a:_.mﬂ% Ko/ E

(Rl 1§ _,::n R .v 13

) a__ﬁa&m.w_‘.-_dn_.}: 7 8 .M_

i&m’% !:-D el

o LRE BSH REMG T OB 6w

v
8%



EUPERBOC R TG
Fe HAHSC B n]

4 4 & K B
Jb &L



m oA E N
A-BPERHENR T ST R BOCEE EAE ) B L UHR T 50 RO LR
Grf Bt . B RECIT R, I NBOCHEFE. DL Rt UL B 1T =
ANTTRE T SEMHOL S B 7UBRE ) B E R A LA, s AR T s
A FEE AR SR BOGIE ERAE @ h 3R EOCH R 11 86E ) YOI N A -
AR EER R DI ERMMNHA L RSB R TR
ZH .

E-BIERSE (CIP) £iE
B RO B TR B S a8 T E 4. —dbal. BleE G,
2014.4

ISBN 978-7-03-040177-9
I OF- 1L O O OFEHFEE- 1v. DTN248

o [E R A (5] 4 CTP BiiAZ = (2014) 55 047413 5
WAEGHE. B Y% K O/ TERI. % OB
TALRP R . AV A @ikt Ba ik

44 4 & K B
ALt AR AL 16 55
HREARES: 100717

http://www sciencep.com

AAA| % & 2% A Nk
Rl % A1 *ﬁkm;fa’rﬂémﬁzéfﬁ
2014 4F4 5 — R JFAC: 889X 1194 1/16
2014 4 4 H 55— UEpk] Egk: 19 #4fi (8)
THL: 600000
EMr: 120.00 T

(A7 B ikt () R, Ftt 52 sTils)




Q

A I || IR S

P2 A R e ARk



TR
QT A 2%

B

@FHAKH

B i 75 6] TE P 2%
©BhHER K2R
DA% 2 1) 6 I %
O R 5% 2%

O 4 vh

10437

(= 8:E=3

A FEFE e 1
(R EF2

CM: M8

SM: HUFE Rz 5145
AMP1: AR
AMP2: BiffefrAca%
PAL, PA2: /L1, /L2
LI~L4: &E#1~EH4

B3 Ol IO SRS i s S

S —— — — =g

. N e |
= o = maan“.._‘-

}‘ (L] 'o,i o 5o
i )

? - --—..

4 OISO &



AR N/ @ o2

B 6 e ctot Bl MBS T-



TE 7 ORI = RO BIRELEAS IO RS0 B4 L i G

RN 8 M AT S TCA P T s 1) FRDIG 2 S B BRI R AR xe Lh




T 9 85 A e e B PRI S A AR Z: HF BRZ b 44 e 1~ 1 &)

100.0

0. Oum 0. Oum

B 10 B R bR ] COL MO R RTR 1) — AR 4 i 0P 5







(b)

(d)

I 14 A[EITE CO, Ot EIEH 5% AK, (a) 0.1 kHz, (b) 1kHz. (c¢) 10kHz, (d) 15kHz

200 pm 200 pm

2 .

(a) (b)

I 15 FAGEMBE L (a) FITEHROIESR (b) Al & G

(a) JCiHEE T (b) HEE IF40IE K AbFR

FE16 KOS AT R A3 Sk T



PRL 105, 113603 (2010)

PHYSICAL REVIEW

week ending

LETTERS 10 SEPTEMBER 2010

Quantum Theory for Cold Avalanche Ionization in Solids
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A theory of photon-assisted impact ionization in solids is presented. Our theory makes a quantum
description of the new impact ionization—cold avalanche ionization recently reported by P.P. Rajeev. M.
Gertsvolf, P.B. Corkum. and D. M. Rayner [Phys. Rev. Lett. 102, 083001 (2009)]. The present theory
agrees with the experiments and can be reduced to the traditional impact ionization expression in the

absence of a laser.
DOL: 10.1103/PhysRevien.105.1 13603

An intense laser has been widely used in many fields,
including laser-induced inertial confinement fusion, laser-
driven accelerators, materials photon-emission property
measurement, and laser micromachining [ 1-4]. However.
laser-induced damage (LID) in solid materials is sull a
limiting factor of its application. For decades. LID has
been extensively studied by numerous theoretical and ex-
perimental methods [5-8]. It is well known that the gen-
eration of conduction band electrons (CBEs) in solids is an
important process for LID [ 7]. Under laser radiation, there
are two ways 10 generate the CBEs in solids. One is by the
valence band-conduction band multiphoton process. and
the other is by impact ionization [6.7].

