Remarkably, it turns out that for certain systems this optimal

force for the collective response can be related to the individual forces that would optimize
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each system separately. We illustrate this superposition principle for the simultaneous
optimization of collective responses with numerical and analytical solutions for sets of
damped linear and nonlinear oscillators. We also apply this principle to predict the optimal
temporal profile of a laser pulse that can maximize the final macroscopic polarization (total
dipole moment) of a set of quantum mechanical two-level atoms.

3.We examined the electron-positron pair-creation process from the vacuum for
general time-dependent external fields. By applying the framework of optimal control
theory, we determine those temporal pulse shapes, which can maximize the final number of
created positrons for a given set of momenta. In the perturbative regime of sufficiently
small pulse energies or short interaction times, we obtain analytical forms that match the
computational data of the optimal fields for the chosen sets of positronic momenta. We also
examined the steady-state electron-positron pair-creation rate for supercritical electric
potentials with arbitrary spatial dependence. The numerical optimization algorithms predict
that the set of external fields that can maximize the production rate for positrons with a
given energy take nontrivial spatial shapes. We explain the underlying physical
mechanisms based on a simple analytical model that exploits resonances among the
negative energy eigenstates of the Dirac Hamiltonian. The results are rather encouraging
from an experimental perspective as they suggest that one does not require unachievable
infinitely large fields to maximize the possible pair-creation yield. In fact, in many cases
smaller electric fields lead surprisingly to larger yields for given energy ranges.

4. We examined the symbiotic and non-symbiotic optimization for spatial and
temporal dependent external fields in pair creation. The field-induced decay of the
quantum vacuum state associated with the creation of electron-positron pairs can be caused
independently by either multiphoton transitions or by tunneling processes. The first
mechanism is usually induced by appropriate temporal variations of the external field
while the second (Schwinger-like) process occurs if a static but spatially dependent electric
field is of supercritical strength. The ultimate goal is to construct an optimal space-time
profile of an electromagnetic field that can maximize the creation of particle pairs. The
simultaneous optimization of parameters that characterize both fields' spatial and temporal
features suggests that the optimal two-field configuration can be remarkably similar to that

predicted from two independent optimizations for the spatial and temporal fields
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separately.

Keywords: QED, strong field, pair creation, optimization
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AR FHEFER T F—F 4t

1.1 5l

¥t (Light Amplification by Stimulated Emission of Radiation, LASER) & -1t
LANKREENRKNZ—. BT EHLEAEHECETARSRT7 . Bk,
R DR R AR BRI, BRI R RPMER R T2 IR . BB Q
R BRI H L, O 50 EEAS B — B3R T SR b T4 2 VA0 45 2082 1 B 1)
A 1970 FRBOCREVRE — B EE 10°Wem? &5 BE Bt )\ HER, 1
WAk TSR (Chirped Pulse Amplification, CPA) FiAR KRB Z 5, Wt 43518 7 it
— W RAE[1,2]. FEMLZ S5, RO I SR A D R BT, LA RO K
MERENRE AT 107 W/em?[3,4].
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Fig.1-1 The “Moore's law” for laser[5].
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WEWAEANHRE. B 1-1 Bon T AFRBOGHEE TN FEY RS RE. JE00R
JERT 10" Wiem? i, HOGMPEURE BAEFIJT 46 BT S A AE LR . oo
JEXE] 10" Wiem? PAERF, OGS BAEHEA SRR IR SR LM i B . B
EWO R — S IRT R 102 Wiem? B4, O SV AN EAE RS =4 — R IV
RNL, UM TS 3 LB EARRE RO, F 5 B e RN e 25 9m A [ 7] 2HIROL IR
it Schwinger Z544(10%° W/em?)[8])5, WOLRI EZ A EAEH &/ IE U 15 A& y
6, ARSI FORE B AR I 9 37 A 2R At s B B

AR B R SR IBOC R R R, WOGHIEE IR Cik 10PW B4 . 5Ib[A
I, SR V) ERRIE FT ) R T 4R IZ T MHIE FT s O 58 38 5~ 44 AR T A AR X 18 0N
B F B R OGNSR TR DL AR B S A BAE W & T # 30 ) % (Quantum
Electrodynamics, QED)ZAM.. &7 HLZN )57 - E AT 7T s G Ay rooRE 5~ AH BLAE Y
BEAGERE: RO EAE R B E T (R 0R SRRSO A R (940 1F £
HLF) AR AR RN R DA Rty FRE 1 2 RN RIS s HORE 5011 2 TR IR U 45

PAEAAN g L FE T o0, an R IH— A O G IR 2 0 T 2518, B 7 AE — AN A 4
PN BRI B G , ARV RN A 7T 2 -

>1 (1-1)
Il'lC(DO

Horb e Flm 23BN PRI B IEFRE, o AHE, B[R oo 2 MR R~ EOLEZIN
PRIEATBEO AR . V0 — 1k SO R th AT DU O K R BOG 58 R R -

a, =0.85x10”A[um] /1] W/em® | (1-2)
WO A= 1um B, a,= 1 IR S ABOGIREEZ) A 10" W/em?. FL7E 2008 4, 5K
55 EROCIEERERECEIAE] T 2X 102 W/em? [4]. F2 18 KM AR i o 3350 2l 15 it
(Extreme Light Infrastructure, ELD A THR CAnlE] 1-2 o), BOGHI S MEREA A
Z e REIRE] 105W/em? E2[6].




Lasers planned for the Extreme Light Infrastructure*

w Facility focus Pulse energy Pulse width Re&rate
0.1

Nuclear
Romania physu:s 10 (x2)
Attosecond ! > 3 1000
Hungary physics
20 400 20 0.1
Czech Secondary
Republic 2 1 10 10 10
radiation, 5 50 10 10
high-energy
particles 10 (x2) 200 20 0.1
To be High 10 beams of 10-20 PW each, phased and combined to
determined intensity  create total power of 100-200 PW

B 1-2 B AR 3% O A R AR 09 S50k 5 A AT X 6] .
Fig.1-2 Lasers planned for the Extreme Light Infrastructure[6].
MR N 105 W/em? &), 5549 HJE (Radiation Reaction)XN . 25 B ¥4k
v IE 67 H T X B P2 A (electron-positron pair creation), DA & dAF £k 4 & 7 WL ) )
(nonlinear QED)&5 R B s vl LALE SEE8 I Rt 9% o

1.2 BIHPAIE IR :

R AR L AP IS KD (Free Space, EPHHZM]) ME TR
“¥(Quantum Vacuum). fEZMAEH, FAFRHR B B 5E L A S H AR B2
A] o T 8 T RER K2 — P AL T AR R A, A AR E IR 1 1 A o AR A &
TR, BEIHAREEYI, TS e A E IR BT VR VEE N,
JE LM SR 1~ 2 CE AR PR IR 8] P4 P AR REE K o AR AN E It )58, BT H T AA%E
MAE(ZPE). JITiE ZPE R E 7RG T AAHIR/NGER, WE T=0. XERELELIS
FER 1 BErRisshifRk7EaeFE ik, REMNIAA REZ3)5 EHZ ZPE.

BRI R TAE B E T 0, EIRECHESR TS, BT
BORAE O, R BT HL T A 72 AR MR, T R B OR A 2%, X 06 1 17 A2




AR . B 1-3 Fros, BT 18] R AH ELAE SR AT DUE S 4 ] 2% %2 18] (Feynman diagram)
Fon: WP RS — LT, REHG TP, SRR L 2 AR AT
BT R A B BEI WIS R S AT DL BRI 21 1 LSk, 1 i A
TR AR KL T, AR R TRARAE, AR BRI 1. i B el a1,
B/ SU bR E =y L S RIS SR S R i e SR Rl o ot A A L B A A
MG, MR ZHKIE (vacuum fluctuations). IR TIHIE, —MESERKT
IS (BEZE) FAR —ADZEL AR, EWE 7 RKERAFS N R 0
IEGOREF5xF, LS TR AR IR K o 1570 L GR35 i A LT, 1 e S L1 X
XIAPRLT R 2 R AR, NI A Rt e A, I Ho el
RECM SN, R AR HOAE P 2 BE IR S PRI RAT /N o 3K A WL 00 e [ it
FEHLRE H 22 AL (vacuum polarization). WL, 5 452 BB G § MR IE S HL 1 X T 1k
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B 13 #EARCTHEIENIREALTHR LA,
Fig.1-3 A Feynman diagram describing the exchange of a virtual photon between two electrons.
H7E QED #Hig B2 B, Heisenberg, Euler, Weisskopf &5 A il 7 L 2% ik V& ) S it
IS HE AR T LR RN, 10]. 1949~1951 4E[A], J. Schwinger 7E 5817
WA T 7 — RS EIVER TAR[11]. SR sRi B RAL RN A BL R L
fifr:

% o4 W



1.2.1 JeF-Fu8 (Light-by-Light Scattering)

ANTF] T2 S 3 p R OO TE S R N S A B, TER TR, b TR
A ULS B IE SR X A BAR I, Xl AR, B A Tk I R X R

A A S AN R AN B R A A8 e, BRI AN B AN 7 7T DU AR B - BRI A%
T HUL(CERN) ATLAS #Rl& KB 1 mife & NGOG T G K E A B, o
FRCR T 2017 4K 3R AE Nature Physics HiT1]_E[12]. 24K BY58 7 X ALK H A B 73R
i, RSP E KR T, HE TR ATLAS BRI 287 ok, g
RAWDFOCT R AR . 78 2015 AT 40 12IRSE5 Y, ATLAS #RIZS K
T 13 A REUR B H AR Giit 4 RS AR HE R ZE A 4.4, 7T LME RS
REIL T 67 [A) SO 1R 28 — A ELER IR

1.2.2 AW 5§t (Vacuum Birefringence)

fE QED 1, 7E L fidsHh f - IE FL 3% S A B S5 S5O 3 OO AH ELAE
(Rl FEOG T Z R EAERD . B0 TR TR CHat 2 g
Yy Z A HELAE AR TAE D A1 i — N0 1 okl (— R sy ) 132 X
If o R AT S LG . AS[E AR J7 0] _E DA Rl FEANE], AT BOAS [F) 4R 77 17
TS AR I o X5 B RO PR B @ I T S A OB R, R LS T
BRI 13]

1.2.3 WimBEHFH TIESHBEFH~E

H1F QED HARREXS A R M B B SR (AR T RS I K T (451 P ) s 5 B %
SR T REN AL F2 S BRI AR 56 IR SRR T IR AIE ), BRI SR TS #8522 1 #}
FANM R EM. 9:I750F N QED 1— A HE S w4 H 25 ] DUBOR Y IE A7
LR 1996 4F, SEEIrHAR H A i 45 40 1) D. L. Burke FE AN5E M 1 — /MBI
FEAR ELAE 7P A IR A7 X A SR [ 14] 0 S8 1 v E HL 1 A AR R PR R (i N A




FREYE T, SRR IO A T IR S NI X — S0 R E i SRt 5P T A
HAEA R4 EFABETIH, 5 QED BRIl S 1 B 2% v 1E Ft i X 7= A= (1) B3 S 56
RAFIEG — 28, HadEA Bl ot AT G T EE 7l TR
S A E A TR S

FL A IR A 0 AR B BRI AT AT LB IS 1928 4, P. AL Dirac 24 £33 | 5
HLF AR IR R B T #E, SR T A B3 NI FIAR[15]. AT Dirac J5 2
Rl 5 T SRR, 7 AR AR AR TE 45 KB e (¥ SRRl ok TR KI R HE, BRI
JEFHARRIFERERS, SERFR I NER, MXHEAFERERNFL. T H
Pz B, PR S IR BT R SR A H L S PSR T X AR, ]
-4 T BTN o

E Ey
% ﬂ positive o
energy continuum E%“‘e ectron
7]

bound
states

negative ~Mec?
energy continuum _
——5 (positron}

B 1-4 KizndegmEBig16]l. @QF —NSaemANET, —Marml, —ABEAT,

EARE S BEATLET; O)—AREAT 2mEHAT ZAT —ACF-E0FERAE (" - ¢
T I) o BmERMBHEA—NERT,
Fig.1-4 Picture of the Dirac sea[16]. (a) Each state contains two electrons, one with spin up and one

with spin down. This "Dirac sea" represents the vacuum;(b) A photon of energy hw> 2mc? creates an

electron - electron-hole configuration (e - - e "pair creation). The hole is interpreted as a positron.

SR T AMAERSHE T, AHREREELT E < -mc® FIREHRH 7 AE
T i, T E > me? IERES A . Hm)ilil, H2 X%k AE R Er= mc?
HIPORRIMPTRE, B TIEAMAMEERE, 4T 1EREESES 1 7 [F 7 BE S K ERIT A




BHAE, MTIPRIE TSR E . 53— 5T, 1% — 28 i 4 B I st R R s T i A 2
RN, R EE R E > 2me? G T AU REAS I HL 1 (U RR N “ SR B i Dirac sea”)
Wse, T HLFR] DLBE SR TE R IR REIESEAS, TR T & 1-3 7 B ek b s ifg i — A
BN R, PR H T A LA SRR . AR e e, SR ST
Joi 8 PR B R FRLRT A S FRRE 5~ PR BT, 4R A IE FE ™ (positron) o X —HE LB HAR

K HL v A 7 (Dirac hole theory)s
€

+m

B1-5 BT AAEERETHYTER, OEXRAELFTRELAF EREETELESZN
aymE e, AEEHA V(x)=-Ex, H5&A E I3 F LA T M4H[20],
Fig.1-5 Schematic picture of the pair creation by the tunneling process. The white band is the gap

between the anti-electron Dirac sea and the positive energy electron continuum, tilted by the potential

V(x) = —Ex in the presence of an external electrical field E[20].

1929 #, O.Klein HEFEH, MXRET 7518 (K-G Ji#EA Dirac /7#2) 1E
DRI R R AR, AW S IR IR A TEI IR [17]. X —KIER
GiAR A5 A2 (Klein paradox) » SR, MRS IR TR AMRAR 7 28
R B &, BT I 100%. R FIBEIF 220, B R 1 RO F
RFLFReER Gl A2, BAR2N A —)E, BERERN T, § LEmEGEE
ARERG—HF. Klein FFRIE/R: B THIRAR LR/ TFHATEY 24 #I. 1931
4 F. Sauter 755K fif Sauter %4 H13% F ¥ Dirac 75 20 & L IE ARSI T &
LT, SRR IE S R A RER AT & [18]. U, ARAEE TR RN, Rk
i H ) B BE LT — e (R 2 B IR R T AR T, 5 E RIS FE SRR B R —




AN, RIS ERS RIE LT . 1932 4E M EE T 2% B Y Carl D. Anderson 5 A
TSGR SE T IE BT HIAAE[19]. B 1-5 NTESRY T I BE 5 208 /F B 25 = AR OE iy
LT ) R AR

PR, 3 B 072 o IE A7 H X AR A gt mT DU i 8 R A B A R S
F, J. Schwinger £ 1949-1951 4F[a], 1L [F A N (proper time) ) 77i%, 13 2IFEITIIC
BRZS[A] L350 x A i A I 45 F LA RO AN T L6 L B I 1) 1 7 Rl 7 6 77 A
[21]. HAAMINEE 7S (1) 58 ik 3] Schwinger ik 74755 :

E,=m’c’/eh=1.3x10""V/em (1-3)

I, AT RLAELZS i S B AR AE S B R . FESMINEA EOBE,  BRRLE IR P OE
FHLF R T A
I o exp(—nE/Es) (1-4)
HI(1-4) A& H, W TR, B0 = A SR SR8 R . oM B
KT 54358 Es I i 5125 AR A3 AN FR AR E , 1E BB 156 23 S 2 = . B T+ Schwinger
R B, 3% N 2SI I % 5 08 = AR O B 1t 1 R SRR Schwinger 246
Ky Schwinger RUR & —MNEMAREE[11], Bl QED HIMMERL 18 J7 VLA I & A i ]
ff). DMk, %F Schwinger ALK 704 B F s QED H & AE R I R IX #E A .
bR 1 iEE Schwinger & 1 F% %7 A2 IR A B 7% 4k, 38 AT DU R IR I AN B 2 Al
FRPEAIE RN BITRARE], W57 e 2L i F R s Rl 7 — N Re
KT IE R A BERR I B BE T, B ho > 2me? (o G TSR, WA 7
] DA B RRIE B IERer EIR B T IMAE ey B R — 2R —IE LT, It Bt
TR I Ef i PR A A, LI (1-4)(b). 55 T F B ) 2ok T R AL,
S TRREE T, B SRR 1 A7 R L T BRI S A B S IR IE SR RE AT TR I AR
B RT3 1E BB A 72 A 1E G s ot s I R AR O 22 IR 5] A A IE B R T R A
[21,22], WE(1-6). FH & = mo/eEo N Keldysh ZiiSH, B4 1E 07X 1
PIRHLA] R L Keldysh 2% 8 30X 40 TF 2K [23].
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Energy
r
Positive

, | continuum
FieC™

ho

m.C N P
continuum

B 1-6 % AT iE42[23],
Fig.1-6 Multiphoton regime (£<<1) [23].
Schwinger 15 743758 Es X N OGN
I =2.3x10” W/cm® (1-5)

FELBF (8] P AN T RELE SIE0G Ik BXFEIR SR EE o BT LABY BEOG T B2 rp = A TR A7 BP0 1
OGN Rl B (RLIE AT A EUE AR T BORINBAAT 5T . /£ Heisenberg,
Euler, Schwinger %5 A\ (5Lt b, JTL4E L4 R R T 1R 2 5N faj S R0 S 12 4 gl
UEM & T 22 051k, P4 i vk A A 26 B 7 32 R (worldline  instanton
technique) [24,251F1)" X WKB #f[261%, =T A EEET Viasov 72
(quantum Vlasov equation, QVE) [27]55. & T3 7 LI SR AN AT LSR5 B2
Hh R A TE A X A BORR B, G T LAZA R AR AE SR AR S TS R, X BRI R
TXIE SR T AR FR AP AR . R. Grobe Al Q. Su S5 R JE T —B&H v fij s m]
1T W5 & 1318 77 (Computational Quantum Field Theory, CQFT) [28], At i i
SO E 25 () R (8] _E#BANIE) 599347 19 A0 3 v A IE A7 B -7 0 (R AR BEATBIF 5, JF BRI B
7T BT 1 DX 23 5 % FL 0] AR T R

