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We theoretically reformulated non-relativistic angular and energy distribution of
ejected photoelectron in the frame of the Ammosov—Delone—Krainov (ADK) theory
for a linearly polarized laser field. The influence of the ponderomotive potential and
the Stark shift on tunneling transition rate was considered. It is shown that these
effects influence on behavior of the angular and energy spectrum as well as on the
energy spectrum’s width. Dependence of the angular and energy distribution from a
spatial laser beam profile (Gaussian and Lorentzian) is discussed, as well as
longitudinal and perpendicular width of photoelectron energy spectra.
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1. INTRODUCTION

The advances in ultrafast intense laser technology have triggered a key
interest in strong field phenomena caused by strong field ionization processes.
There are two ionization regimes: tunnel and multiphoton. The boundaries between
these two regimes are floating. To determine the regime Keldysh introduced the

dimensionless Keldysh parameter [1], 7 =o/a, :a)\/f / F, where o is laser
frequency, meelectron mass, E; the unperturbed ionization energy, F the laser field
strength and o, =F / \/E is a tunnel frequency. The atomic system of units
e=m,=#7=1 is used throughout this paper. For y >>1 multiphoton ionization is

dominant process while for y <<1 tunnel. In the intermediate regime, ¥ =1 is

expected to have contributions from both ionization processes. Since then, an
increasing interest for this concept has been observed [2, 3, 4, 5].
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2. ANGULAR AND ENERGY DISTRIBUTION SPECTRA

Now we give a brief theoretical framework. For the case of low frequency
laser field and the tunnel ionization the momentum’s distribution has the form [6]:
plzla)z(z E )3/2 _ (2Ei )1/2 p!

= F | M

W(pu > Py )=W(0)exp|:—

where p, and p, are the longitudinal and perpendicular component of electron
momentum and W(0) is the tunneling rate. We used the ADK theory [6, 7],

W _ F (4ez’ 2n 3Fn” o _2—23 h . h ffocti
Ak "o 7 | En® 77 XP|~5p 5 | where n s the effective quantum

number, N’ =Z/\/2Ei , Z is the ion charge, F =27.5/(5.1><109)\/I_ and | is field
intensity. For the case with nonzero initial momentum, the ionization rate is
2n"
F (4ez’ 3Fn” 272°  p'y’ o
W(O)EWADK =z [ anj 7 GXP[— PY=PCR. [8]. The ionization rates

in static and alternating electric field are different only by preexponential factor
[9]. Because of that here it is convenient to use the parabolic coordinate to express
initial momentum of the ejected photoelectrons outside of barrier,

pz(wan—l —(l/mlFry—l))/Z, where 7] is the parabolic coordinate, 7 >1/F [10].

If a system’s total energy is independent of the coordinate 77 then momentum is

conserved along the classical pathi.e. P, =P [11].

The first term in exponential part of Eq. (1) describes the energy spectrum of
ejected electrons along the polarization axis [12], where P, = Pcos@ , and ¢ is the
angle between the direction of the ejected electron and field polarization. For small
angle follows P, = pcosp = p(l -9’/ 2!)z [(p << 1] ~ P and this term becomes:

pza)z(ZEi )3/2}

2)

W( p):W(O)exp[— 3F

Combining Eq. (2) with well now expressions for E=p:/2 [12] this
dependence may be written as the follows:

W(E) =W(0)exp{— %} . 3)

The second term in exponential part of Eq. (1) shows the dependence of the
ionization rate on the ejected electron momentum perpendicular to the polarization
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axis of the filed. For small @ follows p, = psing~= p((p—(,/)z/2!)z [(0 << l]z pe .
With this approximation, this term we can rewrite in the form:

2Ei 1/2 pz
wio)-wioksy - 5L | ”
Eq. (4) presents the angular distribution of the ionization rate of the ejected
photoelectron. It is obvious that the probability is maximum at angle @ =0 and
decreases exponentially with increasing of the angle ¢ .

