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ABSTRACT

In the present study, we have investigated scattering of an electron by hydrogen atoms in the presence of the
Circularly Polarized (CP) laser field. We have discussed the polarization effect of laser field on hydrogen
atom and effect of the resulted polarized potential on differential scattering cross section is studied. We
assumed the scattered electrons having kinetic energy 100 eV because it permitted to treat the scattering
process in first order Born Approximation. The scattering electron was described by Volkov wave function.
We found the differential scattering cross section decreases with the increase in scattering angle, for a fixed
value of a laser parameters and kinetic energy of an incident electron. From this study we found that, the
differential scattering cross section for the electric field perpendicular to the direction of momentum transfer
depends on the elastic scattering amplitude. Finally, we concluded that the differential scattering cross
section greatly depends upon the polarization of the laser field.

Keywords: Volkov Wave Function, Differential Scattering Creoss section, Polatization.

INTRODUCTION adiabatically varying intensity can subsequently be

Electron atom interaction in the presence of a laser ~ made. At high intensities atomic transition
field attracted considerable theoretical attention in ~ abundantly involves multiphoton absorption and
the recent years not only because of the importance ~ emission. The description by perturbation theory is
in applied areas (such as plasma heating or laser no longer valid , and new method of solution of the
driven fusion), but also in view of their interest in ~ Schrddinger ~equation are needed. A non
fundamental atomic theory. The problem of this  perturbative theory was developed earlier by Kroll
process, is in general, very complex, since in  and Waston for low frequency regime (Kroll and
addition to the difficulties associated with the ~ Waston, 1973) is well suited for the range of the
treatment of electron atom collision, the presence of ~ intense IR laser. In the following we shall present
the laser introduces new parameters (for example, ~ our theory for the low frequency regime. We shall
the laser photon energy Aw and intensity 1) which mainly deal with the case of electron atom collision
may influence the collision. Moreover, the laser ~ in the radiation field also termed free-free
photon can play the role of a "third body" during transitions. We shall first describe the formalism
the collision, and "dressed" the atomic states and then apply it to the case of a polarized
(Byron et al., 1987). It is therefore of interest to  potential.

begin the theoretical analysis by considering the  The free -free process can theoretically be studied
simpler problem of the scattering of an electron by  at various levels. As the target does not change
a potential in the presence of a laser field. A fully  states in this process, its own energy spectrum can
realistic description of the target atom is quite be ignored and a simple potential can mimic the
difficult. We shall represent it here by a potential electron atom interaction. Furthermore, the
model. In the Pioneering work potential had been collision can be treated as occurred at such
taken to be of the central self consistent type; a intensities of electromagnetic field that the
coulomb like at the origin (V(r) = z ). The laser electron-fiel_d coupling is the domina}nt process and
field of a monochromatic infiniter plane wave, the target is trans'parent to .the field such that
linearly polarized, in the dipole approximation, the photon-target coupling can t_)e ignored. If, however,
plane wave assumption is not critical, as the the frequency of the photon is such as to couple two

extension to the single mode laser pulse of stationary states of the target, then the target-field
interaction becomes extremely important. Here we
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discussed such intensity of the electromagnetic
field where the photon-field interaction can be
neglected (Mason, 1993).

THEORY

We consider free-free transition for scattering of an
electron by the potential;

V(r,t) = V() + o EE (1)
Which describe a hydrogen atom in a laser field .
V(r) denotes the potential;

V()= —e (143 0

And o is the static polarizability (cs= 4.5 a.u. for
hydrogen in its ground state). The second term in
the equation (1) describes approximately the
interaction between the electron and atomic dipole
moment induced by the field.

For circularly polarized electric field in the dipole
approximation

P — E — e
E(t) = i70 [exp(—iwt) € —exp (iwt) €*]

—_— —* . .
Where €and € are polarization vectors. On

expanding the exponential functions
we get

E(@) = —{[cos(wt) <l

+ sin(wt)

[E+€ ]}

@)
Let us define two unit vectors along two orthogonal
directions in the polarization plane:

~ _  i[E-€]
] = VZ (4)
and
5= 5)
ig, = = (6)
Adding egn. (5) & (6),
54z [E+ €] [E—€] 2E€
e le, = =—
2 V2 2
—  g+ie
— e\/;e] (7)
Subtracting egn (5) & (6),
__ [E+€] [E-¥€] 2¢
e, —ig = - =
V2 V2 V2
=, §-if
€=-7 8

So, the laser field given by the eqn (3), can be
written as:

E(t) = ©)

E, is amplltude and w the frequency of the electric

[e (sinwt) — & (cos wt)]
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field; &,and &, are unit vectors along two orthogonal
directions in the polarization plane.