1.3 BUEIHESZEE T

BT SN I EBOA DY B AT B R A O RS R B 2 —, TR N AR

Parand
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F US55 RIS o B T A R T SR B FRBON R A, P is
F BT I fi USR8 RO SBEA T B o SR 2 28 AR ERS & VR T L A 58 A 1 0L 1 i
¢ T RERR I T, SRTAT A AH ELR A 1 T L BB, R R AN FEIE T, BRI
BFHF TR R B AR AT R R AH X IR R A i 2 TR KRN, [
I BUE AL OB 7T QED WM EE Tk, SESGMTETEMIL, HRET
e 7720 LA QED I RREAT SE B ERER, A R 225 BRI [A] 5644 T 134
2 THE P I I7E, BATA DA ASIE A% 2640 I 328 o 2 RLE Se 56 7= A
A FEHEAT BRI BUE BRI FE A3 47

M AL AR TFE, R. Grobe Q. Suf N Hi FBS R BARF IR 7 VA KB SR AA 25 I8 1Y
Dirac /7 #2[28], FFH:TIX—T7iE @ 7 —4EfG O0 R 19 1E 4 f -5 72 AR I B (i DL HE
A8, B E T . SEGMEUR R TVEAR, X B AR ALE 5 I ¥ Dirac
JIREHAT ZIRE A, IR BB ZIE QFT WM&, MImAE 25 i ik B HERE
ZE. TER PoRME T, AT ARSI B AR

iz Bogliubov AH[29], AR LA 17 B4 i B[] P8 A0 2 A Rl B0 T 08¢ R B
I B ) P10 VB A, o R G A5 80 558 T 280 3 B A0 T SR g2 B 1 SO AR R U P 50
B, TEASCE N B Dirac /i f2. FAiTid T — A Cmixt i,  FRWE 7t =4k
BLTE LI RO 5 5 BN Y SR 3 i 3 B T 5 10— B R LA U5 s

9T K LA I A ) ) R B A FRAL, B AR — A T aE i B B AR A
R, AT T — A OIS W= AR (x, y, 2)REAN T AR S
7 Nxo Ny FIN, DR A, BN AHAR RUZ T I BE B 43 AN AX, Ay FlAz. G0
FATEFE LD K70 AL, LML &5 Jyit 5E4510], A Ax = Ly/Nx, Ay = Ly/Ny
Az = L/N,o AR FTZ0E 5T 0] @R 130 )1 2R, &N 7 ) A& mUNT - 5302 ] £ 2 Y
A DA AR EAC IR R /R B AAAR R IK H 2, D T 4 SRTE THE T DURRHE i
B Ir) R 5 22, RATTAT AZEAS DN R R B R e sh B LR, AR J7 (4 1 S 42
BEAR Ay — sl —4 . PRI AEBUR BB 2% FH B RGBSR kG JEE 11
J7i, T HARA T K BAEAR 215 00 T K- E AN v ()38 3 2 e PR A AE — R B —4E 1)
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2 [A) L, K e 2 PR Al T DA KORR iy TSR B o A IR S 0 P AR B
RIS ALISS TR B B O OZIT,  HAR 7 A T NGy, AN AH QI 8] 52 TRI AR B At = T/Nio
A A 37 PR ERAE BRI A 2D B T AL BOIEE R, FRATT AT AAS B8 pR BAE SN I [R) T
E A, feJE i B I TR 5 RS BA TS 2 T WA B R Bl A BLAR
T A2 1) Z S8 IR B IRBR L, AR R PR MR 2SR R U T 70 B it ol DAAS BIBRA A8 2
VG IESE S

1.4 RREHELEREMT

Hepiepgsg N— 4L B A0 i B O TR e bt =) - A
AR AN TR A 218 B A N2 B 2, MOk inl R B 52 B 22 b b 30
Blo JUMELL LK, DUASRAR T 51 R — B EA T ORI 1A [30]. £ ] HL1)
TEOLT, AL e LR AE I8 I I S VR IO SR & N R Grsth #5m AAE I F 55 R B fE Rk K
el B M SRR PRI AT AR ot 22 ZCRIBERE AL R T B P A (1 — R Ak
O E , RIS E SO (B BT BLN $REBIRELE H AR e £ “ el
AR, AR RIS H AR pR BN R SR 8

AL S B R BCEA AL — A0 30, 0 K AE — B Rl N ONBh S R Gk Bl i s
%, AT H b R BOEAT AR (310 e DA ] AR AR S 4% 1] B 1 v f) — A s
Mo IR INENIY R, &R T H e ez il w0 B LA 5k . A SOHs
32 FH B D02 ) BEAR R A RAR 537 26 AR 1 AR AR A7 L 367 A SR e LA )

1.5 BXEERE

AR EEH LR JUASER > ALK

BRI E N A T BOCBORI KR UL RO S5 Y B ) B A T
7Co BB EBOCERNA R, BOGSRIEE DRI G 10PW E4045 . 51t
(7] IS 558 37 W BRI 1K) s T R 3T M S S0 55 18 1 M RH TEL A P P (R AR X 2K

H o1l R



N2 78 B 5RO AN 55 B TR LUR AT S A AR I QED RONL . FRATTEE mish 4 1 Ao
Yy N EAE RS X PR PR B, SRR AR T B A DL S U SR T i
FEAR T i Jm X e A a7 T E A 4

FE5R T, B HUE SR AR R TR B v R, FATWFIT 1 23 [ JR sk I 77 F
Yy R EE A LS AR, SR ZAN S R AT, AR RIS,
FEASAS N BV IE S X P AR AR R KA B TERIL, o BAT B B KRN [ A e B
I KR, H™ A AR AR T I S R SERE s BT AERAMA IR, X
A 1) Schwinger £ A AT TIRIE, 1% 30T DUV BA NG SM F IE S0
TR R R AT O RASAT BRABK i 85 i (A A Tt o

7 55 = 5 rh A T o X B[R] — 5 I A 0 B 22 SR B R SR ) B A T
7, MM BRI, BAVEE Vi IRk IR, 15X 2 R g SR
i L [F) Nf e RAl, WAR BAR 5 R Ge N, IX R B AR i N2 e 2% i A IR s RTINS AT
RV EARE R, XTI ARG, AR N ) e A8 775 34> 2 Gt i L ) fe 18
JIny CASERE, AL AT SRS IX S AN S S il AT A, SRR IR SR B, 1R 5
AR N B O o S FHAZ 5%, JRATTE S oxd i BELJE A AR AN AR S MR AR 7 3E4T 1 B fEi AN
FERTAIT ST, SR B OBk v S U TR) B R T, 2 ol A — 4151 154
RE D1 1) B 28 7 A AR R B AL, 32059 vl AR N2 FH 21 025 o 25 B A3 M A g
R IERESHO T, AR IR R X R AL 7T

S DY e AT — MBS I Ah R A R AR G P AT R T AT R A i
PR, BAE 1L (R B AR, A8 AR JEORAE IR L vl P BAT — € Bl & 3 A7 1Y K
RLF 7 2R LR FL T R AR R A o 75 K o B8 B A2 0 /)N O B AR Y I TR) A2 8 J AR B I 15 7
N BAVRSS T 54 B2 1L 73 & 040 N R LR S K i 2 2 3 T
FATE R I OB s 5 37y, BAIWEFC 1A IE D X A o @i T R 3 1
PR T R BEILL L, MR E MR T, SR/E TS R T R R K
SR ISR, e A FH K AL v - e s i e 0 B A 28 2 ) SR 10 A Ao 22 i
Fe 7 HARYENLS]; BATERBUER LU R, T4 RANaRe e, B

o012 W



L3737 I ST 2 A 45 T A7 HL -0 = 0

ST BT B A RS AR BRI IE, B 2ok PRI AR g R,
FRATVRIE S T [R) I LA B[] R SR 2 TR A it 11 7 [ I 2 AR AR A O 3R o S — ™= AR A L]

B AN BRI TR) AR A ST RER IR, 58 b= AR B i B A I o ) I 2 ) A
Wz 5HER) . £ ERNSEXIRTEE A, 8IS R [ERES 8 (RIS

AR (A RAEZ 8 R 8 FE AN & D i RIS OiAk, AR I T+ 1E S i 150 7

A= S5 AR T BB T ) 0 23 PR AR Ak 1) A1 3% 2 B 2R ABLF 43 S et ot 22 [ R T O S AR AL S
A .

BANTERATR 20 T R4, BERH TR BB A, SR EX
AR B TAE N A FIRE 72 7 AT T 2.

BRAEFE LR, A SC— R H 1 A7 ] (atomic unit, a.u.): J6IHE ¢ =137.036a.u.,
h=me=le[=1, h NANEYITCHE, me M e 73 A R T HEME T HE.
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LG R AR L % AEFAE{ ST EBIN T GHRAL

—E EFFEESBETFHRZERSIMIHL

fEAF T, AT IS BE R M E T Dirac J7FE, BHIT T 1R 2 18] R I S H
VRIS B P AR IR AU X RIS AR . 8T AR A K A TRl oA, 3RATT SR T R
HMSH AR AR AR RS T I IR B i 3 X P A R dp KA o RATTARBL, X T BAT A e KAE A
[# % e BE R KR, 7 AR 3 T AN B R AR 37 1 22 8] 8 o BRATTIE R B m A
Xt Schwinger 7 25 FBEAT AL AT, AT ) DAY BB AT 9 RASAT R ABk v 305 412 148 A b 150300

21 318

LERIIm S AR LV E R, I 28 A = AR TR A R 10 B AT BE I R Ak s v i A B
ANNERITRIN 2 — o SEfp b, tHEF &1 VF 2 SEG 5 O N KRR SR IT AR 00Ot
., SRR R DL EAA, JFWHE Schwinger 28 A[9,11, 18] T 1) 1F £ B X 7=
AR R, EEEEA RS A 1 AR AT T AN AR 1E AR R A R R Kk

PE b — AR BN, R 5640 S 78 2 vh = AR TR AL 10 A PR EUR AN [F] (R L
il — o B I A I RO AT DA & B0 1B 06 TRAE, ANI W iR e &
IR A KL e i) BUR EICHM 1K R e e e ) IERE B AERS . FEX — AL, AH
SR B R B (€)X T S FRL 7 P AR R B /R o Kohlfirst 5 A [32] B K&
Hebenstreit 1 F. Gourdeau [33]&iridt4T 1 TAEWT 7T 1 1@ i Pe Ak Ha. 37 B sk 18] Bk rp 2 AR
K KA B 28 IE A7 00 77 AR B &R T V8. ARATTIE 25t T AL % i 22 (optimal
control theory) AJ LAFR H— s 5 iR A 159 7 A 2 e KA

s F B LR R T AN S I B IR SN . RS Vo KT R
if I ge R, BN Vo>2me?, W Dirac 772 M) b T EELEREA AT BE 23 K A2 K A PE i fii IF:
NI 3807 A2 B I R 6 8 7 B P T R PR, S AT DU e B 7 A R RALE
S EE GO T ISR TARRY R A, BN 1015 2 EWT T IE 07X P AR R oK
W ERALAN A2 (B 50 A o IX—BIF 5T AT BE 20 B R B SE e iy R W B . AERXAE AL T, K
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LG R AR L % AEFAE{ ST EBIN T GHRAL

IR T SaL I — I TAE[34] (S¥mIBEEMRD W, RIEMABRTFHFA—E
T L7 98 B B R PR A 2 ] X 3 b 2 A o S PO I AR AR 7 — S8 S A T Ak 1 AL A
BF, FATE IR S/ N A e [ A B, IE U PR A AR K, TTLE FL I R
MUt KA 1 72 () o3 A DX A, A AT IE i 5 7= A R, FRATT R FLAE AT
YR [ E G OL T, & TS AEAE AT LA IE 67 0 7= AR 2 a5 KA I e AR 41 23 [ 43
Aii o

LIRARAG I AR T HACE I — N E S, XX — RO G RE R
P AR[35,36,37]. 1EF-ELAR S AA/E R R B L, S E R eR 008 2
KA o LI 10 R P 7 08 LR A, T DABEAE & AL L3R (B T4 Bk
TR 2 SRR T8 31 s B R 3D TR A B R, FE BT Re i S 4,
ZIREENA AR X T BRATHTER S 0 R, AR H bR ek CIE S e AR
#) AT LR RAESMIN B 0 1 S0 v B A E M HE R AR R B, TTTIX FR ZEXT Dirac
J7 R 0 58 BT BUE AN, TR R AT TR MR i LA S LA 7 VR B N T I S e
TR A AR

REMFENFW T B b, AT ZABRATER R G IR R T
PRAE R IBUE TS . TR =, IRATFE R T R A A RO IR AN R 1
RERIZE Y, FHRUA LA RAT Schwinger 724 R BEATRZIE, MM AT LAASN7 25 [i)
G AT R R A0 B AR AR AT TR0 o 75 58 DU EE o b, FRAT Vo 20 7 U 0 PR 25 g e 75 T DA —
AR EIE TR AR RS FR A, FRATTEE T B X R R TR AT T
—FAhTE . EARTE MBS —H5, FAVE T @RS L5 DR T — R AR R I fr)
PRk o

2.2 —#==EF R ERFIAHIL

AR (R G R T AR KL e e S A 2 TR 4 BB S 38
Hp=coip+o3c®+V(x) (2-1)
Horb o1 M o3 IS Pauli FEFE, V(x)NHMINEIZ RS . 72U BB RIS, AT
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R Ak ke MR BoF B ARG R T AR A BB AL

AR Ah], Hh =S (B rdimE, BT RENA0E 2 D
ME S EPHRIE— 1. BIEA ¢ =137.036a.u..

ToH G B P REEAERS (H HoRaw), 1EREEN wp=[cHe?p?]'?, IEREE
ESZEFEE p B Holu;p) = wylu;p)Filiids; 110 671 B8 B &S /2 Hold;p) = —wypldp)s
IE S REAS A - RS 2 A R~ B R A H

(xluzp) = Wp(u;x) = [ 1, ¢ pAc+wy)] explipx] (2-2a)
(x|d;p) = Wy(d;x) = n[—c p/(c*+wp),1] exp[ipx] (2-2b)
Hom = 2r) 2 [1+cp?/(wytc?)] 2R RIA— LR T
A DA TE A7 HL - 6F (R IR 2 AL 137 B P (x ) THR TR A0 S A
N(®) = % Yo | [ dx Wy(usx)* U(t) Wy (dsx) [ (2-3)

L U(t) = exp(—iHpt) S i 11816 B2 7o TE 7 Hh 508 7 2 2 ] LS set e )R 3
"= dN(t)/dt (2-4)
T2 RQ2-3) T, BAE Wi(d) FEAIK L -1 BT F2(2-1) 3k, SRF 0 B4
A Wiplusx) ko P i 30 10 35 T s 8 EEL I 0 P B 20 417 12 28,39,40,41,42], 7T
L FLA NN ] 5 5000 N A2 T 250 25 P R 40 SR AR 2 6 5
BEAMERATAT LSS Hund 52 (43 [R5 1 §7 8 X Pe 2

I=[dET(E)/2n (2-5)

Hoh TE)R AR E 1 TR SE R TEQ-4)MIQ-5)5 4 T PR oL i 5
ARETT A, XN EA T R EE R TS 1 TSRS 44].

2.3 RIEHIAHELE

PR, BT T AT AN KR 0 R [ 267 P 10 I S P T P2
A FATHINT LT 308 1 SIS I Fa B, ORE— 7o A St 2T 42 [ 434 )
REETAR. 7E 2.3.2 HIRATH Schwinger 12k 5 A 714 7 T AE R T2 1A
VSIH S, BRETRAT UL BT L 0 55 AT
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2.3.1 HIELLEMFHIMAE

AR, TR ERVEA ATREDUH — DS HOREAL C BN — RI Hlge B. N T R4
P S LT TSR 2%, AR 2 18] A £ B AR BRI R BEAT Joxet 22 ) 73 A1 2t
19338, WHE(ER), ZRIEED)E]mli(Ee) A LT J7 WU 28 IEH1 73 A (Bs), 25 [8] 70 A 2]
WHRT LB xo BLx =0 O i AR PY AN 23 (8] 047 R 51007 248 H -

Er(x) = Eor U(x;—Wr/2,WR/2) (2-6a)
Er(x) = Eor (1-|x/wt|) U(X;~wWt,WT) (2-6b)
Ec(x) = Eo,g exp[—(x*/(2wc?))] (2-6¢)
Es(x) = Eos Sech?(x/ws) (2-6d)

Hrb Uxza,b) R AP KR, W a<x<b M U=1, {U U=0. FRATEF
T BA ZIRGETR B A8, DI EEAS R 48 TS L% x (P52, B Eg(x) ~ exp[—x?]
vs. Es(x) ~ exp[—x].

HIUER, AN TEESE wes wr, we Al ws AFITF XU A7 31T RS0
HibbEL . Rk, A7 R IR X eI 7 A3 B B B0, RATSIN TR TR B 2L
i o:

o?= 12((x = ()% = 12 { [ dx x’p(x) — [ [ dx xp(x) I*} (2-7)

AL “SREE” MR REAE s X Rp()= E(x)'/ [dx E(x) o -7
ZAE12 BEBR N T 15 o 5HEING Er)FIVIPETE E wr LRIFF—2. N T IRIERT
A 30 B A M R 1A SR % % o, LTSI ANSEw FEZRYE wr= 0, wr=(5/6)"" o,
we=6 "0 LA ws=(n*—6)"V2 cHEATH N HLZE T -

HIBIROIRIE Eo o1 F 20 AERIE—RsE, 52 200 [dx E(x)’ =H, i
RERASZAHFEIN . X FE TR IF, HIBIRIEIE 7 EIZ R B = s H/io'? #1748
B, Hh BN T s 258 s2= 1, st?= 3 (3/10)'2, sc®= (6/m)'? PLI s> =
(m*—6)"%/4.
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T[inc] ], Tlinc’] §
s 0.3
0.2
0.1F
————— Schwinger 0.1 e Schwinger
corrected Schwinger corrected Schwinger
E (b)
0 ‘ , o 0 ‘ .
) 5 .
> 0 & in 1/c] ; 0 o lin /]
I'[inc’]
1.5
ER
512
1] H=10c¢ B
s
, . [ i . AN
- Schwinger os¥ Schwinger T
corrected Schwinger corrected Schwinger
(d)
0 : ‘ < 0 ‘ :
. 5 .
0 3 10 G Tin 1/c] 0 - 10 & [in 1/¢]

B 2-1 AR AT = A RETE A AL S 0] 0,4 0w N H LM A BT o X R A
J7 489 Schwinger 2~ X A& £ JE 697 XM 22 R L8, 2 £ B . (a) H=3.63 ¢¥2, (b) H=4.5 ¢*?, (¢)
H=7.5 ¢*?, (d) H=10 ¢*?,

Fig.2-1 The steady state pair-creation rate I" as a function of the effective width o of four electric field
configurations with a singly-peaked spatial envelope. We also denote the predictions due to the
original Schwinger formula and its corrected form. (a) H=3.63 ¢*?, (b) H=4.5 ¢*”%, (c) H=7.5 ¢*?, (d)
H=10 ¢*~.

