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Abstract

The main objective of this study is to contribute toward a comprehensive un-
derstanding of the superradiance problem in a short wavelength regime (100 to 100
eV). In this regime, superradiance is influenced by Auger effect which would com-
pete with normal superradiance process, and we want to study if it is possible to
generate ultra-short pulses on the femtosecond or attosecond timescale using Dicke
superradiance.

Major result of our work is that we proposed a simple method to describe the
Auger effect on a group of two-level atoms based on the original Dicke’s model, and
with the help of which several interesting new results have been found. We found
that Auger decay can help to shorten the pulse duration, but only at the expense
of weaker pulse intensity generated. Femtosecond pulses seem reasonable to reach
according to our results.
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1 Introduction

Under normal circumstances, a group of isolated atoms prepared in the excited state will
act independently, de-exciting from the upper state to the lower state at different times.
The shape of their total radiation is an exponential decay and the radiation intensity is
proportional to the number of atoms involved. However, if the atoms are coupled together
by their common radiation field and emit light together in a coherent way, the collective
spontaneous emission will be in the shape of a pulse, where the intensity of the pulse is
comparable to the number of atoms squared. This radiation enhancement phenomenon is
called superradiance.
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(b) Coherent emission

In less than a few decades since the initial demonstrations of Dicke’s model for coherent
spontaneous emission[8], superradiance has become one of the pillars in the field of the
ultra-short pulse generating and x-ray lasing, and one of the most active areas of research.
A number of the experiments has been carried out during the years: the first cooperative
emission effect was observed by Hahn’s spin-echo experiment in 1950 [15]; later in 1973,
Skribanowitz also observed an oscillating superradiance in Hydrogen fluoride gases [20];
after that, many other researchers also successfully observed superradiance pulse in other
media.

Theories proposed to explain superradiance so far mainly study superradiance in semi-
classical physics view and full quantum physics view. In the original model of Dicke,
superradiance is treated as the coherent spontaneous emission of many two-level atoms
and Dicke transfers the coherent spontaneous emission problem of N atoms into a simple



problem of cascaded emission of N + 1 energy levels, which can be easily solved with basic
quantum mechanics knowledge. Due to its simplicity, Dicke’s model has remained one of
the fundamental models to describe superradiance phenomenon.

Another model often used to describe the superradiance is the semi-classical approach,
which treats the radiation field as classical waves and studies atom behaviors with the help
of the system Hamiltonian operator. This model assumes that at an early stage near ¢t = 0,
the total system is purely quantum mechanical and the emission from these atoms are just
random noise; later, as it evolves, the noise becomes a trigger and the magnification of
which becomes a strong pulse. This stage is “classical” and is described by the Maxwell
equation. This model was proposed and developed by Burnham and Chiao [7], Friedberg
and Hartmann [10], Arecchi and Courtens [3], and Bullough [6]. In fact, Dicke also gave a
semi-classical description in his original paper.

Applications of superradiance play a prominent role in the physics world. Due to its
highly coherent property, the application of superradiance includes, but is not limited to,
high-resolution spectroscopic detection of atomic structures, quantum computation, and
also superradiance laser. In 2016, physicists at the American Astrophysical Joint Labora-
tory (JILA) have demonstrated a new “super-radiation” laser design that is 100 to 1000
times more stable than today’s best visible lasers [16]. Besides that, light-matter interac-
tion behavior in superradiance has been a valuable resource for probing and controlling
quantum systems, and for synthesizing new quantum states. So superradiance is, therefore,
the base for many quantum technologies such as quantum computation, communication,
simulation, sensing, and metrology.

Many types of researches on superradiance in the regime of nanometer to femtometer
have already been done so far and fruitful results have been published and come into
application. In the extremely high energy regime, such as 10 eV to 1000 eV, superradiance
represents a totally different behavior and worth investigating. In this regime, the radiation
process is dominated by fast Auger decay with typically small fluorescence; therefore, it is
important to include the Auger effect into the superradiance model. Several discussions on
the realization of superradiance in the extremely high energy regime have been made so far,
both experimental and theoretical. These discussions provide promising results revealing
the temporal and spatial evolution of superradiance pulse with the presence of Auger effect,
such as Clemens Weninger and Nina Rohringer’s paper based on rate-equation approach
[21], Andrei Benediktovitch, Vinay P. Majety, and Nina Rohringer’s study based on two-
point correlation function [1]. One focus of these researches lies in the close relation between
superradiance and laser radiation, especially in the lasing process of the x-ray FEL(Free
electron laser): when we shine x-ray onto a medium, there are possibilities that the inner-
shell electron of the medium will be knocked out and leave a hole. If the number of holes
is large enough, a population inversion between the ionized state and the inner shell will
appear, with that, a free-electron laser is prepared. The population inversion is obtained as
a result of inner-shell photo-ionization or Auger decay following the inner-shell ionization,
and this behavior is a self-organizing phenomenon, whose atomic analogy is superradiance.

The aim of this project is to present a synthetic view of superradiance in extremely
high energy regime (10 to 1000 eV) in which different theoretical models for superradiance,
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both in the perspective of quantum mechanics and semi-classical physics, are discussed and
compared within a unified frame. In the second chapter, we use the fundamental Dicke’s
model to study the coherent spontaneous emission intensity with respect to the number
of atoms involved and the resonant frequency of the atoms; later in the third chapter, we
re-formulate Dicke’s model and integrate description of Auger effect into classical Dicke’s
model; to check the validness of our method two examples (Ne and Xe) are studied in
chapter four; finally, the semi-classical Maxwell-Bloch model is used to study the temporal
profile of the superradiance pulse is presented in Chapter five, including a short comparison
between Dicke’s model and Maxwell-Bloch model.