The ionization potential of an atom can change under laser irradiation. Here
we analyzed the influence of two effects: the ponderomotive potential and the Stark
effect. These two effect shifts up the ionization threshold of an atom. The
ponderomotive potential is connected with the wiggle motion of charged particles
in response to an applied laser field. For the linear laser polarization, it has the

following form, U, = F*/4®” [13]. Also atom’s energy levels are altered in laser
field and this effect is known as the Stark effect. This displacement of the energy
level is determined by expression Es =aF?/4 [14], where @ is the static
polarizability of the atom [15]. Now we can express the shifted ionization potential
inthe form Ey = E; +U + Eg, = E + F’/40’ +aF*/4 [14].

Taking this correction into account the energy spectrum distribution, (see Eq.
(3) and expression for W(0) given in the text) can be writing as:

2B’ (2(E + F? /40 + oF*/4))”
WPUpSt(E):W(O)eXp|:_ “ ( (E| . 3|:3a) e )) :|a (5)
and the angular distribution (see Eq. (8)):
2(E +F? /40 +aF?/4))" p
R

With WpUPSI(E) and WpUPSt ((0) we noted that all corrections are included: initial

momentum, ponderomotive and Stark shift. This notation will be used through the
whole text.

From Eq. (1) follows that the width of the longitudinal photoelectron energy
spectrum [16] is given by AE; = 3F3/ o*(2E )"  where E denotes initial
ionization potential. When we take into account corrected ionization potential,
E. , we have:
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3F 3F°
@B ] w((E +F /40> +aF?14)) "

AE,, = (7)

where AE,, is corrected width of the longitudinal photoelectron energy spectrum.
For the case of perpendicular direction to polarization axis typical value of
photoelectron energy AE, = F/(2E,)"* [16] becomes:

F F
(ZEief e (2(Ei+F2/4602+aF2/4))”2 ,

AE 4 =

®)

where AE, is corrected width of the perpendicular photoelectron energy

spectrum.

The intensity distribution of laser beams in the focal plane of a focusing optic
is important because it determines the laser-matter interaction process. We briefly
analyzed the effects of the two different spatial laser beam profiles, Gaussian and
Lorentzian, on the energy and the angular distributions of the ejected ionized
photoelectrons spectra.

A simple laser beam usually has a Gaussian spatial intensity profile and we
assumed it first [17]:

Fe(p)=Fexpl-2(o/RY), 9)

where p is the axial coordinate that is normal to the light ray, p = Ry1+ (Az/ ﬂRz)z

[18] and R is called the laser beam waist, which represents the smallest spot size
realized at z= 0. By implementing this dependence into the equations for energy
and angular distribution (Egs. 5-6) we obtained:

3 zn;f 3 3 2,3
W, (E)= Folp)_dez ” 3FG(p3)nEf x exp| — 22 =~ Pr
87Z | Fg (p)nef nZ 3K, (p)nef 3w

o[ 2B (lE + (o) 140 + aF (o) 14) . (10)
o 3FG(/0)3

and

3 e 3F *3 3 2,3
Wog ((/7): FG('O)( des ] G(p)nd xexp[— 22 - J

822 | Fs(p)ns z 3 (o) 3w

(2(Ei +Fs(p) /40 + aF(p) /4))”2 P’ , (11)
X EXp| — P
Fe (,0)
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where Ny denotes  the  corrected  effective  quantum  number,

n, =2/ \2E, =2/2(E + F* /40’ +aF*/4).