FERE 2-1 1, FAiIz b 1 A S e SCHYIE A R 70 = AR R T LU AS R & [ € v H?
RIS IR F AT R0 S o BRI R AR B o S — RS A, RVE Bk ARAH 2 AN [
(BT SRAEF Fadid . S2PR b, Es(x), En(x)Fl Ea(x)iX =AM 107 A2 %2 L = AR Xk F
BIFERIX 73, TE E 7kt ErGOR T8N H B 2 S BN AR 5 =AW
ZERFE, RGO, PR EAAE—ADNRIITERL, (4517 H 7R A R K
R —mif, XTI DA B AR, RAE T8 oop I R/NERAEH AR L. BAT TR
FE Tt — 20 Woop 5 H2 MIAEF FLGH T - B T8 BE -5 Bk P TR B AF XS A 57 A% o 0E 52
1A AR T SR R 2 I B S (2-T) R SE R A e R R




LG R AR L % AEFAE{ ST EBIN T GHRAL

FATATLARIEAE o BIAR, K= AN 7 N =D A F X ] X AR 98 0
<0 <Guity IEFHFRFAERTAT ARISA T, BIfE o—0 I HIZIRIE Eo 1 2 75
K (DMRIES e N HD, S BRI k. X g, PR D =
0, PRAAHSRHFH ARG Vo CGE XNV, = J:dx E(x) ) WAZUER I AR FT R ) 18 A4 g
FOVF K APER R I S E U 0042, BV, > 2¢® o #illn, X T Eo=H/c" [ Er(x),
LRI 7 58 E N Oerie= 4¢*/H?

B A X lowic< 6 < oopt B LA NRFIE: AR o HRE . %X bR S5 8
I 7 12 A7 X P AT AR T AR, = A 2 B AR ZTHE o G0 G 00« 76 26 = X 4K,
Gopt <0 <00, HURFIRFFMR. XRMDTEFHLHIZEE R HUNE R . WKL Er(x)AH,
BAVRIL A H Vo B R B BEE o KBTI Es g &, o8 V, = Ho'™ o 55— 77 i,
FEHEEE o BERM 0 ETHE] Vo i RErh, X2 A . ZERIHY 5 E
KRR 27 B B B AT 0%, I W 2 PRSI BE 5 8 5 R 2 W(2-5)30], XA
P> 1 IE SR XS 2 A2 [35], RARX —HLHIERCK o L3S T HEMN. 7
b, N T IRFFSNAREREE, HIHRIE Eor =H o 2 BB RK AP AL TE IR/, X thes
AT AT T R

2.3.2 BIROEREZIEDHIMAT Schwinger F4EZRHIKIIE

Er(x) A Rk {7 (14 25 [R) 2[5 R AR FL 37 7 20 ) X I 50 A o X 48 22 18] e PR 14
IR BR 5, Schwinger /7 A2 A R[N Z AR FE—4EF g, &l
TR ALK FE ) 2 A # HH (Bo/2m) exp[—me’/Eo 45 H o 1% 315 AL Eo 12 i BEJET 1 5
A M AR B TT ) Borel SRAIHIAKHE (451, BRIV HTPE R4 1T
AT LK T sehwinger = & (Eo/21) exp[—ne’/Eo] Ay Schwinger 22 3™ & 2 X AL fik ot
I, 2 AR B 9 o eMERg . BEBA A, BrADElsh, Xt Schwinger 22 3(
FEA FRYEH Y R RS Z R H1T-3AT TR Schwinger 223 M+ AR JLANE
AEL IS S, DR BATT =5 2 S g S AT IRk e T A A
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10% +

T [a.u] / ]
800 r F 5%

Schwinger

600 '/ - 6% original Schwinger theory

r ]
4007 '-"-\HL“’/’_‘ 4%__ \\\4’\4
- 7 N - \_\ J

2% corrected

corrected | M
04 - 0% 1 — L —

1 1.5 o [in 1/¢] 2 10 20 30 _40 _
o [in 1/¢]

error of the rate I

4]

(@) (b)
B 2-2 (a)# T Schwinger 2 XA FAM], HLEARS E R &3 * £ E schwinger 1A £ 7 F ol
VAR Eo = 1563 B9 A 7 & F euee (b) /R46 Schwinger ~ A £ B R ZUR SR EGH
Schwinger % & X A8 X 4938 £ .
Fig.2-2 (a) Comparison of the prediction of the Schwinger formula for the steady state pair-creation rate
[schwinger @s @ function of the width o of electric field and the exact rate exact for Eo= 1.5¢3. (b) The
percentage error of the original Schwinger rate together with the error associated with the corrected

Schwinger expression.

e 2-2 1, X FE @ Y Bo= Eor = 1.5¢%, BATH Schwinger 742 % T schwinger
5 WHE Bk Br(x)IRAF RS TR EATELES . AN BTRL, FRATT RIS T3R5 K1 56
o Kk, XA RASEALL, T Schwinger 24 Z Cschwinger T2 K THE TR, 1X
EME IR UG Schwinger B mifil TARMI 9B T BB SEF2 AR B, il 2-2(b)Fr
> X o=5/c, HAMRMREN32%, T o=50/c, HMXRERNE 2.7%LIN.
B, XTFE/AMATEE o, Schwinger P AR RH B EMG T SLbr 1, 4 HACSAHSCH
HAR KNG TS, B Eor o > 262, HSLP=ARIr A NAEE . X HLAT15H 58 FEAE I
FGE oo = 2¢)/Eor AT, IEFAHFX AR AT, MLZ T, EZRERE T
Schwinger F2A4E R (JETF LR TEE) FUE AT schwinger = ¢*/m exp[—nc®/Eo], A E IE
B A o Tschwinger X FHAETAE S5TR(0) A1 Tschwinger(0)Z A FRIUE fBLH S A2 1) 56 &
Wk 2-2(@)F TR . N T AR X R R B2 ON AR IE Schwinger #ik 30, FRATTAT DA 5
Hhg 2 % mAe i, ARJE SN AN R, 8 SUN:
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cor = [0 Eo/2 — ¢*)/n exp[—mc’/Eo] (2-8)
S NI S, 128 R Teor A AIE, 7 AT LLERHE IEE 2-2(a)F TR 1)
. HATCEER 2-1 PAE T IRLEH Schwinger FUE AL A IEE . BATRI
1 TE S5 PR 7= HE 28T cor TE AN B B2 VG I N S5 R T kvl Br(x) 1 BLSEZRITED, F HO BT ik
MR R G AE R LT
NTHEEEM, RAEE 2-20) P BR, KIEER Schwinger 724 ] LU
B SZP AR, I HAHRHEZE GE XN = Texac/Texace) B HE R G52 14 30 (HE R 2
EMMIZ . BARKUL, F2IEJG Schwinger 774 F A 0K RN 5% 2 M 32% B4 3
¥ 3.1% TN 6 = 5/c) LA 2.7%F) 0.5% (CKHE 6 = 50/c). e T RIE
J& 1) Schwinger P=AE 2R G IE f5 , RSN T2 (0] 0 A YE BB B /N L, RAE, AT
] DU R AT 08 2R 20 A 7 A SR (AR FBEAT D DA K % 26 BA [ e ikt 1y e 0 9
. QR EXAEH Eo=H/c"?, WA R AN RERLN:
Teo(o,H) = [H "2 - ?)/n exp[-nc’c">/H] (2-9)
PRI, AT AT DA FH 3k bl AL 0 T 55 (1 g AT 2 08 X DA 50 A A0 B FEE FRIAR BEE Gopre ARHE
%M dTeo(o,H)/do=0, FRATAI:
Gopt = (H? + 26°m)%/(c°H? ) (2-10)
IXEWRE HET Schwinger (RZIEJE ) T ME 2 B ] BB 1775 55 B 20 G (¥l FH 5t
PRI AR o 5 A0 T8 P Aff S e ik i 2 ) S SR 1 1E B e 1 AR R AR K L OE
FELRPEMERT . F b, KT ROK MK e R (H? > 2¢5 ), e ke T FE B R 0
BN, oope = H2/(cO?), T TN ki B B (H? < 2¢°m), SRkt 5 B oope = 4/(cH?)
BRI NN . S — SERER R, S TEMEEEEE 12, AHR R
Fik R B I A o X — AT A Vope = Eo Gopt= H Gopt = H [(H? + 2¢°1)?/(c*H?n?)] "2
HEHIX—5, FUNSH=0M, V=2
AR R e FEARN AR AR, AT RINE A= R AR S B RE & H?
K

Copt(H) = Teor(Gopt, H) = [H/(21%¢%) exp[—1 — 2nc’/H?] (2-11)
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B AT L, S T —ANfE i el &, FIDGH)BEH A E ) R BK@CH) ~ H
exp[—B/HNAHEEL, e K IE S L 500 7 A2 8 Cope(H) ~ H2E A HA 8 T 18 1 S e

: : 2
o [inl/e
20+ opt [ ] ) Fopt [ln ¢ ]
= 41 O E (®
& R
151 A E (x)
3] T
@ O E (x
N L)
10 corrected 2{ +E
Schwinger S(x)
corrected
54 14 Schwinger
0 [

0 5 10 H[inc" 0 5 10 | [inc™
(a) (b)

B 2-3 VAS A 3 kot 69 5 AE 2 H O BB A A T Gopt (a)F2 K KIE R 2 F 3 = £ E T (b)o
Fig.2-3 The optimal effective width oy (2) and the maximal pair-creation rate Iop (b) as a function of

the total energy H of the external electric field pulse.

N T A A SR 5k d - HA SRR Mg, BAT e B 2-3 il i U7 RE2-6 5
MIANFEIZEA AN, 53 Al 7E () () H X Gopt P opt ) Schwinger TN FEAT T4 L ZEFREX
RN e, A A SR, RO R B S AR MBS T RO, AR
JE AR EEAR B R AL TE L, 2R JE X R e B B R X AT 5

JE R AR Schwinger ™ A ANAE 23 W] L ICPRY™ FE AT Hadgy CSERREOL T IFAEAED
X — PR SR A RS AT R FE TR IE S I Schwinger 2y 2GS S 7 (8] B 2 1) 5 & Tl
EHHER, JFH S8R OUHAEER®K)) AFFILE. 5HAM =140 — SR
W, N TSI AR T R ORACIE O R AR, N R % R T Ao =
2.5/cHIfR/NTERE . BEAt, WARSER: BNk WRE R AR, A —MEEE By
JEVu BB KR 2 PU R AR . SRR B, AT S RE VDS, Wl N 288 KA Al e
VL DA AR G 7 AR o B KT 3K B AR A K/ [0 B 2-3(b) i s R H
KA . P B VLR B, A A Rk 2- 11T L 25 TR R g
HEITE Lo
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2.4 JEEHE%

fE B, AR B T g sy ek, RO 58 S B R E R
PRI R EA NI AE I B — i () H I AR S D A IR Bt TSR ) B P Bk A%
IR R X AR R . BEAh, XS] HY TR IE S R AR A Sy — R LA . AL
5 UL ISR EE RAT 5% 7 AL SR ALLT- Bt 8 191 06 6 2 1] ) g 86 i 3 s P i 1 4n 3
ATREAE S T BUARRE, BT AT = Fh 5 L 00 RN A7 AR 2 2 800 S AR 5 10 R i A 4
JRiE RAEARSRGER T I, b AR 2O IX BE 37 A 2T FE o HIRR AR, BEAh, XFhE
H B30 AT PAAE AT TR FE LA R 5 B EIRAR L, IR s SR R ik b AR A2 75
Pt — bR A R

I'[au.]
0.04

0.02 1

0

0 i 2 d[in /]
B 2485 ERETHEZAEARANEHS LGN dGOIK, FALCHOTEAH w. LR
O RANLH T B E . ZE TR E 0.48/c, 0.6/c Fo 18V3/c, A LS H =
3.63¢52,

Fig.2-4 The steady state pair-creation rate T" as a function of the separation d of the two electric fields
with the width w each. In the inset we sketch this spatial profile. The graphs correspond to the widths
0.48/c, 0.6/c and 18V3/c and total energy H=3.63 ¢5.

FERE 2-4 v, AR TP BSOS SEEEN w I RE R 2 18] [E)#E d R pR KL
A2 7 X R ) Ere(x) = Er(x) + Er(x — w — )70 A0 B BRI A 206 d 1)
RARW], HERAY RN TR0 o, TR TR ARG RN T . (HAZ,
BEAS KR DEBE w ATh ke 7 AL AR AR, 20 0.48/c, 0.6/c AT 31.2/c (="

%023 W



LG R AR L % AEFAE{ ST EBIN T GHRAL

LML HTR . 2B b, WRIRATEBE B TEE cope (TG AT 2 XS BN AE FL 3
TR0 D, S0P U A7 VR B R B AR SRR oK) 1] 2-4 TR R AE S B 2-1(a)
MIF B T RAN, HARRR T 988 0.6/c I8 R MR 2 KT B T8N 58 B
0.48/c ALK FEFE 31.2/c /=2,

I'[a.u]
w=4.05/¢c

0.151

0.1

0.05

0

0 i 2 d [in 1/c]

B 2-5 REERETA = ERSAANZIMECFHGRE dORMXF, BFACHUTEAN wo 45
B H T ey = R 4B, B R T 5E 0.15/c #2 4.65/c, &A= H=4.5¢"?. Fig.2-5 The steady
state pair-creation rate " as a function of the separation d of the two electric field with a Gaussian spatial
envelope and width w each. In the inset we sketch this spatial profile. The graphs correspond to width

0.15/c, 4.65/c and H = 4.5 ¢*?.

AU ERTEEAE d IX AR T BT — RAE R SR A B K], X —
PG A AEFRA TR AR TR Eve(OTETE N R A S — B OL R, X TAE(T d #0
HIIAS B3 A, 06 TB] FA) TR B Vo R S s B W w BN Ve 2%, X fifq LA b
RENSERA TS . A THET X — KW, AT S S EE 7 AR R

WK 2-5 fros, AR d FERIEC R PIP R SHR R, X R PIEEE R A P IE
BRI BN A HEA—E 2 FBOE R B -FX  AR iEm . Bk, s fyg
SERIAR AT RE AL BRI LY

wE, BATRER =MAR RSN ERAER, 50l (O T8N e, T
BEE ) o BG MG IN; QA T48CKK o, THEE T o BI3E 0TI &/ 3) THE d 1)
SO — R A, X T UAAS [FIHL R  E F 2 R B07 AR R B — R 14544
T YR — s, AT T PRI

Ere(x) = Bor U(x;=8/2,8/2) + Eor  U(x—28;-5/2,5/2) (2-12)
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Forp 3 2 1A R ] BE s BN AIARE MG 58 BEAH AR, &l 2-6 JiTor.

I'[au.]

0.2 1

0.1 1

0 2 i 6 s [in 1/¢]

B 2-6 A2EERETHZAEFH NG EER s CARFAMRT TR s) 9RMKXF . A8
BT TR, AT HITIER, RAWEARREFH At = 2F20HE, 2SHANT
n=4. 5. 6. 7428, ##H s,=333c" (n+r1/2) 'HHEEORAMEGEE . [H=4.5¢"].

Fig.2-6 The steady state pair-creation rate I" as a function of the separation s (as well as the extension s
of each pulse) between the two fields. The corresponding configuration is shown in the inset. For

comparison, the dashed curve is twice the rate associated with only the first pulse. The open circles are

the locations of the maxima according to s, = 33.3¢”!(n+1/2)"! forn=4,5,6,7 and 8. [H = 4.5¢%?].

BER B B SBEIR T s, AFAEDUADANR KX TR 518 2-1 —8, FEF
ARHURI XA HJE 7 s BN R XA EEASRr ) (72 28 =AM X TH) (s=0.4 BRI,
TP Ja B e R AB 2 5 56 BEAIG, R ARS8 N . s FET I Ja) 38 fi R AR R i /)M B 2 1) PR XA 43
e T B 2-4 s R OHLE SRR, kR TR d RSN S S S o
FEZ X, FETECN B G)ARET SRR (1) G4 o8 E AL

P 2-6 HHRAT TR XUk BBk = B EAT TR, B R RS T A kR
AR . A a] DU H 2P0 ikt Te] B BRI S 3277 25 2 20 5 X0
ik (07 AL A — B IR IR RIS N, — ke B e AR A S
T AR kR PO G X A (B, TR RS s, BATILEE R P bk
PRER = A2 ARG 1 BT AR AR 2 A o XM R AR DO B Ik ) e CRAT
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A BRIPREEH? = (4.5 22210024, kb= A= B A ) 1 7 0 7 BB K
I3 58 FE s, TORUKIME T T BT 5528008 BE R R TR, 7E s 350N gt 2 0k B s e 1) 5 %

WAL BB E Y s > 4/c B AFAE— LSRG 45K [46]. 1XJ2& B TP AR 1 ) LA
KR (e #E s F1 de Broglie %K) 8] (W AH HAE F Al g S5 m i P2 A %, K]
I3 e 4iR 355 T fe A S LS A PE AN R 1 B IS 4 R BARIRATIGIE 3 H vT AT
B RAE AR/ ME A7 B B ME SR A, EIRATARIIEUERIL I so(n + 1/2) = 33.3/c AT LA
JE L R R KB I SRR B . FEEIT, BATAZOEERR T n=4. 5. 6. 7718
i 3 S T fr o7 2

2.5 ETYIEHHIRR IR R

CA_EFr AT B PEALHTE FE AR R+ F s 4 R E RN, HA LB X BAS S5 (4
U018 P B I TR B D) REAT AL o FEASTI T, FRATTRE A FH b 4 ZEUATL At A 0000 B — e
EHKHAR, B Schwinger P AERKIAN, RYHEMLIIN Erx)ER. K
AT FLIE R, [RRE R R P kb AR ] DA 22 i g S LA A5 2T, HL B2
R I G R 7 A DX R R T BRI TE N TR B /M

2.5.1 Schwinger #1#1

JE Schwinger [HRFIA TS DL L5 18]_ECIR Y™ eI 4M ™ M A R0, ABFRATIHE L
I SR, B DONBA TR BAT R AR AL 08 BEAREE R PETI o [HILE, R S A A3k
A1 W] DA B N H AR A8 73 AR 73 T 1%, A3k T Schwinger 72 A2 28 A 503K B i
PANIAIAR o BATAT LIABRBE™ Az 5 2 3 (1 Ha b e s _E o A5 11 AH SR KT, I 2 iU e ik
W%%Em,HEWEZ@WJW%KTﬁ%F4&MWMM

exp[-nc’ /E(x)].

