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Abstract
We discuss the various important aspects of the theory of electron-atom elastic collision in laser
field. We analyze the collision accompanied by the transfer of | photons. We study the free
electron states i.e. Volkov states and target atomic states i.e. Dressed states. We calculate the
first-Born scattering matrix for electron-atom elastic collision. The present work accounts the
calculation for hydrogen as target atom in soft photon limits i.e., in weak field. The dressing
effect becomes significant in the region of low momentum transfer, reaches maximum of value
of 25000 a.u. at momentum transfer of 0.44. This work explains that the differential cross-
section does not occur very low and at very high momentum transfer. However, it occurs at

moderate momentum transfer.
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1. INTRODUCTION

With the development of laser technology, the
laser-assisted  electron-atom  (ion)  scattering
processes received considerable attention [1]. Due
to their time-dependent nature, however, a unified
treatment seems impossible. Various approximate
methods are developed to deal with a certain aspect
of the problem, depending on the specific
parameters applied to the lasers and the atoms.
Even for the simplest case of a Coulomb potential
plus a time-dependent laser-electron interaction, the
Schrodinger equation is not exactly solvable,
although the solution for either individual potential
is available. A product of both solutions for
individual potential, called the Coulomb Volkov
function, was suggested [2]. Such a solution is valid
only when the ratio between the field strength and
the field frequency is not so large.

In the recent years, the study of electron atom
collision in the presence of a laser field is a subject
of intense research activity, not only because the
importance of these processes in applied domains
(such as plasma heating), but also in view of their
interest in fundamental atomic collision theory.
Experimentally, laser-assisted electron-atom
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scattering processes have recently become feasible.
Several experiments have been performed, in which
the exchange of one or more photons between the
electron target and the laser field has been observed
in laser-assisted elastic and inelastic scattering [3].
The first theoretical studies on the inelastic
scattering were inspired from the pioneering works
[4, 5, 6], in which the inter action between the free
electron and the field can be treated exactly (i.e. to
all orders in the field strength) by using the exact
Volkov waves [2].

The theoretical study of electron-atom collisions in
the presence of a laser field is in general very
complex, since in addition to the difficulties
associated with the treatment of field-free electron-
atom scattering, the presence of the laser field
introduces new parameters (such as the laser
frequency, intensity, polarization and statistics)
which can influence the collisions. It is therefore of
interest to begin the theoretical analysis by
considering the simpler problem of the scattering of
an electron by a potential, in the presence of a laser
field. During the past decade, the availability of
increasingly more powerful lasers has stimulated
considerable interest in multi photon process.
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Among these process so called free-free transitions
in which a charged particle (like electron) is
scattered by an atomic target in presence of field.

When considering the collision of electron with real
atom in presence of laser field, one has to take
account three distinct interaction. First the
interaction is between the unbound electron and the
atomic system take place, as in the field free case.
The second is radiation field interact strongly with
unbound electron which induces inverse of
Bremsstrahlung. Third is the modification of the
atomic state by electromagnetic wave which can be
represented by

e +A +lhw—>e +A +1 hw

In such collision, the dressed states of the atoms A
in presence of laser field are closely coupled in the
Volkov state of projectile electron in the laser field.
The laser can perturb both the bound atomic
electron as well as the incident projectile electron.
The first effect was acknowledged by semi-
classical Floquet approach [7]. The approach is
compared to dressing by the traditional perturbation
method which is shown to provide an incomplete
description of the laser interaction and which can’t
predict the distinct features provided by the Flogute
approach. The second effect of the laser interaction
on the projectile electron is acknowledged via
Volkov states.

In this work we have presented preliminary results
showing that the dressing of the target produces
important effects on the elastic scattering
(accompanied by the transfer of | photons) of fast
electrons by atoms in the presence of a laser field.
These results were illustrated by calculations
performed for an atomic hydrogen target in
geometry such that the electric field was parallel to

the momentum transfer. In the present work we will
give a detailed derivation of final results and
consider applications to elastic - atomic — hydrogen
collision. We begin by discussing the laser-
modified wave functions for the free electron and
the target atom, the former is treated to all orders in
the electron-laser-field interaction, while the latter
is obtained to first order in the laser field, assuming
that laser field is much less than the atomic unit of
field strength. Then we consider successively the
direct and exchange scattering amplitudes, using a
perturbation treatment in the electron-atom
interaction. The present work contains our results,
obtained for an incident electron energy for low-
frequency lasers. In general, we find that the dipole
distortion of the target produced by the laser field
has a significant effect on the differential cross
section at small momentum transfers, particularly
when the number of exchanged photons is not equal
to zero.

