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Comparison of the effects of unipolar half-cycle and resonant multi-cycle

electromagnetic pulses on quantum systems
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It is shown that not only multicycle resonant pulses with zero electric area, but also nonresonant unipolar

pulses can be used to efficiently excite quantum transitions in a medium. Arguments are presented in favor of

the advantages of unipolar pulses for excitation of quantum systems in comparison with resonant radiation. A

simple relationship has been found showing that in order to compare the effects of unipolar half-cycle and resonant

multicycle pulses on atomic systems. It shows that it is necessary to compare the electric area of ??a unipolar pulse

and the area of ??the envelope of a bipolar pulse, rather than their energies.
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Introduction

Ultrashort femtosecond and attosecond electromagnetic

pulses produced in practice contain several field oscillation

cycles and are bipolar [1–3]. The electric area of such pulses,

which is defined at each point in space as [4]

SE =

+∞
∫

t=−∞

E(t)dt (1)

(E is the electric field strength and t is time), is always close
to 0.

The limit of contraction of light pulses is the transition to

unipolar pulses that contain a marked field half-wave of one

polarity (see reviews [5–7]). The electric area of such pulses

may differ from zero. The possibility of existence of such

pulses and their propagation in space has long remained a

debated topic in scientific literature.

However, the existence of unipolar pulses does not

contradict Maxwell equations and may propagate in coaxial

waveguides. These issues were discussed in detail in

reviews [4,5,7] and papers cited therein. In fact, different

practical arrangements for the production of femtosecond

and attosecond electromagnetic pulses close in shape to

unipolar ones (containing a marked field half-wave of one

polarity and a trailing edge of the opposite polarity) have

already been proposed in recent studies [8–13]. Soliton

solutions of nonlinear optics equations in the form of

unipolar pulses are also being examined [14,15].
The interest in unipolar pulses stems from their potential

to exert prompt and unidirectional influence on charges [5].
This opens up the opportunities to use such pulses for

ultrafast control over the dynamics of microobjects [16–18],

acceleration of charges [19], holography with an ultrahigh

temporal resolution [20], etc. [5].

Radiation in the form of long multicycle pulses resonant

with the given transition in a medium are commonly

used in optics to excite quantum transitions in a reso-

nant medium [21]. The resonant interaction of optical

radiation with two-level media has already been studied

thoroughly [21,22].

Unipolar pulses feature a wide spectrum starting from

zero frequency. Owing to their short duration and the

nonresonant nature of interaction with quantum systems,

the efficiency of application of such pulses for excitation of

resonant transitions in a medium in comparison with long

resonant multicycle pulses was questioned.

It follows from the results of theoretical analysis that

if a half-cycle pulse is shorter than characteristic time Tg

associated with the ground state energy (Tg = 2π~/E1,

where E1 is the particle energy in the ground state), the

effect of such a pulse on level populations and the ionization

probability of a system are defined by the electric area of a

pulse normalized to its atomic measure rather than by the

pulse energy or its peak amplitude [23,24]. In this context,

a unipolar pulse with a nonzero area may, in contrast to a

bipolar pulse with a zero area, exert a considerable effect on

quantum transitions of a medium. However, this assertion

remains true only for pulses that are significantly shorter

than the oscillation period of an electron in the ground state.

In view of this, it appears necessary to compare the

impact of a unipolar nonresonant pulse, which is shorter

than the characteristic oscillation period of an electron in a
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quantum system, and a bipolar resonant multicycle pulse on

quantum transitions in a medium.

In the present study, an approximate solution of the

Schrödinger equation in the first-order perturbation theory is

used to find a simple relation demonstrating that a unipolar

pulse may, under certain conditions, excite populations of

levels of a medium just as efficiently as a resonant multicycle

pulse.

This relation also demonstrates that in order to estimate

the relative effectiveness of unipolar and multicycle bipolar

pulses, one should compare the electric area of ??a unipolar

pulse and the envelope area of a bipolar pulse instead of the

energies of these pulses.

Comparison of the effect of a unipolar
half-cycle pulse and a resonant multicycle
pulse on a quantum system

The specifics of the impact of ultrashort pulses on

populations of bound states in a medium were examined

in [25]. It was demonstrated that when a pulse is shorter

than the period of a transition in a medium, the populations

of bound states are defined by electric area (1) of a pulse.

The effect of long multicycle pulses, which are longer than

the periods of resonant transitions in a medium, is governed

by the envelope area,

2 ≡
d1n

~

∞
∫

−∞

ε(t)dt, (2)

where ε(t) is the slow envelope of a pulse, d1n is the

transition dipole moment, and ~ is the reduced Planck

constant.

This result is well known to researchers specializing in

optics of coherent resonant interaction of short laser pulses

with resonant media [21,22]. The envelope area of a pulse

(pulse area) has first been introduced for long multicycle

laser pulses in the theory of the self-induced transparency

effect by McCall and Hahn [26].
Let us pose the following question: which values of

parameters (amplitude, duration, etc.) of a unipolar

half-cycle pulse (shorter than the period of a resonant

transition in a medium) and a resonant multicycle pulse

(longer than the transition period in a medium) ensure

that their impact on a bound state of a quantum system is

the same?