SERARYL, X TAERBA L, R RAEREATIE (x)]= [ e £[E(x) | M2,
A H B3 B(x) = const FEATHCAL . BT AAEAEALA S0 (HFl4n dE / dx), ik
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FHRLF¥) Euler-Lagrange J7 72 R /& E(x)IAETTHE, HIWof/oE — A 2E(x) = 0, Hrpasg
Pokg B E RS Rk, X PO S TE T IR FLI A% 2R E(x), I Btz 5%
H(@2-6a) & LM Erx)%A . X 59E% Kgaes 1> (WEE 2-1d) It oLE—3
(1), JATEMELE], M TE KMo, EEZIKM Er RBUCHAR =R Ec, Es
F Er BRI IE £ -0 P2 A

MARAT = Ax  TE(xa) [ FREE 8 7R (RN TR) P A8 3 14 045 HAH [F] (R 4518
RPN EALE xn A xm 2R ETIME, BY E'(xn) = E(xm)F E'(xm) = E(xn),
BERIARAE . X j dx f[E'(x)]=] Cdx FE(x) ], AR E () = B() (1-5m)
(1-8un) + EGow) un+ E(xn) Suvte AIRFRATEBLATHUY | dx £[ B, (x) [y o5 8
Eopt(x)/&ME— 1], ABAIXPp “ZHIIFR” FHEIRATREM 11 IO PRASS5 R H e, B
A X LA FBOGE A F I RERY, X5 BB EME—MEE BT G . Bk, i
1Y BR BUAEAT AR A 5 E R ER L AR AR, ALK 5] 4137 Bop(x) = const A& IEHfFF

252 KRAFHFRANTSBHENFIESE

TEIXSERF 5T, TR AR AR, JGIE B F 7 A X3 S 2 1 471 Pl S5 41 ol
T AN IE S TR PR A i R [47,48,49,50,51,52,53]. B [5413 . AT LLAAZ
AR FEEL R 0 E SR PR A AR R SR T T, Bl RE R . BRI, RATIEX
RS T 7 A ) R I B A DX Al i R (BN (R A 5 7 AR A O M), R
ATTTEIX HLAR B S L AR e 7= A X 3 = AR (001 257 o B ] S5 /0N P FRL S ik 42
A AR AR AR AR KA IR K

AU A KT R 3 x = 0 Fl x = 1 BHARANHSA V)R AR RN, A7
RAENL B x =0 LbP=ARi -, KT HIRAEEN V(0) = Voo #A)TEDL, BERTLE
PR FLIA N A B A AR x = 1 46, HfF vx=1)=0, KT M x=0F x =
1 A3 P 55 1) S T

T = [ dx/[2(V,-V(x))]" (2-13)
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HAr 3 V(x)52 215 s Tl e kb B B 110 20 AAE [R] (19 29 21
= [ dx [aV(x)/dx] (2-14)

i B A, JXME A4 [ 5T P ) A AN — R AN o I B 1 E H™ %R 7
(ECRL [ 55— N5 I o An SRBAT T IR0k B SO N F — B A28 70 S48 K3k

5

8¢ dx/[2(V,-V(x))] =4[ dx [dV(x)/dx] } =0 (2-15)
FAVFF T e I HRL A0 L R Rz - g B H R
2BV {1/[2(Vo-V(x) ) 12 } + 21 d¥dx® V(x) = 0 (2-16)

M FEAERUE E SRR Q-14) A R — R ARET, JRATTRIL, A X (8] A (9472
I 1) e /N T RS B H ) VI(x) = V(1 — x)IE AR Y, 6 T8 52 (B 3z koo 1%
EE, 24 LW s iNg & —3U% . Schwinger A Z I KA
ST AENE E HY) h 4 R 183 BT R B RN e /M o 7T ATIRE, 7EREIE AR IR 2 x = 0
b f KA gy (DRI mT DATE LS ok ) 2> st i () s /b . SR, 9 T il
Mox =02 x =1 B ek & /Mb, R e e (CLRBEES) XL n] e
K, X—mCFHREZE. 848, TR EESER, £ 0 EREHEE W
I e B IR AT T &

26 BEERE

FERXI LA, JATCZRM], T HA BRI R 0 A5, 1555t
7R AR R IR TR AT AR AR 33 B [ B RE R Akt 1B B
R AN HL S bk o o8 T SR PR R A . SEBR B TR RER, #A
DU 18] T8 L, o ML AR IE A7 T XS R P AR A K X RUNRRE R, 2RI T8 B 5
BN, SRR BEE I RE R A I AE . FATBERIE T 545 Schwinger P 2E R 23,
E191% G M A BRAK 5 I o K21 i R 7 2 3R] DR e fI0 98 2 LU AT 3RAS 1 Bk I
R o0 7 A R SR AT I o X S TR T B AN B R AE A P R E B AR AR R
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AR BT TR B R A P AN 25 (8] e R AR 1R L) 43 A HEAS 2 4 s I S FL 50 11 7
Bio SEbr b, FATBEFERE], FAG 5073 (850 A ) {6 5 d 3 Bk SEBr b g R 42
RIS, X—EANRI S HE T BAIE M2 T AR 3 S B 4 R — 3

) IR S 7 N i1 R R A0 8 770 4 S ST e I 075 Wt o <8 1 o £ o (55 < = -
R TE TE 7236 Hh PO 0 25 2 0 M D 7 B I X 8 T 7 f %o P 2R AL 3 10 45 i 280
WARZE L& . [N, AEFRATHIAT 78 b Z0g 1 58063 T R T AR P e S 38 . R i
VAT — SRR AR (L F X B A N[ 53,551, (HEAE =il , H7E IR fIIEmE %% 2
T 36 25 o 9 N R A L Bk i o R — S e SRR ik S R I 2 ]
R LR Y 7 %€, 9140 Dirac—Heisenberg—Wigner £i01k[56,57], 52k I% T[58,59]
BSIA dmAR FUVE R IR [60], (HAE S SIS G R — D e

BEAh, (EASHR IR, TEIXE A TAE T, FRATIE 1 R0 23 (B FR I ARG
ST ARG RIS o A, BATR TYRE IR, RIVRE e ES AR 3 n T —A
W E B, RS A R IE S B @ D TR FR i35 1eAh, BR T
(A o3 AT s EEARAC AL, BT I 67 F -k = AR e AR AE AR R BB TR N R AR, A7 RN TR) 43
AT A 23 X IE B0 P A AR R AR MR, DR 0 R I (RS RN B AL TE N
He [ET B Xof S RO 2 3 AT AT AL, FRATTRELE 5 B2 1) 3 15 EAT B
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EB=F FIRMELEAREYEMEE

FEATE R, B HEG 2 [F — & WA 2 A B R G ) 122w 7e, A
MG, BAUFE) TS SRR IEAR, 15X L 22 5t A S 1A i 2 7]
I e KAL, AR DR T R GBI, SRR B A i B 2 fie 2 FITAT SR IR I A Rl
THEBNAR, TR RS, MR NIRRT 5 B G850 N ) f A /7 7] EA
RS, DR PSR IX e A S o AT A, SRR IE I BN, 45 RIS AR N
AU < 38 FHZ T, BATE Sex iy L B2t AR 2R M 4k T 32EA4T 1 BUE AT g BT T 7T
S5 LI -0 Bk i e 0 B TR) BT IR TN 5 123 HE ) AASE — 28 7 5 P RE A 1 1)
B 28 7 WS AR B KA, 12592 T DAHE) N2 31 302 o 25 I 137y A BE 2 17 LE REZ
WO, A IR R R AR AT T

3.1 3|8

FERVE . SR LR VF 2 /5 202 M sh & /AT e Bl 1[61,62], 41
UNEAR T B AR UK 631, ATIWFFL ) H AR Z — st AL SN In O e Bk s AR, DL
IR R e i A 2 B A A A 5 SN R 24 257 64,6510 — SRR AT 1]
ST S RHOL T B 5 2 TR AR o (ERRFE R, BT T IRAI0 A
RN R RE R, 20 2 INAEEAN 21, W JCiRnt 701 IS e AL 22 St AT P Bt
B TSRS, Bl i SERR A G RSB0 Bk S SOR, 3 ) DU R B0 &
HIRRALTEAR[66] WRPELL K ARAL, At hedt T2 A H

FEARZ WA TV T, A — oA 20 7 32 Y i e ffe 425 i 248 (optimal - control
theory), fEAEMAIRFNT, LI — HARR BT AL . EIERFA T, X
R K e 1 A2 B e Al AT LR I ] S S 1 R S5 e il SR, X+ JE PR
AEfR) R, TR SO A, R BTSRRI A] A R, XA AT A 2R A TE PR AR
.
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SEEVFZ RO F Al DUEE T 53 i UE 5, (H 208 B ke sl e 524k
HRAER) . AT H K22 REA KRR ST e SR REE S HE T %, A2
ORI 4 RS M i AR RATR Z A LA (BB RELRZ
AN AL AR GRS AR N, 3K B OCHE R AU, S A ) DAMAREAS R GEI SR L1 i R
HSRIC—SEAHOR A5 JE, AT AHIORNG S A min 2 1) foe P AR A J2 2B AT T

FA TR R W T2 AR g0 n] DL BLR 540 H Py & 98 A SR AR i . 8 AL Y
A1, BITER: REEA BB REE Z &0, HAARER TR T 51
PRI o) 2 2. BRAREEAAR I N ) [R] IR OC AL B I B B ARV RGP A R 2 AR, E
ERF I 4L R GUIER AR S 1 B DAL 3 ] 37 mT LASR (R HERA IR 95 2

TR WA Z RL ARG, O RN LA B R HT 7T, B,
FERFIREOLT , SN RES 2 R 70 TP A, 7T DA MR 3 1k Rt 4 e R 228 1 &
Gi[67] L E ] — R IR SEDERAUK A, BB AL B — X P RER R GE. A
117, VA EFEF IR GRS 2 v AT, fli, EAEE T RERT R IFN
FGi[68], AEA T Al B 0 Hx— AR B RGE N RE R R gt AT 1.

AEMEZNFW N S W0, BAVERE S AR RS e R AL 5)
TR G T RS H HE, @ 5N T R PSR N B n s 2], 75 T
DR ATTER A i N foe e A PR E P BV AN o FE 2R =870, FRATTFH BHJE BB R 1 4L i) i
BT ARG I — JE B ) LA LT o A 28 DU 38 0 mh 3AT TRIE W ] AR R AR S T AR £&
PR TR AL A e PR o AR 28 TR FRATWT T 145 — AP RER R SRR
WAL S KA BT 75 L0 o RSN R R AT 7B 4h, XS ARORAIT FT A
[ RT3 A AN

3.2 N M HZERGE KN R ILIEHIERS

3.2.1 BREREHEYERBRR

FERXI LA, FATWET T N S RGENERRNINL,  PrATIX s 71 R G A
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HEMHERSN 1, F U)ER . AT &2 B AR5 2| s A Z 6] 58 Uopd ) I JETE,
ZJRYERT IAE S IS 0] T I S KA RGeS 8 SR AR N, o A2 N TR A ) B A R
B, XA EEAR I RO AL B IR T DL ARBR T T A S &R IR AN, B0 I RE A
TEAH RN . AT U, XTI RS, AR SR8 RS
TR B DU 1) 32 B RN SR HE A M A 38 U SRAR I N, X 528 n A R GE, Hm e
Uoptn(D)FRIN o FATEH RN “ FIRARAHKIZMELEL”  (superposition principle for the
simultaneous optimization, SPSO). *f T HFLLH %R E M RE (FIandE& IR+,
AR AT LAA ) B0 JR BEAS 21 5 FSE A Uopen(OAHIT BRI S R

N T WEG AT R TC PR S X (R EICIR KD A TI3, AT AN 137 1)
REE” BEATIR®I, E :J.OT dtU(t)" o BATHRE AR Yoy RREND REMIZH 12748

[

B, JFERIXE CHRME 7 2 AT E YA AR Ya() BIRES T AR dYwdt =
Ka[Ya(t),U®)]1(Yn(t = 0))o {FA— DI BAEM AR 8] T 25 S KA KR
&, FATAT AR G0 B win Yin(T), HAPEERISE win RERAEHA TR ZAXT
ML n DRGEHRERSER. ENx A b, JATRIE T SRS 8
220y IR B IX B AR G LN, JFASH T SR8 Uopd(t) 20 20030 2 (1 LA T 5 2
4.

dYw/dt = Ko[Ya(t),Ut)], Ya(0) = Yu(t=0) (3-1)
d}\.n/dt = _Xn aKn/aYn . XH(T) = Whn (3-2)
U(t) = (220) ! Zn An(t) OKn(Yn,U)/0U (3-3)

F— A EAFIIREFRES R, BoA R TR H K%, BT 2
B A M(T) = Wi, RITR ZAERS [A)_ETEOSRAR . i1 TR0k B H B8 (0 972 2R 2R
THEE U, Wit)a— AUl & S e L At 2 2 R e i fE . /2R $
ARG BT H 800, UMERMRIEHIZH L E = j dtu(t) . R, RE-HMGE-2)&
WA =2 B i), AHG-3) T BB R EL Uopi(t) 212 X FEIGR T A RGAE, AR
W AR E SIAFRN RS MR RGP RGEME RNy, KR
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PAZ: Win Yin(T), WIARALER L2005 /2 Uoptn(t) = (2h0.0) " An(t) OKn(Yn UYOU. fHZ, H
Tz E RIE A () 55 Q2-3) TR Ma(OAF] o BRI F R RS Uopi(t)
HERANALE Uopa()ZIAIF KR

A 2 MEUE 7T A TR B R B 2 5 R (3-1), (3-2)F3-3)1 =AM E Ya(b),
M(t) AU, EHTX UGRIAIERSEN, M uOm&r. FAZY, xRS TiE
(state equations) LA & B 25 5 2 (co-state equations) HEAT SRR, SRS B TR IKI MR Ya(t), An(t)
AGENXG-3)M N B R AN UMRN —FEScE M 2, RUTRZH
T2 1E 7 9 R U ks, D UO0FR R REFRIEASOE R £, /BT
Uopt®O)FIGESEM, 5 HIEN T FERG-DAIG-2). REEFIT R, ERE UM
U DO ERUE EIREA

N T SR Uop ) FIEUE R, FATIEAET 780 T R AILHERS BV fEX L,
HFR J[U®), Ao] = Zn Zi Win Yin(T) + o[ E —j: dt U(t)" 1002 U)Rin [R5k, SRT, J

WRT Yin(T), XFFREAGE N UL, HAE T BRI 7 FEG-D e . (ERER
Tho 2, AHEGEEMELEA(). TERTRIRME EHF M AN EX % Uit
IRFE, HA tn=(m - 1)/M - DT H m=1,2, ..M, PIEEL JBALLTF: M+DAS
HU(tm) = U ko HIBREL . A TRTEAAR L, AT P BI(M+1)ZE 7] 2 (U1, Us,..,Um, ko)
= R AR M+ 1) 4 d5 K A 1] 8 55 226 ROEATHIEEAE I, A Tt M+ 1) &
B EE )& grad) = 0J/0R© = (8J/60U0)y, 61/0U0),, .. 61/6UO, 03/600 ). WR)E, BATIIET
PRUER BT R R, DR B affE, (A7 (M 1) 4 [ 2 18] P 2 58 7
VR IR IR+ o 0J/6R©), Bi%tFoa=a®, 8JRO+a 6J/6R®)60 =0, F—4%
BRI T ot 5 A E RD= RO+ @ 0J/0RO), I H s i B (86 £ 0T/ oRMWZS H B i1 2k
I (BBJE EFHE[69]), tH AT LAZE & FH LLRG A6 FE BRI B2 (Fletcher-Reeves
TIE[70D . T it 5o)/0R HIREA 73 BT EOR AR T RE(3-1), BRIz A R
& CPU iz B[R], H7E AT 75 R 248 ZR UCE07 TH BN IS 8K
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3.2.2 SEFNmM RS R

PUEBA TR, SR IR0 0 A et Ko KA E B, W 0 N RS
FIASRIIR S AR 5 Yo ST B ) B0 B M FAM 03 UOAE TR o SN 9 i aog, B
dYw/dt =M, Y + Vo U(t) (3-4)
T2 f AT AR R GEARAL S Uopen(0)FRIAH SG KN R fh R SR A5 I A7 28 Gt 1 B Ak 2 [ R
Wik, BEEE A E Vo RTFBRATESN AR & BRI Yie. M0 72
ANEEIIY, TRIG PSS AR ) ST AN 2 R — T T R . R TR IS A 0
PR IR G, TRUIR 28 Rl DA T-AE RS MR f 2R TR % R 4.
FEME S B, FRATASHE T SRR L ) 25 o J5 2
Uopt(t) = (210) ' Zn an Uopen(t) (3-5)
Ferpr S5 A0 5% B EE R HT an=— (MTWa) Vo/Ulopea(T)fIE o FATIN X — 38 1 /2
AT E BB . B IEEER T an BUR T8RN 0] ¢ = T W R R 2237 (1 i A 5
L Ulopen(T), H HFTLAE G NN RGEHIME Uopen(t) P ERTT . X LENEJER T a0 21k
IR TR RIE Yo (025 ERCE KT wa USRSz 0 AN BUBOIR ZS IR 0 A8 & 2R T
Vi
AT 2ho) ™ IIR/NEF LR IR TR BN ) Ugpea(t), FHUERIME—H
%%ﬁ%%%ﬁ%ﬁ%ﬁ&@%%ﬁﬁ=fmUwafom%ﬂu%%ﬁﬁﬁ6®¢

AN BN E 2 5 I B & 45 R

3.3 BAHEREIERTHRIRK

RN F, FTATEE MR RS, LN dYn/dt =M, Ya, + Vo U(t). B[]
B s Vo RTFBRATEAN IS RIS & 2R RIE Yie. FLAAHERE My S5 RIE5E, H
ST T RE A AERTIN A, DRI P AN R ST A ) S AT AN A [F] — Tl T RE AR . H A,
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BT RVEIT CRIAINE) SH RN G, TRIR a2 T DABE TR M % i 2k
WEWRIRIZ RS WEEMZ, SPSO X T LALLM & AR .