2 Dicke’s Model

In the first section of the thesis, we start with the simplest model of superradiance: Dicke’s
model. We discuss qualitatively the cooperative spontaneous emission by a group of N
two-level atoms in a volume smaller than the emission wavelength based Dicke’s model.

To set-up Dicke’s model we need to make the following assumptions:

1. N strictly identical two-level atoms are confined in a small volume comparable to
the emission wavelength, and the dipole-dipole interaction between them can be neglected;

2. All atoms are prepared in their excited states at ¢ = 0, this state is called the “Dicke
state”;

3. The only possible way for atoms transiting from the upper state to the lower state
is by spontaneous emission, with a decay rate v describing the number of atoms decaying
from the upper state per unit time.

2.1 Atom system description

Following the notation used by Gross [13], we represent the ground and excited states of
each atom as

Ground state: |g), matrix representation (?), with energy E.
Excited state: |e), matrix representation <(1)>, with energy FE..
The transition matrix element between the two energy levels is given by
deg = (e|d|g) (2.1)

where d is the electric dipole moment operator of an atom and is given by

a- (die doeg) —dn 22)

where &7 is the Pauli operator and the matrix representation of three Pauli matrices

are
. 01 . 0 — . 1 0
o1 = (1 0) 09 = (Z 0 ) 03 = (O _1) (23)

Recall the well-known Hamiltonian of a two-level atom
1
R 1 1
H = <2hw0 10 > = —tha'g (24)
0 -3 2

To describe the transitions between the upper energy state and the lower energy state,
we introduce a set of operators D for the iy, atom
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Dl = 50'1 D2 = 50'2 D3 = 50'3 (25)
thus the transition between two energy levels can be described quantum mechanically
by the rising and lowering operators for the atoms as
Df =le) (9| = Di +iDy

)

(2.6)

A

Dy =|g)(e| = D} —iD

)

operator ﬁj moves the iy, atom from the ground state to the excited state whereas
lowering operator D;f de-excite an excited atom. These D operators obey the following

commutation relation [13]
(D}, Df] = £6;;DFf  [Df,D;] = 26;;D} (2.7)

Now we can rewrite the Hamiltonian H and the dipole moment operator d; in terms
of D operators.

A

And the Hamiltonian of the 4, atom
Hy, = hwoDy (2.9)

To describe the rate of atoms decaying from the excited state to the ground state we
introduce the spontaneous decay rate. The spontaneous decay rate of an atom can be
defined both in terms of classical electromagnetic field theory and quantum mechanically.
In the model of classical electron oscillator in vacuum medium of dielectric permittivity e,
the decay rate for such an electron is given by [9]

2,2
e“wy

Yo = (2.10)

" 6megmecd
where ¢ is the speed of light in vacuum, m, is the electron rest mass. In quantum
mechanical point of view, the decay rate is given by [9]

v = % X wi|dy2)? (2.11)
where o = €2 /(4mehc) is the fine-structure constant, di is the transition matrix element
di> = (1|r]2), and in the case of two-level atoms it is de,.

Note in Eq. 2.11 the decay rate scales as 1/wj, while in the classical expression of 7 it
scales as 1/wg, so which one should we trust? In Tab. 1 we compare the classical decay rate
and quantum mechanical decay rate for w = 1,10,100, 1000 eV, transition [1s) — |2p).
We use the value |d.,| = ap and |d.4| = 0.05a respectively, a¢ is the Bohr radius. We can
see from the table that in the long-wavelength regime, the decay rate given by |d.,| = ao
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fits well with the classical value, while in short-wavelength regime, the decay rate given by

|dcy| = 0.05a, is roughly same order of magnitude with the classical decay rate.

Table 1: Classical and quantum mechanical decay rate

E=1eV |E=10eV |E=100eV | E = 1000 eV
v 5] 1.443 x 107 | 1.443 x 10° | 1.443 x 10" | 1.443 x 10%3
v 57 (Jdeg] = 1ag) | 1.060 x 10° | 1.060 x 10° | 1.060 x 102 | 1.060 x 107
v 57 (Jdeg] = 0.05a0) | 2.650 x 10° | 2.650 x 10° | 2.650 x 10° | 2.650 x 102

In the fourth chapter, we will study Neon |1s) to |2p) transition. This transition has
resonant energy of 849 eV, transition matrix element is about 0.05ay and the corresponding
spontaneous decay rate is 5.4054 x 10'? (See Appendix A), which is more close to the
classical decay rate. Foot stated that the strongly-allowed transitions are of the same
order of magnitude as the purely classical rate [2], therefore, in the following discussion,
we will use the classical equation to calculated v from energy Aw, and we will see in chapter
four this actually gives us a quite reasonable result.

With the help of these operators and parameters, we can easily set-up Dicke’s model
for superradiance for a system of N two-level atom system in the following section.

2.2 Coherent Spontaneous Emission of N Atoms in a Small Vol-
ume: the Dicke’s Model

With all the assumption made above, it is clear that all the atoms in the system are strictly
identical and permute with each other. Therefore, they form a Hilbert subspace which is
isomorphous to a symmetrical superposition of N spin 1/2 states [13]. Dicke represents
these states as |J, M), where J means the angular momentum of N atoms and takes the
value N/2, M is the spin and takes values from —J to J. State |J, M) is that there are
J + M atoms are in the upper state and J — M atoms are in the lower state. These
states are eigenstates of the total D operators, which is defined as the sum of individual
D operator

Dy=) Di Dy=)» Dy Ds=)» Dj (2.12)
Just like the angular momentum operators, these D operators obey the following rules
131, 4 N
D)y |J,M)=J(J+1)|J,M
(D) J.3) = I+ 1) |J.M) 219
D3 |J7 M> = M|J7 M>

and

DY, MYy =+/(J=M)(J+M+1)[J,M+1)

D™\, M)y =+/(J =M +1)(J + M)|J, M —1) (214)
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where J = N/2 and —J < M < J.