A is the vector potential representing the laser field

for an CP wave. Here we take 4 in spatially
independent form because we have taken coulomb
gauge.

We have from egn (9),

F(t) = E [€,(sin wt) — & (cos wt)]

V2
On integrating over time, and substituting for E(®)
from the eqgn (9), we have

A=

E,
— ¢ | — (&, sinwt — &, cos wt)dt
f\/i(L ] )

E
= c—% [€,(cos wt) + & (sin wt)]

wV2
A= A,[&,(cos wt) + & (sin wt)
Where,
cE,

A, G

Here we consider that the laser field as circularly
polarized. Then we can change the Volkov wave
function (Volkov, 1935) in a following simple form
by substituting the value of the vector potential, we
get,

x(@t) = (Zn) 2 exp {lk 7 — lETkt}

-

exp {—iao [é,sinwt — & coswt] -k —

i -
- [Vv(# t)dt}
Where,

ed,

mcw

(10)

a, =

as
cE,
wV2
So, we have

e CE,

mew w2
Hence,

V2

A, =

a, =

Eo
e 0T mw?

Now, defining

a(t) = a,[8 sinwt — & cos wt]
So eqgn (10) becomeS'

)((r t) = (Zn) 2 exp [(LE -1
[V tat]
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This is the required form of VVolkov wave function.

Thus the first- order Born approximation, the S-
matrix element corresponding to the scattering of

the electron on the potential given by,

Substituting for )(_, and Xos

h(2n)3 ffexp —ik -7 + iky a(t)+lEkfh>{V(r)+oc f E}

exp (lk e lk -a(t) — iEy; h) d3rdt

Let the momentum transfer of the scattered electron be G = F - EZ

h(2 )3

jfexp{lq 7} exp{—iq - a(t)}exp{(Ekf Ekl) }V(r)d?’rdt

+mf_wf exp{iG - 7}exp{—iqG - @(t)}exp {i(Ekf — Ey) E}{ g r—3} d3rdt

Considering the first part of the egn. (14),

S

_ £B1
_fel

i

- n(;m f f expliq - }exp{~iq - a()}exp {i(Ekf - Eki)%} V() dr dt

I expl=id - &)} exp {i(Eey — Eua) 7}t

Where f51(q) = —(2n)™! [ exp (iG. )V (¥)]d>r is elastic scattering amplitude.
Taking,

-

lq\/_

Let,

cospg =

and

a, [e (si

inwt) —

e
i—a,[q. & (sinwt) — §.&(cos wt)]

NG

g (cos wt)] =

“o\/(ﬁ- e)?+(q. 8)? — (sinwt) — —_—
/(q-a)2+(q-e§)2 /(q-a)2+(q-€,)2

1% L (cos wt)

-

q.¢

and sing, =

Ja

&) +(3.6)? J(ﬁ &) +(3.6)?

Ry =5 @607 +(.5)°

@G-8
(ﬁ-@)) i

¢q = arctg <

Then

lq\/E

a, [el(s

inwt) —

= (R, sin(wt — ¢g)

So,

o ()

h(ZT[)Z

g (cos a)t)] = iR, [cos ¢q(sin wt) — sin ¢, (cos wt)]

f dt exp{—iR, sin(wt — ¢,)} exp {i(Ekf — Exi) %}
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S=2L" dt < x IVF Ol x>
h Y=o kf ki

(13)

(14)

(15)

(16)

(17)
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We know the generating function of the Bessel Polynomial is (Harper, 2006)

pixsing _ Z]"(x) onid

exp{ R4 sin(wt — qbq)}_ Z In(R, ) e (ZiNwt) o (INGq)