AL T Uopin() I TE R MANT AR 7 ZE, 0T LUK S I0PRME 77 72 Eq(3-5)Hh T 2w
DK an (1 EARAERE 55 n AR T IR 7 FE B dxo/dt = po A1 dpn/dt = —on? Xa—yn pa +U(1)
. XTRLTF Ma= {{0,1},{—on?, —yn} }F1 Vo= {0,1}. KL, FRATA MGG E

H = X An Kn = Zn A P+ A2al=0n” Xn~fn pa +U(1)] (3-6)
St ¥ xa()F pa(t)F1EA, AR S5 %W (2R 98D TG, 5 BT RER
ToiERE] . N T I, BRI IRAT S DU S A AR AL BT B 2R T =
Zo xa(T)FLEA, BLFH SR, FRATERE win=1 Rl won=0, R5RITHHEFE:
dhin/dt = — dH/dxn = on® Ao (3-7a)
dAon/dt=—dH/dpn =~ Ain+ ¥ A2n (3-7b)
AT DA A (T) = 1 Flon(T) = 0 FENTHISR AR, 15 HA2n() IR
Man(T) = — 2 exp[ya(t — T)/2] sinh[(yn? — 40n2)"2(t — T)/2] / (ya> — 400n?)"? (3-8)
TEIX BLARATHE (yn? — 40n)) 2 465 v = (ya® — 4on?) 2.

I TR T RS R 13 Uopn(t) ELFERE DG, BRI AT 6] B2 1R 2R R T R 1
IR o FEFEFERUR IR (o= 0) 1, XA N A20(t) = — sin[on(t — T))/on. FEFH
i BH B AR BR (n=0) 1, FRATTFRAF A2n(t) = — 2exp[ya(t — T)/2] sinh[ya(t — T)/2)/yne XFF T >

 JE—ANREE t=T IR L2 F H 000 =y ' BEMEENZ, 0T
Onsyns A2a(t)BE I [E] 28K LUA BIHEE =T MM AME, RETE =T HHNE. NE
ot AT AT AT N, BN RAARIE o7 5 B 73 Uopen() R A A R
RefE B.fE3r i A0 BAR i) (A 3 R b PR = AR, RORIR AR 2 221
FR AN (B2 1T, A R 2 B 3D

R UA-1H)FI(A-15), FEFFHOKA(Ya,U)OU = Vo= {0,1}, 5 n METFHIHRZL
BARACI T 5 A0t BLIE EL,

Uoptn(t) = (2Ao0,) ' Azn(t) (3-9)
BEE T — 1L N Qhon) = EV2{ dt Aon(t)?} 120 ATXHZAL S SR AENTAR, 19 ik

% 035



LEGE RFWEFai L F=%F  RIERARIRR G 5 R

[dt Aoa(t)? = exp(—ynT) {4on>+va® exp(yaT)
= ¥n [Yn cosh(vaT) +va sinh(vaT)]}/ (20n*yn Vi) (3-10)
MR E(B-3), XL — L F(2hon) 55 TS AN s 8 A X T B A Hik 7 R AR A i

HIR A IR ay, FATIAS 2

an= B [dth,, (1) (3-11)

XA R 1 FRIE I TR (3-10)TEyn = 0 FBR PR vy SR FH o8 fif L (1 72 30
an = E"V2{[20nT— Sin(2oonT)]/(4on’)} 2 (3-12)
SR, R LU BLR TR 208 AR R A IRIE R 1 — (M W) Vi/U'opea(T) o fEIXEL, 8
TR PME ] MaT = {40, —0n2},{1, =y} } {1,0} = {{0, 1}, Va= {0,1} M A K (3-7b),
dAon(®)/dtfer= =1, AT FH Uepen(T) = —Qhon) s FIHIF EI Ry, = 0 B AH R FRZE K.
TERATZE on IR R, Bl S5O AE 2 95 178 BAR FHB[RI(T >> 27/con) BRI R
BUE R T an BEE SR on FIG AN, B an » E7V2 TY2/(2 2 0n) . TEF W 1022 B
[B)(T << 2/eon) AR SRR T, AL R 72k 25 T ARAONE, B anm ETV2T0. 3X I
E, EXMIEHT, EERARERIZ RKIERAH Uspt) » 2ho) ' E™ T2 Za Uopta(t)
g
FRATTH I — A 8T 0 BB s ISR 5 R AR /INAT S 12 SO SR T 1 Uopd(t) I
I AR AE IR TSR O, FRATMER BT 2E on 7E Omin Fl omax = 002 [A1Z I 5] 43 Ai 1] o
FEXFRRFERIE DL T, SRAN Uopt(t) = (2h0) ' Znan Uopta(t) = — (240) ' n Sin[on(t=T)}/en 7]
LA R NG T
U@(Q:-nﬂ;mnﬁmmu—Tn/m (3-13)

Hr A — AL 7 n fRIEEBEREN Eo mAERARIE S K AR T comin FAH ELAE
FARITE] T Z AR X T omin = 0, HALFEHIZNFEL Uop(t) = (E/T)"e 5T omin
MREME, UopZEMEIKEIHGT t = T BB AKME . X T KK omin, Uop(t) 23 il % 4
R Omin G E R FREIE NP2 EIR Y o 7E Omin 1R KHIAZERIR A, Uop(t) 1T T FTH
] JUPHGE R AR 1) A R BREL Ut = (B) 8(t — T)"2.  FRATZER]
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3-1 iR TR &5

Us
pt
U

opt ] 1

T=1 T=35 T=10

h

0 > t (arb. units) 10
B 3-1 AL 71 % Uopt) 69 B A BR AP A5 4K, B B4 — 438 48 6995 3k T 89 P A R 43k 18 xo(T)Z Aok K
e, B omnfr 25 KZ B LA H O ME 0.0 Mo B : 3 F /LA EAE AT, on=1 49
KA F Ugpi(t) o
Fig.3-1 The temporal pulse shape of the optimal force field Uqgp(t) that simultaneously maximizes sum
of all final amplitudes x,(T) of a continuous set of harmonic oscillators with a uniform distribution of

frequencies ®, between min and infinity. Inset: The optimal force field Uop(t) for omin = 1 for several

interaction times T.

Xt [ E B B AR omin, AT AR BISEUAMIE S, E AR AR 18] T (14
Ko 2R 3-1 4@, AR T T BUNSF AL A B Uopd(t) AL B 81 [H] T IS
ALIEWSE| = Sihpu #

3.4 FEiEHRFHY SPSO

AT F, FATEFF R —NE Yot) PEEIAELMIPRES TR, E48)7 U@ 14
Pt 5 & N 2R . 1P el TE TR T 2R T RAEHE 2 B
Morse, Lennard-Jones B H At =28 50 34 bR BRI, 1X 6 pR B2 Bl TP A 1V Bk 1o
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T LR M AR AR K Rh T H B, DIURAR BB SPSO [ 4R 38 F - 1 46 5 i b
IR, FEIX H, FRATI Ay B AN 24 R Mt 25 1487 17 2 O\ BRI A7t 0 s L s 2 51 o o 1o
X IR, Ao Iz R
N T BT FARLRE R, FRATEAY TG H e HF—H RS, RERGN—
FAERRSHT T IRIEA B E#R IR M. BATERE AR T, HIREHEN
dxn/dt = pn (3-14a)
dpw/dt = —kn Xs> +U(1) (3-14b)
(3-14b)h BA IEM AR R ¥icn. WAL, N T HGSRARRME R E B, FRA TR T 914G
JUBLE xa(t=0)=1 4, DMEEN—FFUEmE T i asndegett. Fit, AT
el
H = %4 Ao Ko = Za A po + A2 [~k Xa® + U(1)] (3-15)
NT HET— W EAT L, BRAT 22K IR DUAR 55 (B 5 AR BT e AR
J'=Za xa(T)HEM, BEESFERG, BATESE win =1 won=0. 25T ST
KR
A a/dt = — dH/dxn = KnAon 3 Xa (3-16a)
dhan/dt = — dH/dpn = — Ain (3-16b)
HA(T) = 1, han(T) = 0. SEAMLTUGMIHETFEG-HMEE, XHTFERA
AT U() T 55 T kn Aon(t) 3 xa(O P REETT 74 o AR, RS T REAIR 2575 FE 1K) v JEE
FELR MR A 7 EEUE T IR E Uopen() M Uop(t) e FATER R, fEME TR ASALE
U2 ARG Z0 T FEU () IARE AR BR 28 Jin J5 38 ) A 20k o B
N7 RS i 3 138 FH AR 7 RE 2 (3-5) AR AR A B, FRATTL AN FRAT M R
Gt HEERAER T ane HI T4 UOIENPTINEBUEEAT R &, PR AE X B 3RAT SUAT
T OKn(Yn,U)OU = {0,1}, fHf3550(A-14)7EX BT 7 ZatAma N e 50 52 U(t) =

2ro) " Zn Aoy, EWETTRAB-D)—B. a7k, AR HEAR ERET

U(t), Bldon=Aoa[t,Ut)], BRIIZRIEE —NEETFE, 50 Uopd(t) 22000 2 M.
BARZ T FE AR & T R R L E RES A, FRmE R R < mr i, (H BRI,
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TH AR BN RO A 2R L, IR IR, B RGN AR
TR AR IRzt Uopt(0)] # Azalt, Uopea(©)]o (ELRE, BT SR 25 i 80 2 15 3
FIF % RGBT T W5

FT RN, FATHE T ARG Ut (OF Uopa(t), IFHFHT Ugn(t)
HEAT T AR LU . ZE PSR IR RGBS UL T, Bl = 120 1RWTR, Ugpra(t) =
Uopta(t)s  EHATA [Uopt,1(t) + Uopt2()]/2 = Uopi(t) -

L)
f | b

I N
0.04 | sy \epurV
S \

)

/U (0% L
op O

0 \.,a

-0.04 4

4 t(auw) |

[3¥]

0 : 2 3 (arb. units) >

B 32 T HEAK=10 Fi=2 89 WRIRT, KEIKRF TR Ugpi()Fe Ugpa(t) EKR) o FERA KM
8 Ugp(t), AR B R KA AAS R ARt Ao, BP J'= x(T)+ x2(T)o 25 [{ & SPSO 3 Uop(t) #9710
HE LT T 2 A Ugpri() A2 Ugpra() AL T #9803% . (E = 0.005)
Fig.3-2 The optimal pulse shapes Uqp,1(t) and Ugp2(t) for two quartic oscillators with ;=10 and x2=2.
(dashed lines). The continous line is the optimum Ugp(t) to maximize simultaneously the sum of the two
final amplitudes, J"= xi(T)+ x2(T). The open circles are the predictions of the SPSO for Ugp(t). The
inset show the individual orbits optimized under Uop,1(t) and Ugp2(t). (E = 0.005).

AEBATTI VAR B PR ) B ARBUE = 1], FLrh AR R G0 IR X, il
k1= 10 Mo =2, 7EE 3-2 BidE K, TATER T 5T Uop i (DM Uopra(t)FH K
PRI E xa (AT xo(O) RIS B8 AL o AERCEAEMTANAEDL S, P RT (A xia(t=
0)=1FF48) #AEHIH V(x) =124 x*, SV E R MNE, SAEHE EATERTE t
=T=5, xi(T)=0.610 fl x(T) = 0.942 Bf ) E &R M N T (IR ARIER A, A
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R TR AE R ARFE AT T R —DRT, Uopta (020 201 e AR5
B [Uopt1(t) > 0], 1128 AR AR 75 B 1A) A [Uopr,1(t) < O] H Ik, DA H e 284K
g K. BT RO 13, S s RARIE Y xi(T) = 0.757 il xo(T) = 1.06. B
HPHIA AT R B, SAYRIE Y GRS S Z L R TR A A S
BARIEHIT Uop(t), SE x1(T) = 0.723 Fl xo(T) = 1.02, XWE/NFLEHLAAL T ] fE
BB ARAE
T BT R, 20 B R H AR S 20 (3-5) 1 8 s EE T 1) S e 8L, B
Uopi(t) = (2%0) " [a1 Uop,1(t) + a2 Uopra(t)] (3-17)
Hrtan= ~1/U'opun(T)o SN Uop(t) 2 VE—BUMEARR B35 . AERA TG I3 1

AT HEEE E B, BATRI—BHELET,

0.08 o

I—Iopt

-0.04 -

20.08 - ‘ . :
0 t (arb. units) -

B 33 teEANFANKT (BAWAEEIE « =0, 3. 6429 Hio= 10) 89 & 1Kkvh 69454
Uopt() ABARAE = S (E & 749 SPSO) #4789 48 k2 7] 69 FL 32 (E = 0.005).
Fig.3-3 Comparison of the exact Ugp(t) for the collective response of two nonlinear oscillators (with

four nonlinearities x; = 0, 3, 6, and 9 and k2 = 10) and the corresponding prediction according to the

SPSO denoted by the open circles (E = 0.005).
NTAEETZHZHE ARy SPSO - il FIPEREAT B8 —MRVERIAE 5, AT 7E K
3-3 iR TR T Uop(t) 5251 SPSO 1) GEALL) FRIMATELES, HR4ESE
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R(B-17), MEANRAL BB Uope 1 () F1 Uopea(t) S H S HAE ¢ = T 45155, AL
—AMRF IR CLORFFERE, H kB 0 B 10 ERE N AIME. B TR
MERREEAR K, AP T Uop(t) MR BUBH R I Fricoo 25 BE BRI AR LR ME RN, T3
Py B A0 AL R BBORT SE2 5 14 5 A1 A R BOTE 8 1 E 2 — B30

BT Bkl R E 205/, PRIHIE T L@ I b 77 12245 H SPSO TEIX g FE AR 4k 1k
R (HENTREAALE) i NRRHAE M AT LUK Uop O M AR T RE R )
W, IR xa(ORIME LAESEINGB-14)F 08 U = 0 3873 1 IlA S TTRE(3-16), R
B I ZARR R REAT AT SR . 530 G-16)A I Ut), WIS e
R AS BRI T U)o X B RS B H BRI a(O) A1 2n(t) I E 52 Uopta(t), A
M5 #53 SPSO of -3 i 1t ks 3 FH

BIMEZ, REREABAE I SPSO A AME AR MR T A AE I L, (HX T FHiFh
REERAE L, B ATIAR AT AL HE AN Uopen(®) T Uop(t) I H N BRI HERE 50 7525 —Fhis
BT, RERNEMHUI (e ~ km), HEERE, 7E5 _MIEN T, SPSO XA &
Gt (HARRURE T WA, Hoh&Mmi I amesERh, H AL RS 5%E
& ] AR 4% 1

3.5 —HARERNIMEER E FRIERIBRFER SPSO

55 3 AR 4 s HE AT R, AT AR E SPSO HIF A4 4
AR HIAE IR TR G I RS0 TEX L, RETTFREE— B dYw/dt = La[U(t)] Yao
SRS RN, PINA KA LUK UMERE, B BAS g i S A
H 3R F— o T RE AR . AR, R RAXFRImME, YA EE
AR E LT A AT, AR A A2 A A5 R La[U(G)] A0 La[U(t)] 38 % 75 5] (17 B [a]
t At BN EAT X G R AL, FRATIAER A & SPSO X &1 I R MNH
Rtk BATEE—HMRHE T, KA g — MR E BRSNS U, A&
T RGN ACAE B FLID DL ik B B & I B A B Re R R G IR N R 2
CHR[9]. Schrodinger -Hamiltonian H
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Hom = Zn [gn lgin)gin| + en [esn)(esn| + U(t) [esn)(gn| + U(t) [gin)(esn]] (3-18)
At MRS 0 METFIESHER SRS NP (®) = I ( Cen(t) |gn) +
Cen(t) |esn))o Bl [A] 251k (1 B8 1 Schrodinger 7772 i 6|W(1))/ ot = Hom [P(1)):

i d Cgn(t) /dt = gn Cen(t) + U(t) Cen(t) (3-19a)
i d Cen(t) /dt = en Cen(t) + U(t) Cea(t) (3-19b)
N TR E RIS R, FATAT LGN Bloch K&
S1.a(t) = Cgn(t)Cen(t)” + Cen(t) Cen(t) (3-20a)
San(t) = =i [Cen(t)Cen(t)” — Can(t) Cen(t)] (3-20b)
S3a(t) = |Cen(®) — [Cen(t)] (3-20c¢)

XA B AR RN A ME R S B IR B A S B A e B e T, 2 IL[71,72]. Wik
AT REHIFIEE T S A on = en— gar WIEBN TR -

d Sl,n(t)/dt == n SZ,n(t) ~ Yn Sl,n(t) (3-2121)
d S2n(t)/dt = @aS1,a(t) — 2 S3.4(t) U(t) — yn S2.n(t) (3-21b)
d S3n(t)/dt =2 Son(t) U(t) — Tn [S3a(t) + 1] (3-21¢)

H S1a(t=0) = S2.a(t=0) = 0 LA S3.0(t=0) = —1 K 715, HH T I S3.a(t) U)H! S2a(t) U(1)
SESOM AR
X B H AR A BB O T Uopi(t),  CMER KT T = Zo S1a(T)Z 5 I 4 %
WA AR AR B K o B e 42 1) R ) B 2 M B 1 0 -
H=24 {Mn (— ©@2S2,0— ¥nS1,n)
+ A2n(@nS1a = 2830U = ¥nS2n)tA3n(2824U — T [Szat1])} (3-22)

3 H LR 9% T Lagrange bR B0 o P 25 7 72

d M1 n(8)/dt = Y A1a(t) — on A2n(t) (3-23a)
d kz,n(t)/dt = (Mn kl,n(t) + Yn 7b2,n(t) -2 U(t) 7\43,n(t) (3-23b)
d Az n(t)/dt =2 U(t) Aan(t) — 2 U(t) A3 n(t) + Tn Azn(t) (3-23¢)

%42 0
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A DU (T) =1 Fhon(T) = han(T) = 0 KM FIEMIZ, RE T FERPA 7 FEAEH AH
e RAEXA TGRS RIEL A LM, (Al T U Aa F1 U Asa FIAETE,
8143 U(t) = Uopta(®)H U(t) = Uop(t)XF BLI AL o(T) Z [BAS FEVFAFAEARAT R B, X —
R SPSO BUAL T B ZE R B 4 A
B, EMMEERREIEL T, 2BEA%. MHEED 28K, FkititsE E
RN (S5 R0 S A EL AR RIS TR) T /0 F J7 ) Rabi JA 1), I AR5 0 AT LA 3 SPSO.
SRIGBA 0T LMBLBE Ssn(BISRIEAMELS San(t) = —1 + e(t), K, BJE—ANHEATLS
Sia(t)/dt A1 Son(t)/dt ZEHEE, 153
d Sia(t)/dt = — @n S2.n(t) = ¥n Sta(t) (3-24a)
d San(t)/dt = @n S1.a(t) = yn S2a(t) + 2 U(t) (3-24b)

Optimum polarization S1(T)

= ot
0.8+

approximation
0.6+ Eq.(5.7)

0.4+

0.2

0 0.01 0.02 0.03 0.04 0.05 0.06
Energy of UOpt 1(t)

B 3-4 A IR F) 69 7 At LR T 89 AR Bk b SR 89 R AL S(TYE A Rkt (T=11.3, o= 1/2n), yo=
0) Btz agchi,
Fig.3-4 The final polarization S1(T) for the optimal pulse shape for a driven two-level atom as a function

of the fixed energy of the pulse (T = 11.3, @; = 1/(27), yn = 0).