Clearly, D* have non-zero matrix elements only between states with neighboring values
of M, which means that transitions can only occur between adjacent M states.

According to Eq. 2.4, total Hamiltonian of N atoms is

N
Hy = hwyDj = hwoDs (2.15)

Obviously, states |J, M) are also eigenstates of H 4 with eigenvalues AiwM . Hence, the
system of NV two-level atoms can be described by N + 1 equidistant energy levels, each of
these levels is labeled by a unique quantum number M (shown in Fig. 2.1). Ground level
|.J, —J) corresponds to the state where all N atoms are in the ground state, top state |.J, .J)
corresponds to the state all atoms are excited.

M_N
T2
M—N 1
)
M—N 2
)
M= N+2
)
M= N+1
)
M= N
T2

Figure 2.1: Energy diagram of N two-level atoms

To describe the interaction between the N atom system with a common radiation field
we also need to define the interaction Hamiltonian. In our first assumption we said that the
dipole-dipole interactions between atoms are neglected, then the interaction Hamiltonian
is simply the sum of dipole momentum of all atoms in the electric field E

N
Hy: = —EZ&Z- (2.16)

Substitute Eq. 2.2 into the expression above, we get the expression of Hy with D
operators

N
Hy=—EdY (Df +D;) (2.17)
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Clearly, the interaction Hamiltonian causes transmission between adjacent energy lev-
els. If the system is originally in the top state with M = N/2, it will decay from state
|IN/2, N/2) to the ground state |N/2, —N/2):

N N N N N N N N
|3’5> — |3’5 —1)— .= |5,—§ +1) — |5,—5>

Therefore, we can conclude that: under the assumptions made above, the coherent
emission of a system of N two-level atoms can be treated as the cascade emission of N + 1
energy levels (As shown in Fig. 2.2).

M_N
T2
M—N 1
T2
M—N 2
——————— ————— _2
N
1t Atom Nt Atom M= ) +2
M = N+1
T2
M= N
T2

Figure 2.2: Left: N two level atoms; Right: N + 1 energy levels

Up to this point, we have introduced Dicke’s model. Next, we will calculate the emission
intensity using the Dicke’s model and compare the result with the case where N atoms
emit light independently.

According to Eq. 2.8, the transition dipole moment between neighboring M levels is
4]

dagas—1 = 2d (J, M|Dy|J, M — 1)
=d\/(J+M)(J—M+1)

According to Eq. 2.11, the quantum mechanical spontaneous decay rate is proportional
to the square of d, therefore [4] [13]

(2.18)

Y1 =Y(J + M)(J — M +1) (2.19)

where 7 is the decay rate for a single atom.
We introduce the probability of finding the system in the state |.J, M), Py (%), to describe
the number of atoms in a certain state. The time evolution of Py;(t) obeys the rate equation

dPy(t)
dt
With the initial condition that all atoms are in the excited state at ¢t = 0,

= Y1, Prra () — -1 Pur(t) (2.20)

13



{PN/Q(t =0)=1 (2.21)

PM#N/Q(t - 0) - 0

it is easy to solve differential equation Eq. 2.20. The mean radiation intensity I(t) is
thus measured by the average photon emission rate W (t), which is the product of decay
rate vy and the probability Py (t):

I(t) = hwoW (t) = hwo Y yum—1Pu(t) —J<M<J (2.22)

2.3 Pulse Properties

Now we investigate the behavior and some properties of the Dicke’s superradiance pulse.

2.3.1 Coherent emission and independent emission

In the case where N atoms emit independently, the average photon emission rate Wi,q(t)
is simply N times of the photon emission rate for a single atom

Wina(t) = N~y exp(—~t) (2.23)

Below is a figure comparing the coherent spontaneous photon emission rate W;,q and
the independent photon emission rate W of a total number of 10 atoms. Both curves
start from the same point (0, V), however, when atoms emit light independently, the total
emission is just an exponential decay and the maximum intensity of which is proportional
to the number of atoms; while when atoms emit light in a coherent manner, the radiation
will be in the shape of a much stronger and shorter pulse. Note that the total energy
emitted through light is still the same, which can be verified by calculating the integral of
two curves.

—Coherent Emission
- - -Independent Emission

Intensity [a.u.]

time [t]

Figure 2.3: Coherent spontaneous emission of 10 two-level atoms
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2.3.2 Large number approximation

If the number of atoms involved is sufficiently large, the summation in Eq. 2.22 can be
replaced by integration and the mean radiation intensity becomes in the shape of a secant
hyperbolic pulse [4] (Page 15, Eq. (1.2.23))

- d(M(t 1 1
I(t) = —mo% = §hwwN2sech2[§7N(t —tp)] (2.24)
where tp is the time delay for the pulse
tp = L In N (2.25)
D = N n .

Eq. 2.24 is only valid for large number of atoms. Coherent emission intensity calculated
by Eq. 2.24 and intensity obtained by solving the differential equations Eq. 2.22 are plotted
in Fig. 2.4, two curves are generally close to each other: both start from the same point
I(0) = N but have slightly different peak positions.