2. MATERIAL AND METHOD

2.1 Dressed States of Hydrogen Atom

When the atom is naked to the laser field, then the
states of atom is said to be dressed states. The
dressed states of the target atom embedded in the
laser field are obtained by solving the Schrodinger
equation

ih E¢(T1,T2 vy t) = Hpp (], 75 ... 75, 1)

1)
Where z is the atomic number of the atom and Hy is
the Hamiltonian of the target atom in the presence
of laser field. We shall restrict our attention to laser
assisted elastic scattering from the ground state of
light atom such as atomic hydrogen where spin
effect can be neglected.

lh(a (1,75 o T t) = Hpp (T, 75 o T4 ) i 2)
. [é] — —> — PZ Zez — — —

or, lh(E (T, 75 . T t) = [E -t Verld (11,72 oo T U)o 3)
20— Pz 242 — =

or, ih(5; (711,72 .. Ty, t)= [% - riz - %A(t).P + :mcz] ¢ (1,75 e Ty t) e, (4)
Y RSN .

or, lh(g (1,75 e 75 t) = [He + H] D (1,72 oo 750 E) o 5)

Since we are working on low frequency range, this
energy associated with field can be neglected and

we take H' = —%Z(t).ﬁ as the perturbation of
the system due to presence of laser field.
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The probability amplitude for the first order
approximation is given by [8]

1 pct 5 i e ’
be(t) = =5 [, Hyi (7 t)e™rif dt
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Where matrix element, Hs( T, t) = (ilH'|yi) H =A,e - Pe™ + Aye * Pe™ .o, (8)
Taking ff(t) as linear harmonic, we have
. S We have,
At) = Apge’™ + Agee ™™ oo (7)
0

_ by (t) = < Oy |¢(°)> WAL ©)

Then, perturbation becomes
1 pt, > =2 it e iwet 3.’ 1t rd 2wt 1o Wit 3.

by (t) :_Efo (A e = Pe'@t |iYeWrit dt' — Efo (flApe “ Pe 't [D)e™ it dt e, (10)

1 rt rd 1 PN A
bp(t) = == [(f|Aoe - —Ir.Hollije@t" . e™rit'dt

, 1t i
_Efo(f<AoE

—{r, HolliJe™™ e™rit'dt’ ...(11)

Where B=mr =%[r, H,] is equation of motion and its real value% <[r, Hy]> and % is introduced to take

real expectation value

1t > St N .. 1 > st i wri—W)E g
by (6) = — [ (i = Ep){(f1Age = 71i) [, et at' +— (B; — Ep)(f|A e - 7li) [, e'™rim™tdt'.......(12)

On integration, we have
(a)+wfl)

lwpi-o)t

be(t) = f(E Ef)(f|A € - 7|i) (0 +wp)

This expression gives a peak value at different
condition. The second terms gives a peak value at
Wr=w, Le Wp—w;=Ww

For resonant absorption, Ef > E; i.e. The first term
gives the peak value at wy; = —w i.e. wy —w; =
—w which implies that E; > Efi.e. stimulated
emission.

elwt e—Lwt

(wri-w)

pn(F D)=e~iOmnte TR [y (=3 (-

mntwW Wmn—W

Where wn(T) is the unperturbed atomic wave
function (Target state of energy in absence of laser
field ) with energy E=hw,and wmn=wn—w, = Bohr
frequency and M= Eo. (| E. Tlw,) is dipole
matrix element and Eo is the atomic field strength
less than 5x10° V/C and summation includes an
integration over the continuum states. The factor

(7, t) = e"wote=dR[yn(r) + T (-

2.2 Direct scattering amplitude and area of
differential cross-sectional

The S-matrix element for elastic scattering in the
direct channel, in the presence of laser field and in
the first Born approximation is given as [6]

151

WpotW  Wpo—W

Now, we know from first order time dependent
perturbation theory, the wave function of the
dressed state is given by

—lEnt

8 (1,0 =T D (OO € 7 oo (14)
Using the value of by (t) for m" state
R ¢ SO (15)

e™R ensures gauge consistency between the Volvok
free wave function. This wave function is valid for
all frequency w except in the vicinity of a Bohr’s
frequency and (1) (unperturbed wave function)
is added because it is spherical symmetry. So, the
ground state of dressed wave function is given by