N=-w

So

i [t < . . _ t
S = 15 Dy | dt Y InR) N0 expli(By — Ey) )
h(2m)? J_,, = h

Or,

—00

i © ' t ' _ t
S = 1 @ gy D, R ™ [ dre e expli(Ey B~ Vhw) g}
N=—w0

In the atomic units (A = 1)
i © i t t . t
Sgcl =B () h(zln)z ZN:—OO]N(RCI) e(lN¢q)hf d—exp {l(Ekf —Ei — Nflw) E}

B @D

= 8@+ ZN__w/N(ﬂeq)e@”%)a(Ek — Ey, — Nhow) (18)

Z ]N(:R )e(lN¢q)6(Ek _Ek —th)ZTL'

Here we have used properties of delta function[6];
1 > .
) = ik(x—x")
§(x—x") P f_ooe dk
Or,
-f ekC=xX)qf = 27r6(x — x')

Again the second part is;

.
ST = hzn )3Jf exp {id. (M)}exp { —ig. @(t) Yexp {i(Es — E,a)—}{ = }d?’rdt

Since,
t-E

E — —>
o = r—gﬁ- [exp(—iwt) € —exp (iwt) €]

So,
—i t t
I = gy | P (1. G)exp { ~id.20)Yexp {i(Fir — Eue) )
E, . = , — 3
{ocS B [exp(—zwt) € —exp (iwt) € ]} d>rdt
t t
~(s ) ||| exp (i ()exp ( ~id 46 Yexp i(Eey — ) )

{exp (iwt) L &} d?rdr] (19)
Considering first part of equation 19
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t
- —> > > . t
oy By || exp (i ()exp { ~id. 4(0) Yexp By — Fi) )
CE
exp(—l(ut)r—3-e d>rdt
- - F =4
= Eofexpiq.(r)}r—3-e d3r
t
t
f dt exp{ —iq.a(t) }exp {i(Ekf - Ekl-)ﬁ} exp(—iwt)
- - F =4
= Eofexpiq.(r)}r—3-e d3r

o
. . t
fdt Z In(Rg) e INeD(tNPa) eXp{i(Ekf — Ei) ﬁ} exp(—iwt)

—© N=—w0

Because,

exp{ —iq.a(t) } = z Jv(Ry) o (ZiNwt) o (INpg)

N=—w
Now,

ro
g onexpiﬁ. (F)}r—3-e d3r

t 0
. . t
f dt Z In (Rq) e (CiNwt) 5 (iN¢g) exp {i(Ekf _ Eki) E} exp(—iwt)

—0 N=—w

o F L X ,
=g Eofexpiq.(r)}r_3.e d3r Z ]N(:Rq)e(”v"’q)
N=—w

h 21 §(Ey, — By, — (N + Dhw)
Replacing N by N — 1,

P ,
=%s Eo f expiq. (M} -€d’r Z Jn-1(Rg) &'V

N=—w
h2m S(Ekf - Eki - Nh(!))

Here the integral;

7€ Y
fr—3exp{iq. }d3r

T € cos ) 2 .
= fﬂ r—Sexp{Lqr cos B}r<dr sin 6d0dQ

21 € cos 6 q-€

= = T —

iq iq?

Hence first part of egn (19) is,
= —(2m)*h o5 Eo N Ju-1(Rq) ' M VPS (Ey,, — By, — Nhow)
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The second part of the egn (19) is
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t t
—ots B, | exp (id. (exp ( ~id.d(0) Jexp (iCFiy — F) 3)

-

(R
{ exp (iwt) = -E*} d3rdt

r €* cos@
fff r— exp{iqr cos 0}r?dr sin 6d6d®

= (2m)? g E
N=—w0
Replacing N by N +1,

= (2m)? s E, 2

ZN__OOJNH(Rq) e(Na)5(Ey,, — By, —

Z Jn(Rg) eNPIS(E,, — By, — (N — D)

Nhw) (21)

Thus with the help of the eqns.(20) & (21), egn.(19) becomes;

—i . E, . G-€ . g-e*
S = 5z 8(Ex, — By, = Now) e o 2 [0 T2, (Ry) — €90 T2 y1 (Re)1)

Thus we get;

l
S:Eé‘(Ekf_

q [e( ‘¢q)q_]N 1({]3 )_e(l¢q)q

S = g §(Ey, — Ex, — Nw) fi*

Where,
fiit = e (£B (q) 1y (R,)