Now, let us consider the case that the laser beam has the Lorentzian spatial
distribution. Several spatial profiles for the Lorentz distribution can be found. We
choose the following [19]:

F (p)=F /(1+(p/RY). (12)

By inserting Eq. (12) into Eq. (5) and Eq. (6) for the energy distribution we
obtained:

s P = 3 2 3
Wi (E)= FL(p)[ dez J 3FL(p)nEf XeXI{_?’FZZ -P7 ]

87Z Fl_(p)n;;1 zZ’ L(p)n;3 3w
1 (13)
coxo|  2E¥° C(E +F (o) /40" + aF, (o) 14))
’ 3F(p)

and for the angular:

FL(p)[ 4e7° Jznd 3FL(p)n;3 xexp(_ 273 _p273J

W, =
(o) 822 | F.(p)n 7z’ 3F (p)n? 3w

RE +F (o) 1407 +aF (o) 14) "0 R
XEXp| — 0
FL(:D)

W., (E) and W, (E) denote the energy, while We(#) and W, (p) angular

distribution of the ejected photoelectron for the case of the Gaussian and the
Lorentzian beam profile with included fully corrected ionization potential.

3. DISCUSSION

In this paper, we observed and discussed the influence of the corrected
ionization potential and the spatial profile of laser beam on the energy and angular
distribution of the ejected photoelectron spectra. The calculations were made for
the linearly polarized radiation with the wavelength of A=800nm

(60 =0.056962.u.) and intensities upto | =10 Wem™ for the argon atom, Ar .

First we analyzed the energy distribution spectra (see Eq. (3) and Eq. (5) with
included in-line equation for W(O) and the initial momentum, p). Corresponding
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theoretical curves for the energy distribution spectra without any correction, W(E)
and with included nonzero initial momentum of the ejected photoelectrons W,(E)

W

are given in Fig. 1(a).
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Fig. 1 — The theoretical curves for the energy distribution spectra versus laser field intensity.
a) W(E) and W,(E), b) W, (E) and W,,,(E). The value of 7 is fixed at 190.

This correction influences only on the value of W(E) , since the behavior of

curve does not change. But additional corrections (ponderomotive and Stark shift)
have significant influence. In Fig. 1(b) we shown obtained curves for Wpup(E) and

WpUpS[(E). Both curves have the maximum, which is for the WpUpSI(E) shifted to
the lower field intensity. Also the corresponding maximal value is reduced which is
expected because the ionization energy is shifts up to higher values. The maximum
of Wy,..(E) appears at |=18x10"Wem” and for Wpupgtmax(E) at

| =1.2x10"Wem™ .
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The theoretical angular spectra of the ejected photoelectrons as a function of
the scattering angle, @ (continuous curves in Fig. 2) are defined by Eq. (4) and Eq.
(6). As a result the following graph was obtained:

Wi@)[a.u

1
-0.6 -0.4 -0.2 0 0.2 04 0.6
Angle (degrees)
Fig. 2 — The nonrelativistic tunneling angular distribution W(qp) versus the scattering angle. The laser

field intensity is fixed at | =10"Wem™ . The maximum occurs at ¢ =0 .

We calculated it step by step, so W, has included only nonzero initial

momentum of ejected photoelectrons, W,,, momentum and ponderomotive
potential and finally w,, ., all three mentioned effects.

Figure 2 shows that the tunneling angular distribution has the sharp
maximum concentrated along the laser field direction, ¢ =0 and that probability
exponentially decreases with increasing of angle. The curve’s shape is generally
the same but incorporated effects reduce the value of the scattering probability on a
given angle.

For a better understanding of these two mentioned distributions we took two
different spatial laser beam profiles, Gaussian and Lorentzian. We performed this
analysis for the case when all corrections are included.

In Fig. 3 we compared the spatial dependent energy distribution spectra using
Eq. (10) and Eq. (13). It can be seen that the Gaussian distribution gives lower
values than Lorentzian but both curves have almost the same “flow”. They
exponentially increase to the some maximum value and then decrease, but more
slowly. For Gaussian profile the maximum is shifted to the right, i.e. to the higher
field intensity. The laser field intensity at which is the maximal energy distribution

is achieved for the Gaussian laser profile is | =1.3x10" Wem™ while in the case of

the Lorentzian profile at | =1.2x10"” Wem™ |
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Fig. 3 — The energy distribution spectra for the Gaussian and the Lorentzian laser beam profile,
W, (E) and W, (E).