Let us assume that a system is excited by a pulse with a

Gaussian envelope:

Ee(t) = E0e
−t2

τ 2 cos(�t + φ). (3)

Here, � has the meaning of frequency, and φ is the phase

(carrier envelope phase, CEP).
The following approximate expression for population of

excited state n after the interaction with a pulse may be

obtained based on an approximate solution of the tem-

poral Schrödinger equation in the first-order perturbation

theory [25,27]:

wn = 0.5π
d2
1n

~2
E2
0 τ

2 exp

[

−
(ω2

1n + �2)τ 2

2

]

×
[

cosh(ω1n�τ 2) + cos 2φ
]

. (4)

Indices u and b are used hereinafter for unipolar and

bipolar pulses, respectively.

Case 1, unipolar pulse: � = 0, φ = 0, the pulse is

assumed to be shorter than the transition period, ω1nτ ≪ 1.

The following is then derived from (4):

wu,n = π
d2
1n

~2
E2
0τ

2. (5)

Case 2, bipolar multicycle resonant pulse:

� = ω1n ≡ ω0, φ = 0, the pulse is assumed to be

longer than the transition period, ω0τ ≫ 1.

The following is then derived from (4):

wb,n =
d2
1n

~2
πE2

0 τ
2 exp[−ω2

0τ
2]cosh(ω2

0τ
2)

= 0.5
d2
1n

~2
πE2

0 τ
2 exp[−ω2

0τ
2]
exp[ω2

0τ
2] + exp[−ω2

0τ
2]

2
.

As long as ω0τ ≫ 1, the second exponential function in

brackets may be considered negligible in comparison to the

first one. Then,

wb,n ≃ 0.25
d2
1n

~2
πE2

0 τ
2 = 0.2522. (6)

Equating wu,n = wb,n, we obtain a condition for pulse

parameters

d2
1n

~2
πS2

E = 0.522, (7)

where SE =
∫

E(t)dt is the electric area of unipolar

pulse (1) and 2 ≡ d2
1n

~2

∫

∞

−∞
ε(t)dt =

d2
1n

~2 Eb,0τ
√
π — is the

envelope area of resonant bipolar pulse (2).
In simplified form,

E2
u,0τ

2
u = 0.25E2

b,0τ
2

b . (8)

It follows from these relations that the electric area

squared of a unipolar pulse, which is shorter than the

transition period, should be equal (except for constant

factor) to the envelope area squared of a resonant multicycle

pulse if the impact of these pulses on a quantum transition

in a medium is to be the same.

The results of numerical calculations performed using

general formula (4) verify the above assertion. In cal-

culations, we set specific amplitude and duration values

for a unipolar pulse, E0u = 8 · 105 V/cm, τu = 10 fs. The

frequency of the resonant transition in a medium is assumed

to be ω0/2π = 1THz (this corresponds to vibrational
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Population wb,n as a function of duration τb of a bipolar pulse (in
units of transition period T0 = 2π/ω0).

transitions in a number of molecules), and the transition

dipole moment is d1n = 10D. Population wb,n of a bound

state is calculated as a function of duration τb of a bipolar

pulse. Amplitude Eb,0 of the bipolar pulse is determined

using condition (8) at each value of τb .

The results of numerical calculations are shown in the fig-

ure. It can be seen that the level population is independent

of the bipolar pulse duration if condition (8) is satisfied.

This population value agrees with the one calculated for a

unipolar pulse with the indicated parameters.

Discussion. Conclusions

Thus, simple relation (8) for comparing the impact of

unipolar half-cycle pulses and bipolar multicycle pulses on

populations of levels of a medium was derived.

Relation (8) yields a very important result. It indicates

that in order to compare the impact of unipolar half-cycle

pulses (shorter than the transition period in a medium)
and long resonant multicycle pulses on the populations of

quantum transitions in a medium, one should compare the

electric area of ??a unipolar pulse and the envelope area of

a bipolar one instead of the energies of these pulses.

This relation also has an intuitive interpretation. A

resonant multicycle pulse may be presented as a sequence

of unipolar bumps (half-waves) with the distance between

them being equal to the period of the considered quantum

transition. Each half-wave then transfers a momentum,

which is specified by the electric area of this half-wave,

to the system. The envelope area squared is approximately

equal to a square of the sum of electric areas of unipolar

components of a multicycle pulse. Therefore, a trivial result

follows from (8): one half-wave of the unipolar pulse field

exerts the same influence on a system as a sequence of

half-waves (components of a multicycle pulse) if the electric
area of this half-wave is equal to the area of the sequence of

half-waves of a bipolar pulse (i.e., the area of its envelope).

The integral of envelope area at the right-hand side of (8)
has the meaning of Rabi frequency of a pulse [21]. It follows
that a short unipolar pulse and a long bipolar pulse exert

the same influence on a system if the Rabi frequency of the

multicycle pulse matches its
”
counterpart“ for the half-cycle

pulse.

We note in conclusion that, according to (7), a unipolar

pulse carrier more energy than a bipolar pulse if their

electric area and envelope area, respectively, are equal.

However, when used to excite transitions in quantum

systems, unipolar pulses also have an advantage over

resonant bipolar pulses. Unipolar pulses do not feature

a carrier frequency and are
”
multi-purpose“in this respect.

They do not require adjusting the carrier frequency to the

object (atom, molecule, etc.) resonance. They may excite

any quantum object efficiently within a much shorter time

interval.

The latter feature is especially important in applications

related to ultrafast control over the dynamics of wave

packets. Specifically, this allows, e.g., for creation and

ultrafast control of population density gratings in a resonant

medium [6,27], holographic recording with an ultrahigh

temporal resolution [20], etc.
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