%1010

T
—Large N approx.
151 - - -Differential Equation 7

Intensity [Average number
of photons per unit time]

0 I I I

time [s] x107°

Figure 2.4: Mean radiation intensities Eq. 2.22 (dotted line) and Eq. 2.24(solid line)
(Number of atoms N = 200, atom energy hw = 1 eV, decay rate v is calculated by Eq.
2.19)

2.3.3 Pulse FWHM
From Eq. 2.24 it is easy to tell several important properties of the pulse [13]:

e Pulse time scale T = (yN)™*
e Pulse width T,, = 3.5(Nv)~!

e Pulse delay tp = (yN) 'In N

15
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Figure 2.5: Pulse width, calculated by the differential equations (dots) and by 3.5(N~)~*
(dashed line), as a function of the number of atoms (atom energy fiw = 1 eV, decay rate
7 is calculated by Eq. 2.10)

In Fig. 2.5 we compare the pulse FWHM calculated by the differential equation and
FWHM calculated by large number approximation. As indicated in the expression for
pulse width, superradiance pulse duration is inversely proportional to the number of atoms
involved, which is proved in Fig. 2.5, where the pulse FWHM decreases as the number of
atoms increases; the resonant energy also influence the pulse duration dramatically, due
to the fact that the radiation decay rate v is proportional to the square of the resonant
energy.

2.4 Summary

In this section, we presented a qualitative description of superradiance, Dicke’s model. We
obtained the superradiance pulse shape using Dicke’s theory and also studied the properties
of the pulse. However, in our simulation, we only consider tens or hundred of atoms. In
fact, superradiance is a group effect and involves a large number of atoms, so are the results
we presented valid for real situations?

Now let us check the number of atoms inside a wavelength-scale cube with volume \3.
Take Ne as an example, according to Ref. [1], the Neon gas cell has density n(Ne) =
1.6 x 10* cm ™3, and the resulting emission is A = 1.46 nm, which corresponds to a photon
energy of 849.32 eV. In the figure below, we use a constant atom density n = 1.0 x 10°
cm ™2 and plot the number of atoms inside volume \? as a function of photon energy fuw

16
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Figure 2.6: Number of atoms in unit volume

It can be seen from the figure that the number of atoms in unit volume changes fast
as the photon energy increase. In the real experiment described in Ref. [1], the resulting
emission is A = 1.46 nm, which corresponds to a photon energy of 849.32 eV, at this
energy point there are 0.04993 atoms inside a cube A\3. Clearly, Dicke’s model is not valid
for superradiance at this energy, we have to implement more advanced model or change
the experimental conditions. But if we look at the point at 100 eV, where the total number
of atoms is roughly 30, it would be a prefect example for the application of Dicke’s model.

Dicke’s model can also be extended to “pencil-shape” large sample where the near-field
dipole-dipole coupling can be negligible. In that case, only those photon states for which
the wave-vectors are confined in the diffraction solid angle A\?/A, where A is the cross-
section of the pencil-shape sample is assumed to contribute to the light emission [4]. This
opens up for short wavelength superradiance as will be discussed later in the thesis.

In real experiments, the superradiance pulse can range from micro- to femtosecond scale
depending on the medium and environmental conditions. Generally, the pulse duration is
in order of nanosecond in gases, while in solid materials the pulse is much shorter, by one
or two orders of magnitude [4]. Fig. 2.7 shows a superradiance pulse in atomic thallium
vapor obtained by H. M. Gibbs [12], the time scale of which is about 10 ns, which gives
reasonably well with the estimates in Fig. 2.5 because 1.3 um =~ 0.953 eV, which gives us
a time scale of 10 ns according to the figure.

17
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Figure 2.7: Superradiance pulse at 1.3um in atomic thallium vapour, atom density
3.1 x 10" ¢cm™® (Adapted from [12])

18



3 Reformulation of Dicke’s Model: Coherent Sponta-
neous Emission with Auger Decay

In the previous section, we set up Dicke’s model under basic assumptions, however, in real
experimental settings, there are more factors influencing the decay rate/number of active
atoms and these assumptions may seem unrealistic. For example, in the short wavelength
emission regime, one dominating effect is the Auger decay, which results in the depletion of
the upper energy states. Therefore, Auger decay can compete with the normal spontaneous
decay process, and if the rate of Auger decay is too large the superradiance pulse might
not be able to happen at all. This has been studied recently by Anderi and Vinay et.
al [AndreiBenediktovitchQuantumFunctions] using Heisenberg-Langevin equations.
Here, we present a simple model to be able to study superradiance with Auger decay, which
is based on Dicke’s original model and second quantization formalism.
Auger transition can be seen as a two-step process: ionization and decay:

Aty — AT+ (3.1)
AJr* — A++ + e-Auger '

As shown in the figure below, in the first step of Auger decay an inner shell electron is
photoionized, leaving an inner-shell hole in the ionized atom; the second step is the Auger
transition, which is the recombination of an outer-shell electron with the inner-shell hole.

[ ]
0. : 2
Sp
Ss
o 4d
4p
4s %:
1.
3d ——0—
(a) (b)

Figure 3.1: Schematic illustration of Auger decay, adapted from [17]: (a) 3d inner-shell
photoionzation; (b) normal Auger transition

Orbital energy

3.1 Atom System Description

To describe the Auger transition, we need to find out a way to describe electron states
of an atom. Here we use the so-called “occupation number representation” to describe
the electronic state, which uses 1 to indicate that an atom is in the excited state, and
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0 to indicate that an atom is in the ground state. For example, 3 excited atoms can be
represented as (000 111).

Next we define E as the number of excited atoms and n as the number of de-excited
atoms with de-excited. It follows naturally that £ +n = N, where N is the total number
of atoms. The fully excited state |E' = N) and the ground state |E = 0) can be represented
as

N electrons No electrons

in the ground state in the excited state
|E=0) = 1---1 0---0 ) (3.2)

IE=N)=1[0---0 1---1)

For the electron state with only one excited electron, |E = 1) state, the excited electron
might be from any atoms, so the |F = 1) contains the superposition of N states. Add a
normalization factor 1/v/N to normalize the state.

1
E=1)=——(]01---11 10---00) +[10---11 01---00) + ... +[11---10 00---01
| ) \/N(| )+ ) | )

(3.3)
Similarly, the electron state with E excited electrons |E) is
1 n E n E
~ =~ NS
|E) = Z|1...10...0 0---01---1) (3.4)

VCx

where ) means to take a complete permutation for all possible states with E excited
atoms.