AT MR O TR A T B R E RS, AT DL E RS Bk el e =
E = j dt U(t)” SRR T BARBOERK 5 0 AN T HI B ARIR S1a(T)o X T on =27
AT =113, FATKEARIEHREHHHEI(3-23) ST ME3-24) B TRIAE ke & E 1) R %L
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HEATHE, W 34 B ROV, M THKOPIER E 175, JERMEG-24)H AR

AR BB B AL TLT R SRR (EISI(T) = 119 50%.
LRI, RS I, SOt D KB A SRR R i

BORAT, 0 RIRAVR AL B A AR R (AL HT S1(0 = Zn S1a(OZ 1D,

WE i A 2 T SR B . EARRE T, MR EERH H=21 (k- on
S2.0— ¥nS1m) T A2n(@aS1a+ 2U — yaSan)  IER, BT BRI LRI
d Aa(t)/dt = = @n A2n(t) + Yo Aia(t) (3-25a)
d Aan(t)/dt = @n Ain(t) + yn Aon(t) (3-25b)
13 i d2a(t) = exp[yn(t=T)] Sin[on(t-T)]FIME . LA (A-14)89 18 AR A IE ] Uopi(t)
PR Kb S1(t) = Zn S1a(t)RJE KA Uop(t) = (2h0) ' Zn 2 Aon(®IIFER, HEHERATE
Uopt(t) = (ho) ' Zn exp[ya(t=T)] Sin[wn(t=T)] (3-26)
R BAT B B B A TR 29 AT BRI RN on B R T HIEEAR, 7E omin A Omax
Z I8, WZp— const. [do, FEEBARFMIHE HE yu=y, WHABKHFRAE K
Uopi(t) = N exp[ya(t — T)] {Cos[@min(t — T)]—~ Cos[omax(t — T)]}/(t—T)  (3-27)
Ho A — L HH N UE [de U, (1) =E.
EE3-5 9, BATHN y= 04RHE T UM HLBOR] . BB s n, I
PG R, B2 RE R BN T, BHIEIL (=T IS A0

%44



LEGE RFWEFai L F=%F  RIERARIRR G 5 R

for an ensemble of 2-level atoms

0.8] Uopl (t) n n i
0.4 ]

()\w/\f\f\l\w/\/\/\f\ /\
WA

-0.4

-0.8 ] U w

B 3-5 AT Ugp(t) (AEV2 A #A45), METEMNE o £ 8<o<10 LF LR y =0 LE N
7 At R T 90 A B R RIABMAE | K AL o

Fig.3-5 The optimal field Uop(t) (in units of E'?) to maximize the final macroscopic dipole moment of a
distribution of two-level atoms with transition frequencies ® in the range of 8 <w< 10 and equal

damping y = 0.

3.6 BRERE

BT E 2, BAVE T RIS R —2H3N ) 2 5 G0 1 a4 S A ) 1 (1 B N S 2R, 1%
JEBAEFRATRE S 73 3 NEEAS T RGN S135 Uopen(t) BIIIECE IR U EEAS R &
BRI Uop(t)e BUE 5 8505 BT ZI T 18] 340 U'opa( TR L. FRZAR M, X
TR T FERI AR AR S IR I R B8, 1% R AT REZRE TG, (E0H T 0 L it vk
HERAMARS, ERLEEER. BATCLUH T LR RSH SPSO, FE I
XTI RS EERMR TR REL RS, B IEREER T 4%
137 11 i B /N O L P A TRV ) SR e A% ] 2837 Uope () TR 45 5

SPSO T JA T ARRKVFZ J7 Mt Fe 1], #lin SPSO mf B £ H THOG T 1)
L B SRR AR DG 5T, B i 1 v B8 5 AR O G Rk 1 0l 7 e T DA S
KA = A= IE A B X7 [ 73] #ilt, Kohlfiirst [32,74]41 Hebenstreit PA &2 F. Gourdeau [33]
NNy, SRR B 1R T DUR T i i PR 2 T B PO I TR, 2 T A gt

¥ 45 T



LEGE RFWEFai L F=%F  RIERARIRR G 5 R

R A IE R 70 P AR 2 T S T B EOR oK, B H BT vk, A )
REZHWTTCEE A RAEDUAL b, ol B 0 2B Ai A, e 5 s (A B A B EAT
TOAE[75]. (E5, R AR A 25 a) B AN S VELE A AR Y AR el DAz s, HIX
Se AR MURI[22], 84 AT UK 2 i i 37 5 A IRAS FRAR LA P RS B b A 21 JE R
AR EWRER RS L, ZAGNRER > BT 7T LRI, R omin >
2me? o IX I BRI FEHESL ) L 7T LAAE [ 3 55 TN 15 vh Tt FU ROHESR, #2588 T/,
HATCLAUEY] T SPSO AR 1& &+ 9 R AH ELAT F IR 8] ) e DI04 1 3/ (46 4 Af 10 3000 o
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ENE EHBEFINERNSERSERBIIMAR S HRK

fEH = T it 7 1 X = A FR S HEZE N, Kolfiirst, Hebenstreit #1 F.

Gourdeau 5 NG Hi R LUK 5 D047 ) B SR S A5 10 S H 155 P i K g e L R
T35 e BRI T o 25 & RIS THERL TB) 9 EOR#oR, B H AT vk, ARBEFE i
AR P RO L, 88 AR AL L 08 50 (S BEREAT T K[ 75]
R IR AG 7€ MRA, Bl TR TMAB=Z R, (R 7 A1
A BRKEIZEE, X F IR 1047 A a] O TR AR A o

FE R AT I ST OL T, E P AR E R SR 75, B IR IR AN 7
I FE R, DA Dy B 3 7 A o R S KR B g 1) A7 B 2 IR A2 K e T R
[76,77,78,79]1 1L e AR I REL 1 2206 T IRAT « AL I 18] _LE 8y 53 A (RIS I,
B AR I S, BIXE R L2 W Schwinger FEZF i RE . fEA T, FRATTREEE
TECHTR RIS, Rex 2 I B [ ARG 1 3 B A A A BR Y& fre 21110 IR 2 1) BE —fi
To0Le 9 T WTESEA [ A BERT FTO0AL i R, BRATTIC B A2 Az 8 S F P4 e
Hovale Hrb, X TERANAINE, A B E kb AR L 2 il [ 5E H g &
RIRFET

K AT IRYE B S A . X TAER R EEE50A =J7 1 &5k,
BRI IO PR 4 SR L1 ) AR N IE SR R AR — AR TR R R AT
R, BATRUIFELS E BRI A, 8 1E 7 B i R A B R I 2R R B 1] 44
T DA S B A A e A 1 A T B A AT R SRR B B =, IR AR A 25 SR80
K779, SIN T BIEE, HT RN A R 73 R GRS SRR B, FRATTHIE SE
TR E T R AR AR I . BATEIL, A — 4k e i sh R R
M L R R 2 S AR R 58 A7 R DA L% S5 AR e A7 (A i e Ve B AR 5%, AT A
'R 2 SR I IR T R KA s 3BT DAMFAEAE 17 A SRAF AH L IR 2R 8 AR 20
ey : FEEE 1 /N rR, BATIA AR, I [l Rs 2 18] 25 59 37 B e x4
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JREN 2 W B A AR RS P T RE AL, AT IR AR S E SR A I T AR
FE5E 2 /N, AT T IR ERIOCA T %8, JFIEIT 7Rt gD ATEERIIR
SRR 5 3 /N, A& R E LR B g i diieds . 1&
55 4 /N BATIE R AT A SR TIN5 A T SR AT R R R i DURT Y B
LT FLR, R IX e RIE AT R

S HB R S B A (A A RN AR . AEIX T AR, BATTE UOW Sh g
[REREAT 1 JE 55 ROUA . WP A5 RS NATT & I A i AR eI A e, ek
R LE SRR 750 P AN — 58 5 7 S BRI OR L JE ik ST AR BR A7 5 (481 2 T BR FI e B
BRAEE MR ) Aok, HA)ilitl, O 18RI e iR EATAT IR R T 2%,
AR EATENOVHIRGIE R L AR A 2 N 55 1/, 3147
2R T Dirac TR MEIRHESE, JF4RME 7 A T AL el TAERI S5 . f£58
20, AR AN B AR, XL (IR A X [ € 1 1E F TR AL 1
XA AERCR o SR 3 /NI, AT ST T KL v - S A BE R AR S (A
SR EL R, X B BB RT UK 1 G 567 A BRSO LR BEAT R o JRATTIE
SINT —ANEAPN AR RS, %3 5EUE RS 2R B UL i 32U, 1M
HLBATT AT LUK 2 H 35 ey 7 A2 I A7 7 X AT AT SRR o E 58 4 /NI eh, JRATT ] 214
(E SR PR AE DO A TR, A 3 HE A5 0 A7 Pl X 7 e KA PR s DG P 37 ) 2 i) T
o

B =HB I R IRA T AT OCHE [P BUREAT 14, AR e 7

4.1 AZPEFHEFIHRESIMARTREMR K

4.1.1 REGHER

Un 2R LS A (R 48 ST 1), U A A F 6 7 A R 3l g 2 i R R AR IR TR R 9 s i
H— NS HIR S A)RIIR . 7E— 4RO AR 7 Az b, PR e is e B
PAN
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H=c o [P—qgA(t)c] + ¢ o3 (4-1)
X ERAMBE B AR q = +1 IERTF. XE P EZFHBEHEF, o flos Fom 2x2
Pauli %P5, TERXTULAEF, FATRAE RO e 2l I AIES A R, @ SCh
Ho [p;u) = ep [p;upfl Ho [p;d) = — ep [p;d), HARER e, = [c*+c?p?]?. XT3 p, 1Z%5E
AR ERRENN D ER TS E: (xIp;u) =N {[c*ep]"% [ep— 1" p/lp|} exp[ipx]Fl
(xIp;d) =N {~[ep=c*]"2, [c*+ep]"”? p/lpl} explipx], Frf NJEXF R4 7. T Ik
W ZfE A SFER, RI[P, H] =0, FrELAhg At R seil & B AT R 3 & |p;d) Ml p;u) FI 2 .
)il Ul , B RS H X A S I R SR T A BT I RE R RGN R ST S
HIEEARSN J15 . D, FRATRT LUK H 35 Y Bir 3l 1AL e 25 {0 5 e S A
H =%, [ep [p;uXp;ul — ep [p;d)Xp;d] — A(Y) Vaia — A(t) Vo] (4-2)
ZKH, XA LG

Via(t) = (p;u| o1[p;w) [p;u)p;ul +(p;d| o1|p;d) [p;d)Xp;d| (4-3a)

Vori(t) = (p;d| o1lp;w) [p;d){p;ul + (p;u| o1]p;d) [p;u)(p;d| (4-3b)
ot AT H) BT A B AE S K R BUE 2, B4 p DU FE TS R TR 208 (psul o1)p;u)
= ¢ p/ep = ap, {p;d| o1|p;d) = — ap LA K(p;d| o1p;u) = (p;u| o1|p;d) = ¢?/ep=byo Xt T HA 3]
Hp S2ELTERENM, [P0) = Cpa(t) p;sd) + Cpu(t) [psuy. BERT A 4L e Sk [
KL T FE 1 0|Pp(t)) 0t = H [Pp(t)) [81]:

i d Cpu(t) /dt = [ep — A(t) ap] Cpu(t) — A(t) by Cpia(t) (4-4a)
i d Cpua(t) /dt = —A(t) by Cpu(t) — [ep — A(t) ap] Cpua(t) (4-4b)
MR ARG, BATVRIG IR = A w S BAGTH R R, € SON:
S1(t) = Cpua(D)Cpuu(t)” + Cpia(t) Cpuu(t) (4-52)
Sa(t) = i [Cpa(t)Cpu(®)” — Cpia(t) Cpru(t)] (4-5b)
S3(t) = [Cpu(t)* —Cpia(t)’ (4-5¢)
X Bloch K & [82]7H A2 A T R4 :
d Si(t) /dt =2 a(t) Sa(t) (4-62)
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d Sa(t) /dt =2 a(t) Si(t) — 2 B(t) Ss(t) (4-6b)

d Ss(t) /dt =2 B(t) Sa(t) (4-6¢)
EXE, BANATHEW) = ep — A) ap FIP(t) = —A(t) by, FIEFKLEN Si1(t=0) =
Sa(t=0) = 0 F1 S3(t=0) = —1. Kk, BHE N p MIEE T HIEEE H N(p,t) = |Cou®)? =11
+S3(H]2 .

4.1.2 SR—FHEHARK

TEARTTH, BATHR T A0 AT K4 3 A5 A ri 3 Bk it 2L PRI TR T, %o T4 52 1 F
T p, ZHBGBIE AT DUERS ™4 IR T I R A0 N(p,T) e KA. N T4 A(t)
m%@%,ﬁﬁ%ﬁ%%%ﬁ@ﬁ%%%ﬁﬁ@ﬁEﬂ&A@f,ﬁ%m@Mt=o
JEARE] To RIME E AN RLT ARG I K B S e, FRATIZE R 0N 1 B WA 3R
INA CRERR. IR AR IR R A AR Y, R S R RHEACE TR A
ESHE M T ARG THTES € EFM T SRR Aopdt) I EE 5%,
TR B R AL FE T - RS OE 7 v, BB EE B JH[69], 2T Fletcher-Reeves[70] A1 2 T
Polak-Ribiere [831HIFLHIALEE 7k, EATX AITETIHESCE, WAL R BLE 5
5 KB DA DX 4333 st SR AN B KA 1 e 77 o X BB BIR8 75 6T AT RIUERE I, AR )5
S HHEATIEAR O, BB N(p, T) /S -l 5 356 A V55 486 m i 448 0

FER 4-1 7, BAVER T p =60 au (EZLHRTH NP, T) FIERREREEK R,
H E=6000, T =2x2n/(2c?). KA AL 2n/2c?) B & p=0 () E FREEIRS ZIH K
f/NBEREIAIRR 207 2 o T DU TE B SR FH AR R 1) 25 ) 2 At = (B/T)Y?
VENVIGESEN, TAEESE I AL T BRI R4 728 N(p,T) = 7.96x10~%. Ny T PRIEFTA
SRSB4 JRy e R AH N(p,T), FRATHEJS 3 T4 A RIRIAEREI ik . th)5 BT
A VY B AR A S SR 3 42 Ry KB N(p, T) = 0.661, WK REZR TR«
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N(p,T
k- - D 68ee86686068806 - - 3
0.66 oq AAA%QQgSESEQQQQQQ@ﬂQ
AD < X X
AA % %
0.64F O AA x A Predictor Corrector
A ~ O Steepest Ascent
8 % % % Fletcher Reeves
0.62F 0 Polak Ribiere
o -- True value
0.60 . . . ; . !
0 5 10 15 20 25 30

Number of iterations

B 4-1 3 FToid RRE a9 HALMACH &, REHTH N, T)AERAKGHK KMNERATHZp=
60 au., ARBIEHFM AM=E/T)?. Bt it EMRFAL E = 6000a.u., & 4948 ZAE F B E] A
T=2x21/(2¢?)o

Fig.4-1 The final population N(p,T) as a function of the number of iterations for four different

computational optimization algorithms. We used the momentum p = 60 a.u., and the initial guess A(t) =

(E/T)"2. The pulse energy was constrained to E = 6000 a.u. and the total interaction time was

T=2x271/(2¢?).

N(p,T) x107 |5 x10° N(p,T;0)

1.5

O True optimum 1 1.5 2
% Analytical /
0.5F --N(p,T) for A o
—N(p.T) for Ac(t)
_ 2
O ”ﬁN(P?O’T) ‘Ibp‘ 1 1 1 1 W
0 100 200 300 400 500 600

Momentum p [in a.u.]