Figure 4 shows calculated curves for the angular distribution spectra for
Gaussian, W4 (qo) and Lorentzian profile W, (w) for two field’s intensities. The
graphs show that the booth curves passes through a maximum and decrease with
increases of the scattering angle. For the laser field intensity | =10"Wem™ this

decreasing is more quickly for the Lorentzian than for the Gaussian beam shape. In
summary it is obvious that the laser field intensity plays an important role here

which Fig. 4 illustrates very well.
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Fig. 4 — The angular distribution of the ejected photoelectrons W, (go) and W, ((p)

as the function of the scattering angle ¢.a) | =10“Wem™,b) | =10"Wem™.
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Next, we draw the width of the longitudinal and perpendicular energy
spectrum. As a result, based on Eq. (7) the following graphs are obtained:
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Fig. 5 — The corrected width of the longitudinal photoelectron energy spectrum a) AE, , AE, 4,
and AE, 4 b) Zoomed part of graph 6a), AE,,, and AE, -

From Fig. 5 (a) we see that inclusion of the shifted potential has significant
influence on the behavior of the width of the longitudinal photoelectron spectrum.
Now we have maximum of the energy’s width at some particular value of the field
intensity and which is shifted to the lower laser field intensities Fig. 5 (b) when the
Stark shift is taken into account.
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Fig. 6 — The corrected width of the perpendicular photoelectron energy.

Figure 6 shows the predictions of Eq. (8). The same notation as in Fig. 5 is
used. It is obvious that the influence of the ponderomotive and the Stark sift is less
for the case of perpendicular energy width.

We also compared the spatial dependence for the width of the longitudinal
and perpendicular energy spectrum respectively. For this purpose first, we inserted
Eq. (9) in Eq. (7) and obtained longitudinal width for the Gaussian laser beam with
included all corrections of the ionization potential in the following form:

_ 3Fs(p)
A = (02(2(Ei +F.(p) /40 +aF;(p) /4))]/2 ' (13)




10 Photoelectrons angular and energy distributions from laser-ionized argon atom 1459

Using Eq. (7) and Eq. (12), analogously to previous procedure, we obtained width
for the Lorentzian laser beam, AE; « .
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Fig. 7 — The longitudinal width for the Gaussian, AE,;, and the Lorentzian, AE . laser beam.

Figure 7 shows calculated curves of AE, for two different spatial pulse

shapes. It can be seen that the spatial profile influences on the behavior of the
longitudinal width. Lorentzian gives the higher maximal value and also shifts
corresponding laser field intensity to higher value.

Finally, we analyzed the perpendicular width of energy spectrum. Combining
Eq. (8) and Eq. (9) we obtained the Gaussian perpendicular width:

AE g = FG(p)
LG /12
C(E + F. (o) 1407 +aF, (o) 14))
and on the same way, combining Eq. (8) and Eq. (12), the Lorentzian perpendicular

width with included all corrections of the ionization potential.
Graph 8 shows both obtained perpendicular widths.
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Fig. 8 — The perpendicular width for the Gaussian, AE ;. and the Lorentzian, AE . laser beam.

It is clear that the spatial profile influences only on the value of considered
perpendicular width.



1460 Violeta M. Petrovi¢, Tatjana B. Miladinovié¢ 11

4. CONCLUSION

In this paper, we reported our calculations of the energy and the angular
distribution spectra of photoelectrons emitted by atoms in intense laser field for the
regime of tunnel ionization. The influence of the shifted ionization potential caused
by the ponderomotive and Stark shift is considered, as well as the nonzero initial
momentum of the ejected photoelectron. Also we applied two different spatial
profiles on analyzed distribution. Our results we presented graphically. We found
that all mentioned effects contribute to the behavior of both distributions and must
be taken into account. Also we showed that spatial profile of a laser beam more or
less plays a role in the behavior of considered variables.
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