We consider here simply, that the Auger transition is equivalent to removing one elec-
tron from the excited state. Thus, to describe the action which removes one excited electron
or add one ground state electron, the creation and annihilation operators are defined for
the i, atom as [5]

d; Ny, - g, ) = (=1)Z<i™ (1 — ) |ng, -+, 1, o)

A (3.5)
dei |n17' e 7ni>"'> = (_1>Zj<injni |n17' U >

~

d., means to remove one electron from the excited state of the 7y, atom, whereas 0221
means to add one electron to the ground state of the iy, atom. The sign will be canceled
out during calculation therefore we don’t take it into account for simplicity purposes. We
use the subscript ¢ for the creation operator to indicate that the action of “adding one
ground state electron” is only possible for an atom with a de-excited atom. The same is
true for the annihilation operator. Otherwise, it will give zero. That is to say

de,

E=0)=0 for all ¢ (3.6)

df |E =0) =0 for all i (3.7)
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To verify this theory we calculated the radiative transition of these atoms in Appendix.
B using second quantization method. We get the same expression for the decay rate as
Eq. 2.19, which shows that our calculation is correct.

In our discussion here, we only take the Auger effect on the upper level. We assume
that it is a core excited state, and the Auger transition is equivalent to delete one electron
on the excited state of the iy atom; this atom is no-longer active in our system after it
decayed via Auger transition. Therefore, the atom system of N atoms will become a N — 1
atom system after one Auger decay. Similarly to the way we define the radiative dipole
operator, we define the Auger operator as

N

A=>"ad, (3.8)

)

The initial electron state is all electrons are in the excited state:

|W) =|N,E) (3.9)

initial
And the finial state of the Auger transition is a state where one excited electron is
missing, plus the ionized electron state:

Wi =IN-1,E—1)® ¢ (3.10)

where ¢; is the ionized state of the iy, atom.

To simplify the calculation steps, we assume in our model that the ionized state is in
the last atom, i.e. ¢; = ¢n. To express this, we add a ‘0’ at the end of the final state to
represent the ionized atom:

N—1 E-1 N-E E-1 N-E
yN—1,E—1>’:§ 0---07---10 1---10---00) (3.11)

This would give us a straightforward form for the transmission matrix element from
W), to [¥) ¥
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AE=E-L — (B — 1, N —1|'A|E, N)

=3 (B~ LN - 1)d,

_GZFWW

E,N)

E-1 N-E E-1 N-E
_.A_ N
.10 1---10---00))d.

/—M/—’\
Z|0 1..-10---0))
E-1 N-E E-1 N-E
/—’\/—/\ ~ ="
.01---T0 1---10---00|) 319
E (3.12)
Cy Cﬁi
1 E-1 N-E
N
Z|0 1..-10---0))
E

a —ct
_ N
\/Cﬁfl Cﬁ

B [(E-1)(N-E) NI
N (N —1)! EI(N — E)!

B E
=q N

Here Zcﬁ*l means to take a complete permutation for all possible states with £ — 1
-1

excited atoms and Zcﬁ means to take a complete permutation for all possible states with
E excited atoms.

We can also use the number of atoms in the ground state n, instead of the number of
atoms in the excited state E, to express the Auger decay rate as:

N _
AR = 0y —— (3.13)

Similarly, we define a parameter describing the rate of Auger decay, Auger decay rate
~v4, which is also proportional to the square of transition matrix element. Because there
are NN possible channels for the electron to ionize, therefore we have to multiply the result
by N. The Auger decay rate is therefore

P)/]Ié/',N—l;n,n-&-l = 7A<N - n) (314)
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Convert it to the |J, M) representation by £ = J — M and n = N — E, we get the
expression of Auger decay rate in a similar form as the radiative decay rate

N
'YJf\l/,N—l;M,M—l = %4(5 + M) (3.15)

As indicated by this equation, the Auger decay rate reached its maximum at the be-
ginning, when n = 0; later, as the increase of n, the decay slows down.

3.2 Coherent Spontaneous Emission of N Atoms including Auger
decay

Similarly to the rate equation Eq. 2.20, we have the rate equation including Auger decay

dP t
%() = Ym41.m P (t) — Yarar—1 P ()

+ 7]©+1,N;M+1,MPN+1,N;M+1,M(t> - '7]1?[,N—1;M,M_1PN,M(t) (3.16)
= Y1, PN () — (V-1 + ’Yf\lny,l;M,M,l)PN,M(f)
+ 7]<‘T+1,N;M+1,MPN+1,N;M+1,M(t)

Fig. 3.2 is a schematic illustration of the transition process with Auger decay. Each
block in the stair graph represents a state |N, M). The radiation process starts from
the upper-left corner state |N, M), atoms in this state can either go to the next state
|N, N/2 — 1) by spontaneous emission (red arrow) or they can also go to the next level
|IN —1,(N —1)/2) by Auger decay (blue arrow); The former process is radiative and emits
photons, while the latter is not. Similarly, atoms in the state |N, N/2 — 1) can also be
transferred to two different states: |N.N/2 —2) and |N — 1, (N — 1)/2 — 1)...This process
goes on and the atoms will end up at the last M state of each row. Summing up all the “red
transitions” from N = Ny to N = [N/2], we can get the total emission for a superradiance
process with Auger decay.
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Figure 3.2: Energy state and possible transitions, red arrows are the spontaneous emission
and blue transitions are the Auger decay

Note that in Fig. 3.2 we use a state |N = 0) to indicate a state where all atoms are
de-excited via Auger decay and no atom can spontaneous decay anymore. We will see in
the following chapter that a large portion of atoms will end up at this state if Auger decay
rate is relatively large.