B 4-2 EEAEZR N(p, T8I K 7T e = BAE A S Z a9 B R (28 [ o 5 & AR KA AN Z I (4-Ta)
F2(4-7T0)89 . A T i, ERIZH 0.00167 bpPo Ak aEE 4 IR4H] AN E=10a.u.. 26948 ZAF A o
A A T = 2x2m/(2¢?)o

Fig.4-2 The largest possible population of the upper level N(p,T) as a function of the momentum (open
circles). The continuous and dashed lines are the solutions for two given external fields (4-7a) and (4-7
b). For comparison, the dot-dashed line is 0.00167 |by|>. The pulse energy was constrained to E= 10

a.u. and the total interaction time to T = 2x27/(2¢?).
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TRATT AR AT E 50 0 S RN, FE AL T 23938 H R IR F] T Siae & B
KT NFARE R B IEREH . AT RIVIE B 55 T 55 5 T 7 i e 3 =
&, B 42 I E T A p MRk, RIESH TS (R Bkif AR BLAE SRR
) (B RATRER)D RT3 N(p,T)o H TR FRYE po—p, FTULR LETIES)E.
BEE p RN, N(p,T)JLF- 5k b, X R 5 r= R #f L IE LT X 5% (4-4)
R AERT ARG TR A by 2 —FUK, BEE p MG T . A T T, &
A7E B 4-2 AP s RIZE A T HE A ool B OB ELAI )F 7 o [bp P 5 B 8 250 N(p, T)
Fy b A5 i 0 B 1 ) — B AR R 4 B N(p, T)~[bp| 2

ALV 7 B B e ek R I RAMIR G S5 X AR ESN S S AN R
BEBE I I AR A DG, B p ML AS B (R T M3 . IAE
IEBA 5 A N, TR AT, s R HES HESL, T LATER
FPIRES T e A HE 5 DL A 1T B FR 8 2

Ac(t) = Aoc Cos[2ep(t-T/2)] (4-7a)

As(t) = Ags Sin[2ey(t-T/2)] (4-7b)
Hrb Aoc = EM? [T/2 + Sin(2e,T)/(4ep)] 2 Fl Ags = EV2 [T/2 — Sin(2e,T)/(4ep)] 2 73 5l 7
18 B8 BORT 25 BR B A VA — AR R 7t = T/2). SRATC 2 iV i A i e &% OBl
KA 5HFRA-T) AN 8 A A R 2 H OGIRAE— kS o € UL T 3R B e A A
1E(4-7a)2(4-7b) 2 [BR [B1A24k . flan, =4 f s Ik B §(0< p <103a.u.), HIE
s R AL IATE Y | 5 56 X (4-Ta) 45 AR R 0 A X o XT3 &I R — AN X (8]
(103 a.u. <p <153 a.w.), #WEREE-TO)BCNEMNT, WKILEHME. W ANTFTEL, A=
BRI AS LA e, BN THHR Y, ZIRAG IR N T AN & IE e Re & 22, 48
5 T/2 A RL AR R ) S 1 Tk 2 A

FATTAT Lhod I S ANk RE B E SRERIIARRRHE X (8], T4 AR AR T REZLI
RLFse R B RS, B N@P,T) = 1. (£ 4-3 1, BATER T BRI RLIERT
PR N(p, TYE N AN AN Rk RE & E A IE f 1 2h & p sk E. Xt F E = 10, ATEH,
HhEE E Lk, WTAEARSIENIERT, BAUE~FRERmESN.
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B 4-3 (a) iE A& 2049 R 4 % 51 N(p, TYE %9 EATR RN #68 B 69308 49 % 4, 5 4948 AR B A
T = 2x21/(2c?). (b)* TwA k&, & N(p,T,E)/N(p,T;:E=la.u)A p 49:fh$k. A T #iTrei, K
F B 2 R SRR AUH] 69 250 LU AP BT HA AT B 68 7 A F
Fig.4-3 (a) The final population of the upper level N(p,T) as a function of the momentum for five
different pulse energies E. The total interaction time to T=2x2m/(2¢?). (b) The ratio N(p,T;E)/
N(p,T;E=1a.u.) as a function of p for the four energies. For comparison, the horizontal dashed lines are

the ratios expected from the linear scaling of the perturbative regime.

AR E B #id K2 E= 13025, W p =0 s A7 )L T ) A5E 40 e g i1
BWORZEIERS, N(p=0,T)>0.99. EFHIAIMKREEX T, RA~H SRR E ZIEAH
K, Bk, ME N, DEEAGHFEIRER. N T HBHEMIT R, BATEE 4-3b H4
il 1 EE N(p, T,E)/N(p,t.E = la.u)EN p KR EHI Bl . B BN )3 B EIESE | 2%
ERF SRR E MAMELLBI R X TR E, BE% Np, T)Hax Hf KT Re i
BAE, BATER T 5LMERMTHIRE. 24 p BN BETEA FIRE, BATE
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FBEE E G, BV p WA IESE M. RERE E 1IN Np,T)IN4E
JEELBIR AFAEASF AL, i3 Aopdt) AL bR L AR B 1 <5 5(4-Ta) 2 H
Fy ] B A T 2

FER 4-4 IR T SRR S, BENIERR XA, St bk e R 46 5 =X
4-Ta A[A. YT B=1.5X10% REER LAETIEF5EEMN &L 8 N(p,T)= 0.9952,
Bt (ET) )L FS5TaE A GESED M E . X T E=2X10% XM T N(p,T)=
0.9999, FAVFIEE BN Aop(t) 5 TR LB ZE, £ t=T/2 I JLH IR,

-172

opl(t E — analytical
> . © E=150x10"
sof/ % E=175¢10"
/ 1\, E = 2.00x10"
O »
S0f
0 0.0001 0.0002 time

B 44 ZA TR E E ABRNE p = 60 RO RKINT Ag(t)o & 8948 ZAE o1 5
T=2x21/(2¢?)o
Fig.4-4 The optimum field Aop(t) for three different energies E and momentum p = 60. The total

interaction time was T=2x2n/(2¢?).

TR RRE R, 1E 5T X = A E N S A — WU, FE L] SR —
4 Jo B KA. Aope( )R BFF R B . XDy, TEXFIERL N, T4 EmzhE,
FAEVF Z AR R B 0, #B AT DAEAS e 200U I IE P =i s R N@p,T) >
0.9999. BLETERELEE Aop( ) HEAHSE, BIAE CH T &4 TAN [ B B TR 14 ) N(p, by T
gi— NBIEEMIE N(p,t=0) = 0) HIEEZTTfedEH A .
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4.1.3 BERARMEMUIMARIF N

20

N(p,T)x107*

=50

B 4-5 &% R 5 cr Ao o3 BRI RS A(Y)F9 R 2= 5 N(p,T)o L& #9480 AR B B 8] 4 2x27/(2¢?),

PraraeE A E=10°, 1= R p=60au., ANFiH L,=61.72 A& L;=58.08],
Fig.4-5 The final population N(p,T) for the optimum fields A(t) parametrized by the field coefficients c»
and cs. [The total interaction times is 2x27/(2¢?), the pulse energy is E = 10? and the momentum is p=60

a.u., the two semi-axes are L,=61.72 and L3;=58.08].

7EF 4-5 1, BT p=60 aufl E =109 au., FATE N(p,T)ZH A co Al c3 HIEREL.
TEIXFEOL T, BT HTE ¢ = 43.64 H o3 Bk BB K. XX BT ¢ = 8.72X 104,
ifi co T TI R REXUANSEIIHIRIE LR N, DL KRl (XR2IE
PIEEED), AHEAAT UAE AR RS S H LA T, K 0 < Np,D< 1. &
IR, co FERX BANBRFEIL T 55 K. ldn, FATAT DU & WA ¢3=0, co=443.6 L[ ¢1 =
8.7x10%, IXIE T REEF EN E = 10° au., FFHABRAT LK co HEATARAL. filtu1, i
% FE o =3.245%10%, 3.99x10* F1 4.696x10*, FATRILEL N(p,T) > 99%. fEX Lt
BUR S Ay AIAERTTE] By B 5E Rk 4.5 5.5 F1 6.5 DN REIAR SR R ¥ f5, BTk B Al i
ZSEP
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B 4-6 f£ 548 EAE R BT 1] T = 2020/(2c?) Ak P fE 2 E 691F LT, R A Z p1=1, p2
=50 A= p3 = 100 a.u. 89 £ € F 49 % = F 3k KL,

()R MRAT R L X3 E= 1 69 A7 TN,

(b)i i #1453 A(t)= const #= E=1, ARBEAHE LA AT HRKFOL2EHRKT,

(¥ FH K89 %2 E=1000, @i FRFOIEMLRMLT .

Fig.4-6 The optimum field Aqp(t) that maximizes the combined total yield for positrons with momenta
pi=1, p>=50 and p3=100 a.u. for a total interaction time T=20x2n/(2c?) and pulse energy E.

(a) The analytical prediction for E = 1.

(b) The computationally obtained global optimal field based on the steepest ascent method, using an
initial field A(t) = const. and E = 1.

(c) The nonperturbative optimum field obtained computationally for a larger field energy E=1000.
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NT AT, RATIER] 4-6a TG H T BT Aop(OIFENTTIN, 22T =44
SLEREU MBI E SRR R T — 1k, ZEE T e, TATER, BT = RENE
5T BBy c(pi), AR I R TE G ZABEAR IR L BREL Aop(P1,t), Aopt(p2,t) 1 Aopt(ps,t)
R AR N TR, RATER 4-6b deai] 73T IR 4L T3R5 1 B
i, XA BRI TCIEX 53 1

N T SR AEER BN B AR IE A s s A, IRATEE T HUERAL, (A
ShizfeE E HINE] 1000, X FEEmALTHE, N(p,T) = 1.436, BN AL
HIR, BOYEET R E I ot R et s EAn B (L 4-3) TS, N(p,T) = 1.926.
TEE 4-6c 1, FATRR THMM A RBRT Aou(t), 1% 5B TIEIA A .

4.2 AZEPIEGBETHERNRALBIRSTS

4.2.1 RALEEREETTH LI

TEIXTULAE S, FRATIRYE Dirac WA %S 1 AMES T T H AT REE E 1IEfH
L0 IR KB ] P2 2R 28T (B) o 7E— NS EEE Tz B, HIEAX N H=coip
+ o3t V(x), HPRAURBERBFA A q =+ 1 awlIEBRT, p ZRINEREM, o
Mos FoR 2x2 Pauli HifE. TEAMZIE M, ARSI S5 35 A BAE H
Vx)%th . s W, FAVE A 2B Im AR, B2 V(x > —0) = Vo, H
Vo>2c? 9 H V(x = 0) =0,
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upper theoretical limit

.
;2 - nr

0.5

#iterations 6

. LAn)
iterates V' (x)

002 001 0 001 y[uuy]

B 4-7 3+ F#riL %3 V(xo—0) = Vo = 2.5¢2 AR E = 1.25¢2 49 %, AT AA B VO(x)ik KA E
RT3t A ED(E). MHERHEFA VOKX) =V, [1-tanh(x/w)], 1 w=0.3/c, K FEIEAE
9= 027/2n). =A4h%E 2000 NRAEEBHSAH, FIEAEA = 5x107°, ZAVEH W)=
exp[~(x/0.01 21 Fy AR B 09T 0 k. BBEY, BMNEBFT RFEER LT~ A EIVE)
Bk, CRAERKHE N O HHK BT 4 k%K, CHIEFELE ZDin(E) = 1/Qn)PT T 8932
i _EAF AR KR

Fig.4-7 The first five potentials V™(x) to optimize iteratively the pair creation rate I'(E) for potentials
with asymptotic potential height V(x— — o) = Vo = 2.5¢>and E=1.25¢?. The initial potential was chosen
VO(x) = V [1-tanh(x/w)] with w = 0.3/c, leading to a starting value of T’ = 0.27/(2r). The spatial axis
with discretized along 2000 grid points with an equidistant spacing Ax = 5x1075. As a window function
for the functional gradient we used W(x) = exp[—(x/0.01)?]. In the inset we display the monotonic

growth of the associated pair creation rate F(n)(E) as a function of the number of iterations n. After only

4 iterations it becomes very close to its upper theoretically permitted value shown by the dashed line

Iim(E) = 1/27).

AR LEFRAT 5 B X M AR T SR PR S . FRATTAKT V(x) = Vo[ 1 — tanh(x/w)]/2
o IR A TS D46, P IRRE Vo=2.5¢%, ZAFFETERE w=0.3/c. {EIXFh
HIOLE, A=A R AT FIE A [29], WTRATRMIAE &= E = 1.25 ¢ T = 0.272/(2n),
P A SV 0 B B R ) PR 1] (2 <E <> Vo) 2B IE fL T, 7 koA Klein B .
IEFHLE x =—0.05 a.ufl x = 0.05 a.u Z A B HUAL A N=2000 M, AR5, Hik
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FEIX L6 55 A — AN A E B SR BST(E)/8V(x). AR EH 1% S BR s 5 1 R, iX
B W(x) = exp[-(x/0.01)21% . £ 4-7 1, FRATTER T ¥I4E Sauter FHATHTIY AN i%
R VO AR FF . W F n>4, ZSRELERNE. ERFERS, JATER 77
FERTORBEKINT . 5 VO)MEHE—8, BATEIMNL 4 ok, FERN =
0.272/2n) KB 0.9996/(27), HARH £ Dime

4.2.2 RMUTNBETHEESR

NTRELEIEE TR, RAER 4-8a hER T =HH, 2518 E=1.05¢
1.25¢* F1 1.45¢2 fliAk, I HAE K 4-8b Hont 25 H 7 A2 A 1 e B OB AR5 W] S 2
BEXF 1.25¢ SRAL I R AN S B A F BT T E = 1.25¢2 B3 E PR Dim, 17 HIE T2
TE e 2 AR AR, Lhr b, STHARER 1.04 P<E<146c¢* (JL
TR Klein X[, FATRKIF=HEZET(E)REF 0.95/2m) LA bo AR 1.25¢ it
P FEL A T LA AR S = A ey

E = 1.05¢* Ml E = 1.45¢* I35 LR W, Vo(E) AR B2 1) 7= AE F0(B) B AR5 )
ESRTE T2 P AR AR o 3K -5 1 5 1 6 (1 Pl 0 1 Pl 2 3 ) 9 R Ay SR A ek
K. G IEHTREE E MEMFHEE VRS FEURSE X774 5 H O %
Vp(x) = =V(—x) + Vo (§8E E,= Vo— B) MIEME X =4 R e eME. 45 RME,
PR R BAT R FRIED(E) = T(Vo— E), W1l 4-8b 110 s RIZR A2 . IRAE S
AT LG IRATEH 4 B PR 1 7E B /NG Vo2 < E < Vo— C IIEH TREE L, MASK
FAEAT— Rt
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B 4-8 ()RR ELH Vou(x) 8 218 5 B, 3FF Vo=2.5c2 89 K &A% E=1.05 2. 1.25 ¢? F= 1.45 ¢?
BER T, THRALERETFZEE, (b)H@)FHTHZAREEHS Vopu(x)H X 69 E 5 & F 33
FAEDOE) LA EA XL,

Fig.4-8 (a) The spatial profile of the optimum potential Vox(X) that optimize the pair creation rate for
positrons with final energies E =1.05¢?, 1.25¢? and 1.45¢? for Vo = 2.5. (b) The total energy dependence

of the pair creation rate I'(E) associated with the three optimal potentials Vopi(X) shown in (a).
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4.2.3 FEHIBAHLH R R R

B 49 3T E = 1.25¢2 Fext T d=1/c, AN L HAEA V(x, V, )4 X8 IE i & F 3 = £ £ (E)
A “I R BREV 8RR, SR TARBIE IR FAFE Vi F7 Vinin 89 FURNE . ARIBAFATAE
FEAFE AR QL K,

Fig.4-9 The pair creation rate I'(E) associated with the model two-step potential V(x,V,d) as a function
of the "bump" strength V for E = 1.25¢? and for d = 1/c. The six arrows indicate the predicted values of
Vmax and Vmin according to the resonance condition. The two dashed lines are the envelope solutions

according to analytical solutions.

R 49, BAVERT Y Vo=25c2, d=1/c fIE=125c*Kf, T(E)F “/ "
SREEV REOCRE . S V(x,V, d) BRSBINR RN B R . fin, V=
3.23¢2 IR ZETT(E) = 0.73/2n). X TR A, S Vo=2.5¢ [FEI(E)
=0.36/2m)], HZE Vo=3.23¢2 [SHI(E) =0.62/2n), ZE TR T H 2D B
IEH ] XERE, X T-d<x<0, WRE V=323 WHH CHR M, XT
x < —d,Vo ] LA 2 JBOR IE A7 70 72 AR 6 Xt 58] 4-9b B (1 — R ot o 45— 2L
FIFFIE R AR IR, EHEASH Ve, bk, HFE=1253Md=
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Ve, ™ HAMA RBRIEEE Vi=6.1¢29.2¢2, 123 %, ... .o XEIILIBYLEITTHE L
BRI R . x =—d Fl x =0 AP I4 F 2 (R 23 18] X 3 m] L7 24 Jph “ i, g
SRR P B KB 2 (m—1/2) A =2d (AT n=1,2,3,...0 JFEN _EATLASHEILHR.

4.2.4 BT TRERHEBIFA Vop(x)

Vopi (/e

bl bl
] , 2 o, 2
1 Vop for c <E<Vy—

-0.03 -0.02 -0.01 0 0.01

X [a.u.] 0.03

B 4-10 2 F /&£ 2 <E< Vo EE A AIRRE (Vo=2.5¢2), &8 E§ €T3 > £ FR KGR
K Vopro A THATIE, SMARXELTHARZNEY, ZEHHTHREE E=12521%
19 % & RT(E)RALMAG %,

Fig.4-10 The optimal potential V, that maximizes the total electron-positron pair creation rate y= [dE
I'(E) for all energies in the range ¢>*< E < Vo— ¢?, with Vo = 2.5¢2.  For comparison, we repeat by the

dashed line the corresponding potential that optimizes the rate I'(E) for the specific energy E=1.25 ¢?.