By, — No) e(Na){£51(q) Iy (Ry)

—ocg % [e(7i9a) %@/N—l(ﬁq) — eli9d) %]’V“(Rq)]}

In the presence of radiation field the scattersd
electron gain or loose energy equal to Nw,such that
Ef = E;+ Now where Ej¢is the initial (final)energy
of the projectile and N is the net number of photons
exchanged (absorbed or emitted) by the colliding
system and the CP field.The energy spectrum of the
scattered electron therefore consists of the elastic
term ,corresponding to N = 0 and a number of
sidebands,each pair of sidebands corresponding to
the same value of |N| .

We have differential scattering cross section is
(Zettili, 2009)

p1_ b
T o

B1

t .
- f o By Er=Nat 1
—©

We know, lim,,_,, e=1
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(22)

]N+1(:Rq)

(23)

(24)

We can insert this term in the above equation. So
the equation becomes,
4 t
entei(Ekf—Eki—Nw)tdt

SEt = 5 filim |

n-0

Now the transition probability is given by,
Transition probability P;— S |*
1

1 2
B1 : 2nt
?|fN | 311_1')1'(1)3 n
(Ekf

4 )

— By, — Nw)z + 1?2

[la + ib|? = a? + b?]

Similarly the transition rate is,
dPy _ 51 ety
T

7= g
(Ekf — Ex,

- Na))2 +n?
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We have the relation,
2nt

lim =nhS(E, —E

n—=0 0)7211 + 7’]2 ( n l)

1
6(hw, — hw;) = E6(wn — W)

. . dP; 1 2
Using this, —L = — |fi7*| 8(wy, — wy, — Nw)
1 B1 ?
=ﬁ|f1v | 6(Ex, — )
where,
Yy =Ey, + Nw
-1 m
= ﬁ|f1\?l| Eé‘(kf — k)
Now the total transition from an incident
momentum state k; into a solid angle dQ is,
1
W= s [ 8k = K s (25)
1
We have, Zk - ﬁfd%
-5 )4 781 de f 5(k; — k) kdk
|8 kpdQ (26)

<2n>4
fa(kf —k)dk =1fork =k

Where, ks is the momentum of the scattered
particle. If the velocity of the incident particle is v,

Where, v = % then the differential cross section
do is given by ;

total transition rate

do =
’ flux of incident particles
w
dO' =
Jinc
Where,

. h
Jinc —Z—mi(l/J*Vl/J—ll’Vl/) *)

Where 1 is a plane wave function and i * is a
complex wave function.
Substituting the value of plane wave function in
this equation we get,

hk;

]lTlC m

So,
(27T)4 |f1\l/?1| kf_dQ
d k
2= (27)

f81 = e (£ 21 ()] (Ry)
Ey
s 310 Elln-1(Ry)

- ]N+1(:Rq)]}
Now,

],N(:Rq) — []N—l(Rq);]N+1(Rq)] (28)

fi#t = MNP @)n(Rg) — 2 ¢, [T

(R} (29
Thus equation (27) becomes

d CP 2 g Eo B
Z_g = (;)4,(_]; {feBl’l(CI)]N(Rq) — 2 ?lq .

- 2

€’y (Ry)} (30)

Equation (30) is the differential scattering cross
section in terms of elastic transition amplitude.

2
Here, fEl(q) = ?ﬁqﬁfﬁ (Yadav and Nakarmi,
2015)
G=k —kf

Rq= aole gl
UN—I(Rq) _]N+1(Rq)]

],N(“Rq) = 2

RESULTS AND DISCUSSION

In the present study, we have studied the elastic
scattering of an electron-atom interaction by
absorbing photons from the Circularly Polarized
(CP) laser field. We have considered hydrogen
atom and effect of polarized potential in scattering
is studied by considering high electron energy of
100 eV and laser field of moderate intensities
i.e.E, = 108V/cmand w = 2eV.