3.3 Pulse Property
3.3.1 Emission with and without Auger decay

Auger decay is a non-radiative process, so only spontaneous emission contributes to the
emission intensity. The mean radiation of the collective spontaneous emission of N atoms

is therefore
N=Npy N/2

I(t) = Z Z Yarvi—1 Py (1) (3.17)

N=0 M=—N/2+1

Fig. 3.3 shows the superradiance pulse with different Auger decay rate v4 = 0,74 = 7,
and v4 = 107 respectively. In general, the pulse becomes weaker with the increase of
Auger decay rate, and after the decay rate is set to be 10y the radiation becomes a decay
completely.
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Intensity [a.u.]

time [s]

Figure 3.3: Emission Pulse, with different Auger decay rate (number of atoms N = 10,
dash line: Auger decay rate = 0; red line: Auger decay rate = spontaneous emission rate;
orange line: Auger decay rate = 2xspontaneous emission rate; purple line: Auger decay
rate = 10X spontaneous emission rate

Clearly, from the figure, as the increase of the Auger decay rate, the Auger effect surpass
the spontaneous decay and eventually dominate the process; although not obvious from
the figure, but the superradiance is also connected to the total number of atoms N; so
where is the line between a superradiance pulse and a complete decay?” We can conclude
that to make superradiance happen, the relationship must be satisfied:

N> o va < N~ (3.18)
Y

this conclusion will be verified in later sections.

3.3.2 Pulse FWHM and peak intensity

The emission intensity with the presence of Auger effect can be easily obtained according to
the rate equation Eq. 3.16, then we can plot the change of pulse width and peak intensities
as a function of the number of atoms.
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Figure 3.4: Pulse width as a function of the number of atoms, with Auger decay (atom
energy hw = 1 eV, decay rate v is calculated by Eq. 2.19 and Auger decay rate is set to

be 107)
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Figure 3.5: Peak intensity as a function of the number of atoms, with Auger decay (atom
energy hw = 1 eV, decay rate v is calculated by Eq. 2.19 and Auger decay rate is set to

be 10)
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Figure 3.6: Delay time as a function of the number of atoms, with Auger decay (atom
energy hw = 1 eV, decay rate v is calculated by Eq. 2.19 and Auger decay rate is set to
be 107)

Similarly to Fig. 2.5, pulse width becomes smaller for a larger number of atoms, the
radiation does now show a pulse behavior until the number of atoms reaches 11, before
that the radiation is just a decay; this is consistent with the conclusion we draw in Eq.
3.18.

With the introduce of the Auger effect, pulse width can reach femtosecond given a
resonance energy of 100 eV. Furthermore, a lower number of atoms N gives a lower peak
intensity, but the delay time to reach the peak intensity seems to converge at larger number
of atoms.

3.4 Summary

In this section, we introduced a new method of describing the Auger effect in superradiance
and studied the pulse behavior based on this model. We only made some qualitative
discussion in this section and will look into the superradiance pulse of Ne and Xe in the
following section.

By introducing Auger decay, we accelerate the rolling-off of the atoms from the excited
state to the lower state, therefore a shorter duration can be reached.
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4 Superradiance example: Neon and Xenon

In this section, we use some parameters corresponding to real experiments for Neon and
Xenon and examine the effect of Auger decay on superradiance.

4.1 Neon

As a first example let us consider the spontaneous emission evolution in Neon gas. The
population inversion happens between [1s) = [15'25?2p°) and [2p) = [15%25%2p°), the
resonant energy between this transition is 849.206 eV. The Auger decay rate of the upper
level is given in Ref.[19] and [21]; the spontaneous lifetime is calculated in Appendix (See
Appendix A).

e Spontaneous decay lifetime: 7 = 185 fs

e Auger decay time: 74 = 2.4 fs

a) The probability of occupation

Before study the pulse profile, let us investigate the probability of finding atoms in each
energy level first, which would help us clarify some conclusions we will make later. We
take 5 atoms as an example. In the absence of the Auger decay, the radiation emission of
5 atoms is simply a chain transition from |5,5/2) to |5, —5/2):

v_s |53 1] 1] 3]s
22 2 T 2T

Figure 4.1: Chain transition map, no Auger effect

the probability of occupation of each |J, M) levels is shown in the figure below. At
t = 0, all atoms are in the excited state, P55/, = 1; later, as the system start to emit
photons, an increasing number of atoms are de-exicted and go to the lower energy levels
15,3/2), |5,1/2), |5,—1/2), |5,—3/2) and |5, —5/2); in the end, all the atoms are in the
ground state |5, =5/2) so we have P5 5/, = 1.
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Figure 4.2: The probability of occupation, no Auger decay, 5 atoms

With the presence of Auger decay, the de-excitation process of 5 atoms is a stair-wise
emission, and the probability of occupation of each |J, M) levels is shown in the figure 4.4.
The stair transition starts from state |5,5/2), from this state atoms can go to state |5, 3/2)
via spontaneous emission, or to state |4,2) via Auger decay at the same time; the radiative
transition will end up at the last state of each row, and a small friction of atoms will stay
at these states; but in general this radiative transition process is dominated by the first cell
of each row, as we can see from the figure that the total occupational probability almost
overlaps with that of the first cell. A large portion of atoms (more than 80%) will go to
the |N = 0) state via Auger decay.

N=s5| 2 [ 3 L] L] 31 5
2T 2772 2T 2T T2
N=4| 2.0 1.5 01} —2
N=3| S L1 L 113
27 2 2| "2
N=2| 1—p 0—p—-1
N=1]| 1—p_1
2 2
N=0| 0

Figure 4.3: Stair-wise transition map, with Auger effect
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Figure 4.4: The probability of occupation, with Auger decay, 5 atoms

b) Temporal intensity profile, with and without Auger decay
If we calculated the ratio between the Auger decay and spontaneous decay rate:
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R="24-" ~77.08 (4.1)
Y TA

which means, the number of atoms must be larger than 77 to have a superradiance
pulse.