S8 = =i | dttus (o, 090, OVl

I L TG ) N 17)
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Where Vd = _i + Zlei is the direct electro- ;= (Zn) 2 exp[l(kf * Tk - asin o %)]

atom mteractlon potentlal W|th To; = |To — 7| and (18)
7, denotes the co-ordinate of projectile electron.
Here E and k_f) denote respectively the wave

vectors of the free — electron projectile before and
after the scattering then the Volkov state wave (19)
function is given by,

i = (Zn)_Taexp(i k - T—k ~asin wt—%}]

Using equation (18) and (19) in equation (17) we get

7 (xsmw(f_ )
SBt = —i f dt f (ZH)ze[("f KO RO@SI OS]t DVdlgo(r D)dr,

We define, A= |k — k;|is the momentum transfer and also x = A. &

R ) SR
si == [ ac [@ryetemetsmote S ar, (po(7, 0lVAIGG 1)

Using the generating function for Bessel function

e = X" J,(x) exp(il)

l=—w

+0 _F. e
SBl = — f dt f (Zn)-3ei<A'fo>e@TE‘)t dr, Z J,(x) exp(ilwt) X (po(7, O)|Vd|po (7, t))
. =

El lhw)t

Bl= — [ de f(2m) Ry, e B JiX) [ " A7) dry o T, ) Valgo( T, 1))

Suppose So this S-Matrix element related to the transition
® amplitude for transition from momentum state K; to
T = Z L)V () (do(E, 1) [Vd|do (F, 1)) Ks and T”is the transition matrix which is time
1= independent. So it is taken outside from the time
integration.
=V(8) XiE2,11(A.9) (bo(F, 1) [Vd|dyo (F, 1)) Also
where, T = J1(A)(bo(F, V[ Td|do (F, 1))

V(o) = 2n)73 J el(ATo) gr
In circular polarization, it relates to the Bunkin-
Freedov formula in which dressing effect of the

Therefore target is neglected and Bessel function contents all
51 (0 +eo (Ef — E; — lho)t the field dependences of the transition matrix
S 1 = T dt e =~ R R
e Y h element and the form factor operator V4(A) is given
- Ei— by (9
S8l = —iTl(O) f_+00 o E1 Elh tho)t ,, y (9)
(20) Vd(A) exp ([IA r— 1])
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Using direct delta function equation (20)

SBY = —2miT\ V8 (Bf — E; — lh®) ovvvrrrneee (21)

Then, the differential cross-sectional area is given

by

do m? | op2

dQ ~ @2n)2htk; 't

do m? thw\1/2

E:%—ZM@—E—M) LI E— (22)

G5, 1) = 7 e MR [y (7o) — sinwt Ty, yhemns

Where, yn(7,) is the target state of energy wy, in the absence of laser field. W,,=

icoswt Zn v
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(1 — lh—w)l/z and

Ei
Ey;is initial kinetic energy

Where —

When the dressing effect is taken into account then
the dressing effects of the atomic target is called
first order correction to the atomic state. One of the
I photons exchange between the field and colliding
system interacting with the bound electron and is
calculated using dressed state wave function at
ground state of equation (16) we get

1,[) N(T) eerereieeereis e (23)

(En-Eo) is the Bohr’s

frequency and Mno<1pn|eE0.ﬁ|lp0 is the dipole coupling Matrix element. Using equation (23) in equation

(17) and on calculation we get,

—0o0

= —(2n)‘1i26(Ef — E; — 1hw)[< $o (1) V[ (o)

=0

WpoM WooM
> —sinwtz:zno—m; < YolVd|yp, > —icosth no 70 > < YolVIy
py Wno —W Py WnO
WnoM. w. M
> —sinwtz:zno—no2 <Y, |\Vd|xo > —icoswtzzno—"o2 < YulValxo >1

Taking the Fourier transform,

4m
f exp(iA.Ty)Vd (7, x ) dry = de(A, x)