Traditional impact jonization (also known as collision
ionization) holds that if the Kinetic energy of a CBE is
larger than the impact ionization threshold. the CBE can
knock a valence band electron out of its band and promote
it to the conduction band. For traditional impact ionmization,
impact ionization can happen only if the Kinetic encrgy of
the CBE is larger than the threshold of the solid [9] and the
avalanche coefficient of impact ionization is a constant
with respect to laser intensity [6]. However., recent detailed
experiments show that the avalanche coefficient changes
with laser intensity. indicating that a new impact ionization
mechanism exists in the presence of an intense laser. In
Ref. [10]. the authors assume that photon absorption plays
an important role in the impact ionization and the cold
avalanche ionization (a CBE can knock out a new CBE
even if the Kinetic energy of that CBE is less than the
threshold) exists. In this work, we present a quantum
approach to describe this new impact iomzation mecha-
nisim. As described below. the theory directly shows the
existence of cold avalanche ionization and naturally recon-
structs the experimental results.

In the presence of an external laser, the interaction
Hamiltonian for impact ionization can be written as

Hiy = Hy + Hy, (h
where Hy and H; are. respectively. the Hamiltonian of

electron-laser interaction and the Hamiltonian of tradi-
tional band-band impact ionization [9]. For the intense

0031-9007/ 10/105¢1 1)/ 113603(4)
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laser, it is necessary to treat the interaction between the
laser and electron as a nonperturbative, The Volkoy wave is
usually employed to describe the wave function ol a free
clectron in an electromagnetic field [11-13] [in this work,
the strong laser field is described as A = Ay cos(wr) such
ay in the Keldysh's photon ionization theory [ 13], which is
now widely employed to study the LID in intense laser
[6]]. In solids. the Bloch wave Tunction of an electron,
accelerated by the field inside each of the bands. can be
written as the analogous forms of the Volkov wave:
i 2 oA+ Psi

helP) = t,b(-(r)c\p{— iI:l:'ul + ’,’Tl + —‘AU Prinfar)

o= «

h wm;
Ha 242 .
Ay . e“Agt i-
+ —L sinRewr) + —2> | +—-P- F},
Smw Am; h

c‘i(, . ﬁsin(wt)

UyiP) = tl’v(r)c\p{—%[’i,/ -

2m;, wmy,
2 2 2 2
e"Ay e“AGt i=
—L sin(Qwr) + —2 ] +—P- r}. (2)
Sm,w 4m;, h

where ¢~ and & are wave functions of the conduction
band and valence band. respectively. P and A-(, the quasi-
momentum and the laser vector potential, respectively. m;
and my(<0) the effective mass of the electron in the
conduction band and valence band. respectively, ¢ (r)
and @y (r) the functions that have the translational sym-
metry of the lattice. E, the band gap of the solid, and 3’,” =
PR I ) S

5 the Kinetic energy of the electron (for simplicity,
we consider only the simple spherical and parabolic band
structure in this work). As discussed above, before the
impact ionization, one electron is in the conduction band
and another is in the valence band. After the impact ion-
1ization, the two clectrons are both in the conduction band.
So we take the initial state as |0} = @ (7, P)) by (7, Ps)
and the final state as |f) = &(F,, i;‘,)(,b(-(Fz. l-’;)

We now calculate the probability from the initial state to
the final state. The difference between this procedure and
the usual perturbation theory lies only in the fact that we
calculate the probability of transition not 1o a stationary

© 2010 The American Physical Society
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