5><1014 N=77

N w S

Intensity [a.u.]

—_

O 1 1 1 1 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

time [s] %1074

Figure 4.5: Light emission of 77 atoms with Auger decay

Fig. 4.5 shows the radiation of a total number of 77 atoms gives us a decay curve that

approaches its maximum at t = 0. Again, this fact proved that our conclusion Eq. 3.18 is
consistent with the simulation.

5 «1018 Pulse, with and without Auger effect, N = 200

—No Auger effect
- - -With Auger effect
4 4

=]

5,3

2

‘0

G2
£

0 01 02 03 04 05 06 07 08 09 1
time [s] 10714

Figure 4.6: Light emission, with vs without Auger decay (Solid line: light emission with
no Auger effect; dash line: light emission, with Auger effect taken into account)

On account of that, we use 200 atoms to run simulations in our following discussion.

In Fig. 4.6 the temporal intensity profile of including and excluding Auger effect 200 Neon
atoms is shown, it suggests the following interpretations:
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i) With the presence of Auger effect, part of the total energy that originally emitted via
light emission is released via Auger decay, thus the emission pulse has a weaker intensity;

ii) The radiation still exhibits a pulse behavior and the pulse reaches its maximum
intensity at approximately 2 ps; compared with the original Dicke’s pulse the Auger pulse
is much weaker.

c) Light emission and Auger emission

To measure the amount of energy that goes to Auger electrons quantitatively, we define
the Auger electron emission rate in a similar way to the radiation emission rate

Wa = Z Z’YQMPN,M (4.2)
N M

then we can compare the Auger electron emission rate with the photon emission rate
in the same plot. As indicated in Fig. 4.7, the Auger electron emission of 200 atoms is an
exponential decay and the intensity of which is much stronger than the photon emission.

«10'® Radiation vs Auger emission, N = 200 1077 Radiation vs Auger emission, N = 200
T T T T T T T T T S T T T T T T T T

——Photon emission ARREE ——Photon emission

== -Auger electron emission ""~~._>_ == -Auger electron emission

1015,

1

Intensity [a.u.]
s

Intensity [a.u

10ME

—— e 1013 L L L L L L L L L
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

time [s] <1014 time [s] x1071

(a) Linear scale (b) Log scale

Figure 4.7: Light emission vs Auger emission (Solid line: Light emission; dash line: Auger
emission, define by Eq. 4.2)

d) Auger Emission, with and without light emission

To determine whether superradiance pulse can occur or not with the presence of Auger
effect, we plot in Fig. 4.8 the Auger emission curve including spontaneous decay (v # 0)
and excluding spontaneous decay (v = 0) respectively. Two curves start from the same
point: Wa(t =0) = N x v4 and then start to deviate from each other. With 200 atoms
an apparent difference between Auger emission curves can be observed, which corresponds
to the fact that we can still tell superradiance pulse on the radiation curve.
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Figure 4.8: Auger Emission, with vs without light emission (Black curve: set spontaneous
decay rate v = 6.25 x 10'%; red curve: set spontaneous decay rate v = 0)

4.2 Xenon

As another example, we consider coherent spontaneous emission from Xenon atoms. Using
the values given in Ref. [AndreiBenediktovitchQuantumFunctions] for Xe:

e Spontaneous decay lifetime: 7 = 1 ns
e Auger decay time: 74 = 6 fs

The transition and energy is not given in Ref. [AndreiBenediktovitchQuantumFunctions].
Ratio between the decay rates are

R=—=6x10° (4.3)
TA
The result indicates that we need to run the simulation with at least 6 x 10% atoms to
obtain a superradiance pulse. Our current simulation code is not capable of running so
many number of atoms, so we only calculate 200 Xe atoms here.
a) Temporal intensity profile, with and without Auger decay
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Figure 4.9: Superradiance pulse (left: no Auger effect; right: including Auger effect)

Above is a figure illustrates the superradiance pulse including and without Auger decay
of 200 Xe atoms. For this number of atoms, no pulse behavior can be observed with the
presence of Auger effect, the superradiance process is dominated by Auger decay because
the Auger decay rate is 10° times larger than the spontaneous decay rate, and the radiation
is simply a decay.

b) Light emission and Auger emission

%1016 vs Auger emission, N = 200 F vs Auger ion, N = 200
3.5 T T T T T T T T T 10'8 T T T T T T T T
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(a) Light emission vs Auger emission  (b) Light emission vs Auger emission, log
scale

Figure 4.10: Light emission vs Auger emission (left: on linear scale; right: on logarithmic
scale)

The photon emission (radiation) and Auger electron emission are shown above. For
Xe, the Auger electron emission is much stronger than the photon emission that we can
not see light emission on a linear scale.

c) Auger Emission, with and without light emission

34



%106 N =200

—Auger Emission without radiative decay
- --Auger Emission with radiative decay

Intensity [a.u.]
n

O 1 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

time [s] %1071

Figure 4.11: Auger Emission, with vs without light emission (Black curve: set sponta-
neous decay rate v = 1 x 10°%; red curve: set spontaneous decay rate v = 0)
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Figure 4.12: Ratio of two curves

Similarly, we plot the Auger emission with and without Auger effect for Xenon, as well
as the ratio of two curves. Two curves in Fig. 4.11 are generally overlap with each other,
which is verified by Fig. 4.12, the ratio stays almost one. Therefore, the radiative decay of
Xe has little effect on the Auger decay. Or to say, if the Auger decay rate is too large, the
emission will be dominated by Auger decay and superradiance will not be able to happen.