FEE 4-10 1, FATZGH T Vo =2.5¢2 B R T Vop(x)o BRI 15408 L3
RIARABLTE , 1% F A BN RE B E = 1.25¢% I IE S B - X0 P AR S i RAE, E 15 4F1E Klein
TWHEI—¥. FWRAER 4-8a POLERBIAFE, X—RIFEA R EEERR
ZAME, XCAE RS Vo) IR BRI A AR 2 A 7 — @& M3t At 7
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Klein i1 P =FhAH 4 AR 1 RS R0 72 AR 26 o IX— R AR5 F 3 9 FF) 4 Ak 0 o ) P
Ptk &I JE B (SPSO) 58 & —H[79]. fERXAMEN T, HR—HML RGHE )5, [F
4 e AT TR A B R — B TR SC I b 7 b o A3 AR A i 0, 3 B AT LA T 3 2 2R
295 114 £ A I8, 55 A K112 77 FR) S5 A 2880 R Bt i) Bk b FE2TR 1T A 4 AR A B A R 455 11
NI INIEA R B, ARRGMENE FIESE T 5] RO R #2485 H B SPSO
AR AT DAHES 30 (R A o

4.3 BEERE

XTSI AN R A SRAAL A, SRATE U B 1 AT o PR 4 i i Ak U5 S N
BRI, 1% A 55 37,15 5 1 I Ao AR TR A e 2% I AR R R
o FEDUBIR PR o B e ez B8, AT LS th B 48 € A s e DL B H &
15 FL7 S fIE 3 B RS TRk o P AR B R 3. O 1 38R T RER I R SR V4137 A(t)
O BT I L PR AT PH LS E = [t A (t)” [50# B = [ dt (dAvdt)’ ]o p1Fi%ss
BORHIE B, AR SIF A5 R 7E 1= 0 8 t=T Ik, AT LANIHIZESCH
R SEHL AT RE AN IR B S . Oy T R OIS AE T S AR R Y, AT U R
Lagrange B& (5| NFABL A, B w] LLEE ) H bR b8 8051 AN TE T R Hok 51N 295K .

55 A 22 [ 2 21 AN I FEAH S, AE 22 T3 21 5h 3 v, i 250K 37 IR 4R e e
BRAEVENSNERLIHR, LA B RS EA R AN . AWTTCE TR 1 SR EIR
EFATHS ER AR TREE (55T 1 KEES REHE ) B IEFH-7X A R SLhR
EnyRLGEE A PR AR S, ] REAE SR AR LASEHL. 1X—& NSdE I R ILE 4t
SHE TAATATE,  BISALA BRI 25 28007 DA S 0 0 I 6l 50 P AR A

BIRFATYIAE B B AT da b B, (EL3RA 19 B2 2 A OB T R B 2t — 2P I
RAWIETE, e & m] LUK SERE RI9R S PR -
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H T HEE T HIRS WG T 5 B X R4 5%, alfe 206 7 BRiE slifE
GRS o S AL E R th A7 B TR AR SR, 1R S AL (8
A+ Schwinger) 1, s f1 T2 (AR S I HL I BoAT I T om BE T A 21K . A F gk
MW FT H s A A0 3 LRI IR B LI 22 e A 1, i) AR KRR Pt AR IR G AL 73 [
IR A S EU I S AR R W, S0 I P R T DUAR T ST A A 20 53 1%
22 [N [ Ukt AT AT (O ARAE

51 3|8

A ARH 2 T 47 BB RO ORI K 58 5 A5 R A AR S A1 3 PRI &1 L 5
TP R AS AR TR FL SRS 1 T2 BRI » BRI FUR AT WO RR AR J5t_EAS R
A L AT LA E A P AR IR OR T B ML 2Ry (AT U RS 1)
SREEARHOR, AT LIS RE RS KB SRS Z R R BE 5 I RER S 28 — Ay L) 22
Rizdp SRS, H3pMais g e, Mime] LS R Be 7 a2 e 1 id iz

b AR Z W FEH CIT 0T R AR SR IO TR T, LRGN A S Bk k4T
YAk, SSHEENT LA EAE 5 7 A E SO T P il oK. (A, K HX e T
PR BR Wt SO LE 7 22 8] B [8) A€ 13 o H 3568 [ A JEAT 22 TR RS ) 498 28 £ 4
ST SMEFEAR DK, TR IR BR 1) 72 i SUIAF 45 LANGUAR 576 Bl e 46 2B

Xt P AN SEA S50, TP Y Hund 52 WI[43,84,851 K & SCHT
AR H A IR G 77 A2, iU FCVE3RA PR 732 G 1R A A &1 0 5 K
ST R [86]. X HLA R IE SR 10 AR A (R AT 45 7€ g B Y0 L 1) LE F 1A SRR ) 7
A2 AT LA B T B S R ORI ST R ST 4RI AL I BOR TARR M, XA
G V(x), AR R AT 5T RE B A, IR 35 1
AR R, BV (x) ~ (1-x/|x|) RS R A7 2 bR B2 TERR D,
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ER AR LA V) 2 IR L B ARSI HER G IR o

XF T BE I A AN S 1) A (B I 4M7),  Kohlfiirst A1 Hebenstreit LA K& F.
Gourdeau 55 N 7 T EIPER TAE. AAT T2 T Viasov J51£[87,88,89,90,91,92]3k 1%
TIRAMIE TP AR R MM (B2, WRINg R E BA 2= R, WG
FEK Al (BT (K1 7920 BT A B ELAT 2 1) AN () A48 20 1437 4 5 1 A PR P TR 3, AR
AT NI A3 ) E B AR K R G

H R FIX AT, G e B A (1 ) R I 1A A3 B e o S m) AR ST F A B
0 PR 2 R TS At ] B 45 380 B 22 0 23 [RDRE S 3 O R AR B I, T4 2 36 X i 5
AR A SN WIRTTRE, BT RT AN B 1AL A (non-symbiotic)
o SXFRST AR A IR AT B P 28 23 0 T A SRR T B DA AL 5 PR P B 2 3 2 g i SR A
Yo MR IAL R T8 4L (symbiotic) i) :  BIPIAS E b B4 R4 AT A8 B0 10
ARG, XA RE NPT ST AR 8 AR O 25 R . AR R IR
XS A R A — D R R B N A, (BB KRG, BT R
SEIIEI AN, PR30 2% e T st 1) 0 23 1) A AR 325 % FR) 3504 I R 156 7
EXOETEESIP NN

AT EB N AT R T SLBIIR B EAT e A0 B 18] 0 23 [ 41137 45 44 1Y) —
RGP, DMEES T IE S0 P AR i R R 45 M . 1E58 —ior b, FRATA
Q7 —PoE R, v B RGN IMT 28 EH =R, AT
TR R RS R R RS DU RIS o, AT T g gl e B
EF T, JERI (BURTIA45 ) S T o 3eA 1, i DL AR A .
SENER Sy, AR T MARMR R R, X AR T T R

5.2 HES5IEHEMIL

P F(t,s)Ron HARREL, 12 PR BORE AR T IR T5)RT2 [8] ) S35 7 WS D B 5
F, X EGARE £ FHNANEIERL 3 59, FARRoR R A2 IR T 1%
PR, MIFETEERIEE 4 S 5 0rh, F 245 i HAE TR 25 U ik B i 546 1
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A o T AL N 3 37 I [ A0 23 [ R B S S e F s DL KIB F. N T
AR E b 2 B EE R, AT PUE S iE B S8 H AR &L F(ts) Rl
B4 R i KB 2R R TT e rb i KAE A XS {topt, Sopt} 78 o B FRATRE S EUH 1) —

B AL 515 O (taptsSopt) = O5F(topusops) = O B, F (IZEBJETF sK AT SR A
F(t,8) = F(topt,Sopt) + OsOtF (topt,Sopt) (t—topt)(S—Sopt) +

+ aZtF(toptasopt) (t_topt)z/ 2+ azs]f—:(toptasopt) (S_Sopt)z/ 2+... (5-1)

FESLFATHERR 7 — ZHAH Rk 00 R B 1B 00, bl s R B — I S 8O % 1. %)
THES, EWFRAVERTULAE A B8 [& AR, A S s AR . T4k
A B AR RIRFR I L, S KA DA 7 R 5 U T 20 tope A sopto IR PR W t
Ui 25 B RAB € = tope BEAT AR, U] sope FRIAH S ESE K DR F () PR G AL B KRR BEAN R R
AR, RZ IR TERXFRIENL T, X RN A AR AL TR AT 2005F (Sopt, topt) F- o

PRI, K 010 (topt, Sopt) IR /N G AR FR FE AR G IAALF- AR B AR . (H2, BT ik
FHOBEH SEA AL, N HBEA RN, FOvESERER (FERER)D 25
AN TE] E EHEE (ot Al s—ps) RGN T A8 N T oRFMXFR] RetE, FATEW
FERX U LAEH E2E & LR TG SR ANAE %L h

h(topt,Sopt) = (OOsF)*/(O4F 0%F) (5-2)

TERNEAIEAE KRN — T RETE I . TE 205 AH R 2x2 Hessian £EFE (4751 & DIAH
Ky BATH SR TR, AR VFRATR I AR N, /N A i,
h <1 XF 8T 1E [ Hessian 7515, @ h %, 3+ H A B 8 EECPA3 sk Sz R 1R
TFATH HFOA AR AR R VRN R, FRATERS], M THAMF, hid
WWLARAEXA 0<h<1W.

BIRTT DRSS T AR F(es) MmO B E h BUE, (R R R B R
2oy A B F(ts) S 2k B 40« Al s SRR . 7EIX B, AR SL PR [ Bl 4 o
KERIXFE h K TGN, BHEREKHS t s Bl (8 rR0HEA i tana)

=2 0DFN&F— P F) 2 tH o 3X Bk FE A 55 KA (h = 0) AT LLIE G 78 (t,8) 4% 1] v oK g s
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4032 222 (B RIS K3, A3 BURTBERYT sope LLMEL, 1T LIS (8] X 5h & G4
AT AR top FOTRINMEL . FRAT TR WX AN SRSZ AL RAF I SO0 s 44 “i-points”,
FH {tope! 0, sop! @M} RIREAT, LRSS 5.3 WX RX — RUEAIRUR .

5.3 IR FEALE SELERULHFER

FEART R, FATR U IR T B g SR 7 L U R AR g8 3L A AR AR B
DU IVESTT, Herb &b 7 022 TR 8] B F 2 R IR 7 10 22 18] RUBE AN Rt X5l 7 F) I )
REERME WM R B, ERXMFEN RS T, 2R IIERN, M —1E
AR B ML IR AL A o FRATTHRE U B [ S0 P o DG A R S8 v 2 B TR AN [R5 3, IR AL A b
i R, AT A 9B 1 AR G 1 S R e A

5.3.1 FEIFH{L A Hessian $§HAISIN

ST U B B ] 0 2 [R] 42 1) 2 40072 1] o 3 A i R B R R 3 AR i K AB PR S [F)RFAE
A X B AR R R AR R 4, A R I IKBN IR T, Hamilton BR %L
H=P?2+BQ? X%2 - A sin(ot) X (5-3)
FEXE, FAVEHREST 1 E R SRR SET A, B} = {1,005
{0, 1 AEFRATT AT LAy BIAS 2 [ R 25 (Rl PRAL, TS {1,106 BT 58 A f A 18 112 &
Gt o ALFRAMEBE H AR R B B A B {@opt, Qopt} » [HFFHT 45 52 W46 %14 X(0) = 0
A dX/dt(0) =V, AP A A BN [R] X(T)| oK. T {1,1} R sk, &
ATTRT CASE B SKAFAH B2 ) Hamilton J5RE4L, JFIRAG S 28] 8] T N HRIALES -
X(o, Q) = {Q Sin(oT) — [0—V(0*-Q?)] Sin(Q T)} Q' QP-w?)! (5-4)
HRAT R AT b B (R1oX/00 = 0X/0Q = 0) & —H eI T fE, It FHE
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XF T AR A BEAT BUE SR AR

N T BRI EEER, TATER 5-1 Pl 1 X(o, QAN REE, %K%
PR 2 A 0 MQITREL DLEAIN IS EZ K T ARRRR (o, Q) TS24
D AT, DR BRATIAE B PP 5 7 A AR b A O RS 5 2K, ST IR IR PR R R I,
K —AneErBEah B, BoADERRAKVIIA (T) FkE.

D i3 T
10~ .20/
0~ f
0.3(4)
0.2\ § "
x(1)0-2!
( }O.l' 1
0.0

0 el |

B51 (£) FFT=14 V=001 9RLEH X(oQOWEBE. HTREHTEN, KANLHT
ARO=0EASE R, (B) HENFHEE, TAMABERM 16 AN i K692 E, 48 532 fe
5.3.3 ATk,
Fig.5-1 (left) Surface plot of the final displacement X(,Q2) for T =1 and V = 0.01. For better readability
we have also included as a reference line the diagonal Q = o (right). The corresponding contour lines.
The sixteen black dots are the locations of the first 16 i-points, discussed in Sections 5.3.2 and 5.3.3.
TATE 2], XF {@opt, Qopt} = {W/T,0} th I T 4 Jay e KAE . REFEHISE B XAET
L Qopt = 0FEWR T 723 MRS JIIFE 0, i T2 AR T L R I, ek
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177 PR E B S (t > T2) 201, s KRR EEHIRE R T I 267 82 BRI B . 2R
KB Hessian 648 h ZEUCIESF AT, X 5RHE ¢ AAAREIAN s AARHIZ 1A UL 3 1)
HRA—E B, £RENMEEZRGEP S AER. 5—Jm, H— R
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532 BEMIMURBHOEFELNI S
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et BoRUD B EATRAAEE B, H {oopt! ™Y, Qop "V} KT R TR,
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A8 1 RIFHE « BRI, fE e R, =4 1 2ot ™", Qopt ™1} H 122 ={9.425,
7.725Y, 133 ={15.71, 14.07} F is4 ={21.81, 20.371 } fE EL L i A0 A7 B I, £7F {9.560,
8.816}, {15.808, 15.3125} f1{22.0747, 21.6859} .

533 Mi gk kBB B IE &R

IEIRATAE LA RIS RE, BUETHE BRI, 1 S ARE ST DR E T
85, DAT A I SRS (A =1, B= 1} RAMNLE . R0, N T HEBRXFhe M
VCHECAtAE MR T RENE, JFAE FCSEI SR LA B0 1 r 2 1) 2 57 B ) — %
—IRAR, DA A IR SR BRI AR

L SNNSSSSSSSSSSSS

76 7.8 80 82 84 86 88
Q

B 520 = {0, Q} ={9.425 7.725} 5{A=1,B = 1} i+ = IR3) Z 4ty A 5 RHAL{9.560, 8.816} Z 1]
09EAER B, BB AR A A RE, BP {oopt ¥, Qopt'®!1}, 0<e<1,

e
=
ﬁ-‘%

_é

Fig.5-2 The connection pathway between the i-point i»» = {®, Q} = {9.425, 7.725} and the true optimum
for the {A=1,B=1} space-time forced system given by {9.560, 8.816}. The pathway was linearly

parameterized as a function of of & as {@opt' "}, Qopt!®!} with 0 < e < 1.
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Fig.5-3 The disappearance of optima for the system with decreasing initial velocity V. (a) The Hessian
index h as an indicator of the transition from a maximum (h < 1) to a saddle point (h = 1) as a function
of V. The three insets show the corresponding contour plots of X(®,(2) for three different values of the
velocity. For reference, the white dot is the i point, 123 = {9.425, 14.07}, whose coordinates are

independent of the velocity. (b) The orbits of the center of the ellipse and the saddle point in the {w®,Q}

plane with decreasing velocity.
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Fig.5-4 The final number N(T) of created electron-positron pairs after the interaction of the vacuum
state as a function of the frequency o of a time-dependent electric field given by the vector potential A(t)
= Fo c/o exp[—(t=T/2)*/(0.02T*)] Cos(ot), shown in the inset for w=c?. For reference the three dashed

vertical lines point to wept!"** = 0.844, 1.26 and 2.51. [Fo = 0.3 ¢*, T = 0.006 a.u., L=1.5 a.u., the electric

field was chosen to be nonzero for a spatial region of length L/4, Nx= 4096, N;= 6000].
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Fig.5-5 The final number N(T) of created electron-positron pairs after the interaction of the vacuum
state as a function of the spatial extension W of the electric field E(t) = —dV/dx, where V(x) = Vj
[1-tanh(x/W)]/2 and Vo = 2.5 ¢* (Wc/0.3)"2, as shown in the inset. The analytical predictions are based
on the steady-state pair-creation rate given by Eq. (5-7).[T=0.006 a.u., V(x) was turned on smoothly in
time over 0.0002 a.u.]
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Fig.5-6 The final number N(T) of created electron-positron pairs after the interaction of the vacuum
state as a function of amplitude Vy of the bump. Here V(x) corresponds to a smooth two-step potential
as described in the text and shown in the inset. The open circles are the approximate and rate-based
predictions according to the analytical expression Eq. (5-9).[Vo = 2.5 ¢2, T=0.006 a.u., the potential was
turned on smoothly over a time 0.0001 a.u.]
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HEMEFTHRLAERKRAOAEEHEE. i £42TF i1= {o/c?, Wc} = {0.844, 0.375}, i,= {1.26,
0.375}, i3= {2.52, 0.375} HL48 7 &9 A58 s AKAA A {0.880, 0.372},{1.25, 0.392}#={2.48, 0.423} . [Fo=
03¢, Vo=2.5¢2, T=0.006au., €% V(x)% 0.0001 a.u.&98F 8] A -FFARFE. ]

Fig.5-7 The locations of the true optima (open circles) and the corresponding i-points (open squares) for
N(T) in the (@,W) plane. In the inset we show the corresponding contour plots around the true optima.
The i-points are located at i;= {w/c?, Wc} = {0.844, 0.375}, 1= {1.26, 0.375}, i3= {2.52, 0.375} and
the corresponding true optima are at {0.880, 0.372}, {1.25, 0.392} and {2.48, 0.423}. [Fo=0.3¢?, Vo =

2.5 ¢%, T=0.006 a.u., the potential V(x) was turned on smoothly over a time 0.0001 a.u.]
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Fig.5-1 Comparison of the optimal frequency ® and spatial bump amplitude Vi, with the coordinate pair

of the corresponding i points ®!!%! and V;, (&1} | (Fo = 0.1¢* , T = 0.006 a.u.; the electric field b was

chosen to be nonzero for the spatial domain 1.5/4 <x < 1.5/2).

w M0 0y ol L g Brror h Index Angle o
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0.838 0.871 6.65 6.65 2.0% 3.7 x 1074 —1.5°
1.26 1.25 0.733 0.731 0.5% 1.1 x 1073 0.5°
1.26 1.26 3.56 3.56 0.2% 1.7 x 1073 0.1°
1.26 1.26 6.65 6.65 0.2% 9.1 x 1073 5.2°
2.52 2.52 0.733  0.524 14% 1.1 x 107 0.01°
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Fig.5-2 The corresponding average amplification factors N(T)"!/Max[N(T){1%, N(T){%!]for each of

the nine optima of Table 5-1.
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