We get,
SB1

—27”21_—005(5]‘ —E - lhw)]l(x) " [(1/)0(T0)|Vd|l/’0(7”0)) —sinwt ¥, o

wWnoM. -2
‘rl02 2?2 A2 (ll)n|vd|l/)0) -

wMyg

Lcosa)tzn Y AZ (l/)n|Vd|l/)0) — sin a)th
Mn
icoswt Y, :2 (;)2 e (an|Vd|lP0>]
SBl = —2mi z (Er — E; — lhw)]l(x)
l=—w
~J1(0)sin wt o 2257 22 (o[ Valwhn) —
: n Mn
JIE)sin ot By 225700

where,
exp(iySinu) = X2 _. J1(y)exp (ilu)

0

SH = —2mi Z 5(Es — E;

l=—o

hw) []l(x)

2 (¢O|Vd|l/)n) -

Wno2-w? A

(wo(ro)WdW’o)

icos wt JI(x) an wznfwz AZ (lpolvdllpn) -

() Wn|Valpo) = icoswt JI (x) Tn 225725 22 (| Vatho)]

(1/Jo(ro)|Vd|¢o)



Study of the dressed state of Hydrogen atom in electron atom elastic collision in laser field

nOMnO

—isin wt exp(ix Sinwt) exp(—ilwt) Z ~ 2 ( Az )(1p0|vd|1pn

— iSinwt exp(ix Sinwt) exp(—ilwt) Z —wz ( A2 )(l/)n|Vd|l/)0)

Where cos term is imaginary, so neglected.

SR =2mi . S(EF ~ Ei — 1h)[i (o) (o) Ta o)

l=—

i)} () B 22 (52) Wo | Valhn)xMon — iJ; T e ) L LA 2y — (24)

WnoZ—w? 02— w?

/ w
SE = —2mi ) 8(Bp — B — ho)[T9() = () D" —3"— (172,,(8) + To3 4(4)
no
n

l

where, = TR (A) + Tapoo(A) + Toonp (A)
25)
(8) = == (o [Valbn) (
Ton A2 n SB = 2mi Y, TP (W)6(Ef — B — 1hw)
(26)

np O(A) = AZ (lpn|vd|¢0>
Now, let us take hydrogen as atomic target,
introducing the wave function in such a way that

Are the Born amplitude corresponding to the reduce the dipole terms i.e.

scattering amplitude 0 to np and np to O transition
in the absence of laser field and sum involves only
intermediate P states, therefore transition Y ,(r) = Z WhoMyp, 0,p (1)
matrixT7; (A)is given by m
Which has the symmetry of P state, then dressed

state wave function with n=0 becomes,
T4 (8) = TS(A) + T4 (D)

Bo (1, t) = eti®ot ol@7 [1) (1) — sin wth, — i cos wtyy,]
Same as Volkov wave function (eq" (17)), then calculation becomes,
SE = —2mi 57, 8(Er — By — hw)J1(x) (2) [(1o (o) |[Valo)-
. -2 ~ , -2 = , -2 = , -2 =
Sant(A—z) (o |Va|n) — icoswt (A_z) (Wo|Va|n) — sinwt (p) (¥n|Va| o) — icoswt (p) (¥n|Va| o)

After neglecting imaginary terms,.

0

SE = —2mt ) 6(F — E; - h)[Jl) 55 Z [0 ) Valtho)

l=—00

-2 ~
—isin wt exp(ix Sinwt) exp(—ilwt) ( F)(zpo |Vd|1/Jn)

-2 ~
— iSinwt exp(ix Sinwt) exp(—ilwt) (F)(¢n|vd|¢0)

2 ST = —2mi T 6(Ef = Ep = TRW)TE(A) e (27)
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where, then receiving energy is given for one photon
TA(8) = LCOTR(B) = Cf P (o = o) + (h = wo)ho(r) = eEo. Ty (r)

fBl(ll’o - lpo))

Here fP' denotes T&} o, and Tfl}o i.e. Born We know the ground state wave function of
Where the first terms represent the field amplitude ~ Yo(r) =7~ /2e™"

and second term is just the first Born corresponding  Solution of the equation can be written as

to transition from the state to the state or vice-versa. N 1 7

For the case of an atomic hydrogen target a closed ~ Yo =T 2eE,r(1+ > €XP (r)

form expansion can be calculated to 1. For o, the  Therefore, we have [11]

Hamiltonian of hydrogen atom is denoted by 2 2(A% + 8)
p=tt T ) = =z {olValvn) = 252
Similarly,

o e _ 192E, 8

f(ll’o—’ll’o) + f(wo ¥o) 24 <l»b0|vd|¢n> T AZ(AZ + 4)( + (A% + 4))
T np,0 + TO np