We have calculated the differential scattering cross
section as;

dO‘ISP _ Kr
dQ =~ (2m)* k;

— ’ 2
€l/’y(Rq)}
From the above relation it is clear that non linear

differential scattering cross section depends on
number of photons (N) and the momentum transfer

B @ In(Re) —2 % 2T -
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of incident electron (g). In atomic unit mass of  variation of elastic scattering amplitude with g and
electron is considered unity. above equation is plotted as a function of g and

Here we have studied the nature of Bessel J with q,  scattering angle and the results are shown below;

Bessel (J)

Fig.1. Variation of Bessel J with Momentum Transfer (q) for (a) N=0, (b) N=1, (c) N=2 and (d) N=-1.

Above figure 1 shows the variation of Bessel J with momentum transfer (q) for number of photons
exchanged.

1.0

0.9

0.8

0.7

0.6

0.5

Elastic scattering amplitude (au)

0.4

! ! ! !
0.5 1.0 1.5 2.0

Momentum transfer (eV)

©
o

Fig.2. Variation of Elastic scattering amplitude with the momentum transfer (q).

From the plot, figure 2, we see that the elastic  increasing the momentum transfer of an incident
scattering amplitude decreases as the momentum electron we will get zero value of elastic scattering
transfer of the incident electron increases. Going on amplitude.

85



Free Scattering Theory in Circularly Polarized Laser Field

0.30

.15

0.10

Differential scattering cross section (au)
o

Momentum transfer (eV)

Fig.3. Variation of differential cross section with the momentum transfer for (a) N=0, (b) N=1, (c) N=2

From the plot, figure 3, we see that the differential
scattering cross section decreases sharply as the
momentum transfer of the incident electron
increases then remains fairly constant for some

N = land N = 2 differential scattering cross section
first increases with increase in g and then decreases
as in plot shown. For N = 1 decrease is sharp than
for N =2.

value and then increases for N = 0. But for
00 F m
0.2 B 7
. -0.4 - -
- [ _
3 | _
o |G [ 7
<1 -0.6 - B
o L _
H | —

[w>)

_S r i
-0.8 - -
1.0 B ]
: | L L | L | L L | L L L L | L L L L | L L L L | :
0.0 0.5 1.0 15 2.0 25 3.0

Momentum transfer (eV)

Fig.4. Variation of differential Scattering cross section (in log) with the momentum transfer (q).

From the plot, figure 4, we see that the differential
scattering cross section increases for small range
with increase in momentum transfer (q) and then
decreases with further increase in q.
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CONCLUSIONS

It is generally observed that when electrons are
scattered from the atom in the presence of a laser
field, a new effect is observed which are not



accessible in ordinary electron—atom scattering.
This collision have the basic peculiarity of being
processes in which three subsystem are present (i)
the electron (ii) the target atom (iii) the radiation
field. The last one provided energy and momentum
and is characterized by the polarization of its
electric field, which introduces in this collision
process a new physical axis.

In this thesis work, we have investigated scattering
of an electron by hydrogen atoms in the presence of
the Circularly Polarized (CP) laser field. In our
present work we have included the polarization
effect of laser field on hydrogen atom and effect of
the resulted polarized potential on differential
scattering cross section is studied. Since we
assumed the scattered electrons to have initially100
eV kinetic energy, this permitted us to treat the
scattering  process in  first order Born
Approximation. The scattering electron was
described by Volkov wave function. During the
derivation of differential scattering cross section,
we have used the proper definition of phases in
Graf’s addition theorem of Bessel functions
(Watson, 1992). This work is outlined in this work.
From this study we concluded that the differential
scattering cross section of an electron depends upon
the momentum transfer i.e. Kinetic energy of
incident electron and strength of the laser field
where as in ordinary electron-atom scattering, cross
section only depends upon the scattering angle .For
fixed scattering angle, the differential scattering
cross section increases with increase in momentum
transfer (q) for short range but it decreases with
further increase in momentum transfer. The
decrease in differential scattering cross section with
increase in momentum transfer (q) after certain
range is more prominent in the order of no photon,
single photon and two-photon. The differential
scattering cross section decreases with the increase

Kishori Yadav, Jeevan Jyoti Nakarmi and Sanam Maharjan
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in scattering angle, for a fixed value of a laser
parameters and Kkinetic energy of an incident
electron. Also from this study we see that, the
differential scattering cross section for the electric
field perpendicular to the direction of momentum
transfer depends on the elastic scattering amplitude.
So from this study we concluded that the
differential scattering cross section is also greatly
depends upon the polarization of the laser field.
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