Again from [12]

2(02+8) ., 192E,.A 8

2 — _ o
T =10 a5y e ays ( Ty 4))

Differential cross-section area in dressed state of Hydrogen atom for the net exchange of | photons between
the colliding atomic system and laser field is given as

do ~ m? lhw "%

(- ) T

dQ (21‘[)2}1 Ey;

do _ m? (1_u,_w)1/2 ( )2(A2+8)_ ( 192E,.A (1+ 8 )]2 28
a0 = —(Zﬂ)2h4 Fri []l X (A2+4)2 ]l AZ(A2+4)3 —(A2+4-) .................................................... ( )
3. RESULTS AND DISCUSSION x=A-a,0=4.5 for hydrogen, Eg =20 a.u.

3.1 Differential cross-section From recurrence relation (20)

Let us analyze the result obtained in previous . l
section, for weak field the scattering amplitude is /1) = /1) = Ji+1 (%)

given by, a8 TfZL-(A) -
2(A“ +8 2
TAW) = 1109 Gy a7 BEEEED Ly () — s () et 1+
i b (14 ) ) (29)
PAZ(A2 + 4)3 (A% + 4)

' The first terms is the field free scattering amplitudes
ForJ, (x)is ordinary Bessel function J (x) is its (TfOi(A)) with ordinary Bessel function. The second
derivatives, | <Ofor emission and I>0 terms account the dressing effects. For the simplicity

For absorption, Asz’_fl’ is momentum transfer ~ We choose variable x as a function of momentum
which is less than one for weak field transfer i.e. x=4.5A. For target atoms value of a is
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taken as constant. The value of X decreases as
momentum transfer decreases. The second terms with
ordinary Bessel function will significant for small
value of x. From the first Born scattering amplitude,
the differential cross section is given as

do 2
—=f(@6
dw | ()|

The plots of differential cross section against the
momentum transfer using computational program
has been plotted as shown in Fig, 1 for I=1i.e. in
the case of photon absorption.

50000 -
40000
30000 - ‘

20000 |- ‘

Differentlal Cross Sectlon

10000

6
Momentum Transfer

Fig. 1: Differential cross section against momentum
transfer

Figure 1 explains that below momentum transfers
0.4, the differential cross-sectional area increases in
large amount such that particles diverge due to
large area of cross-section at small momentum
transfer which blocks the particles. In the above
plot resonance occurs at momentum transfer 0.44
which cross ponds to the absorption of photon and
this absorption cross-sectional area fits for this
range of momentum transfer.

When contribution of momentum transfer is very
small the differential cross section is large. In figure
2 the range of momentum transfer is very low
therefore particles get diverge because of large
cross-sectional area.

4, CONCLUSIONS

In present work we studied the electron atom
elastic collision in weak laser field, which is
accompanied by the momentum transfer. We
discuss the free electron states as Volkov states and
calculate the Volkov wave functions.
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Fig.2: Differential cross section against momentum
transfer.

We also analyzed the target atom is dress by laser
field and whose solution is given by dressed states
wave functions. This works gave a detail derivation
of the first Born scattering matrix for electron atom
elastic collisions in presence of weak field i.e., in
soft photon limits. We found scattering matrix
contains energy terms and amplitudes terms. There
were several amplitudes, the field free amplitude
and amplitudes for various transitions. In this
work we analyzed that the dressing of target
produces important effects on electron atom elastic
collisions. The dressing effects became more
significant in the region of low momentum transfer.
In the high momentum transfer region, the dressing
effect became less significant and almost absent.
The dressing effect causes important modification
in differential cross-section.

For the deferential cross section against momentum
transfer at x =4.5A, the Fig.2 showed that
deferential cross section approaches to infinite since
dressing effect is significant in the region of low
momentum transfer. Indeed, the second term in the

equation (29) containingéwhich became infinite.

The initial falls of differential cross section with
momentum transfer is due to the absorption of
photons. Here probability of collision becomes
less, and differential cross section approaches to
lower value and then it increases and reached to
the maximum value of~25000 a.u. at momentum
transfer of 0.44. In higher momentum transfer
region, the dressing effect became less or in very
high region it is almost absent. Fig.2. showed that
the differential cross section for very small
momentum transfer is very large. The differential
cross-section occurs at moderate momentum
transfer.
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