4.3 Summary

In the first two chapters, we talked about the fundamental model for coherent spontaneous
emission: Dicke’s model. The influence of the external field is not taken into account in
this model, we only dealt with the spontaneous emission of a group of N atoms. In a real
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situation, the generated field can drive additional transitions in adjacent atoms on its way
out of the medium. We will discuss how to handle this in the following chapter.

Due to large amount of implement of iterative loops in our simulation code, the simu-
lation time increase exponentially as the number of atoms involved. It takes only several
seconds to run the simulation with 10 atoms, but after we increase the number of atoms
to 1000, it takes more than 5 minutes to get the final result. This is something need to be
improved in the future.
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5 Extended Medium: Beyond Dicke’s Model

Dicke’s model we presented in previous sections is based on an assumption that the dipole-
dipole interaction between atoms can be neglected. However, unless the atoms are arranged
in a perfectly symmetrical way, the dipole-dipole interaction between atoms will lead to a
perturbation which will change the behavior of the atoms, and Dicke’s model is no longer
valid.

Dicke’s model only applies to the case where all atoms are confined in a wavelength-
scale volume or a “pencil-shaped” extended medium, where the near-field dipole-dipole
interaction can be ignored without causing too much derivation to the result because we
consider large resonant energies and this perturbation can be ignored compared with large
energy gaps.

If we want to study superradiance in an extended medium whose dimension is larger
than the wavelength scale, we need to employ the semi-classical method. This approach
treats the electromagnetic fields as waves and uses quantum mechanical theory to explain
the behavior of the atomic system.

5.1 Atom System Description

To describe an atom system quantum mechanically, first, we need to define the system
Hamiltonian. Here we follow the definition of Friedrich and define the Hamiltonian of an
atom with mass m, momentum p, potential V' (r) and charge e interacting with a radiation
field with potential A(r,t) as [11]

~

H=(p— SA)Q/QWJF@V(T)+ﬁF=ﬁA+ﬁF+ﬁA—F (5.1)
where o B
Hy =hwy Yy Dj

1

Hp =) hwy(a) axe + 3) (5.2)
k.

Hy_p=-) dE;(Df+D;)+hc

where &L . and ay . are annihilation operator and creation operator of the radiation field,

the subscripts k£ and & mean electrical modes with different frequency and polarization
states.

5.2 Maxwell-Bloch Equation

Let us consider a group of N two-level atoms interacting with a common electromagnetic
field. Such interaction obeys the Heisenberg Equation, i.e. any physical quantity X follows
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aX 1. -
= _ X H
dt ih[ Al
We follow the derivation by Gross [13] and introduce the atomic polarization P and

population inversion operator N to describe the behavior of the atom system and the
radiation field respectively:

(5.3)

WL
i
i
These two operators are functions of position r, 6(r — r;) is a function distributed in

a range that is larger than the atom size but smaller than the wavelength.
Substitute P and N into the Heisenberg equation Eq. 5.3, we get (See Appendix C)

(5.4)

~ 4 2
0P (00) _ ¥ ety + 20 (B (r.0) 4 B (. 6)) N (1)
ON(rt) i o+ * P

S L ) 4 B 0] x [P 1)~ P,
Substituting E into the Heisenberg Equation twice we get the time evolution equation
of E (See Appendix C for detailed steps)

2B (r o 1 2P (r,t
33—2(157) — AV X VE (rt) = —6—088—2&” (5.6)
Eq. 5.5 is often referred to as Maxwell equation and Eq. 5.6 is called the Bloch
equation. These three equations describe the universal behavior of atom-field interaction
and are valid for any shape or size of atomic medium.
Solving the quantum Maxwell-Bloch equations is not an easy thing. Therefore, in the
following discussion, we will only consider a simple case of the Maxwell-Bloch equation,
where an analytical solution can be obtained as an approximate form of the exact solution.

Approximation 1: One-dimensional plane wave solution

2w

—|

Figure 5.1: Pencil shape sample
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The problem of superradiance in free space is, in general, a problem of three-dimensional
non-linear diffraction theory. An important step in the simplification of this problem is to
choose for the sample the shape of a long cylinder of length L and transverse dimension
2w obeying the relation:

L>w> A (5.7)

This is the so-called “Pencil shape sample”. If a laser beam with beam waist w > \
interact with a medium inside a cell with length L > w, the “pencil-shape” condition is
automatically satisfied.

By making this assumption we convert the three-dimensional problem into a one-
dimensional problem, and it has a simple form solution: a plane wave propagating along
the z direction, where:

~ 4 ~ )
E (z,t) = B (2,t) exp [Fi(wot — koz)]e; (5.8)
P (2,1) = PE(2, 1) exp [i(wot — ko)]e;

Approximation 2: The rotating wave approximation
Assume that the oscillation term exp [Fi(wot — koz)] changes very fast compared with
the envelope, then we can simply neglect the exponential term. This is called the rotat-

ing wave approximation (RWA). Substitute Ei(z, t) and Pi(z, t) into the Maxwell-Bloch
equations we get
D+ ;2
O0F; _ 2ip BN
" (5.9)
Ay S
EZ#PJFE(T—EOPM

where p is a geometrical parameter and is defined as [13]

p= 22 (5.10)

Approximate 3: The slowly varying envelope approximation

The Bloch equation Eq. 5.6 is simplified by applying the SVEA(slowly varying envelope
approximation), where we assume that the amplitudes Py(z,t) and Fy(z,t) vary slowly in
a sense that

OF, .
—0‘ <<C<J0|E0| ‘ ‘ < w0|Eo|

(5.11)
’ ‘ <<WO|P0| ‘ ‘ <<WO|PO|
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According to Gross, the slowly varying envelope approximation is valid only if the
conditions
1

1
—— < — and L>A\ 5.12
Noyp  wo ( )

are satisfied [13].
After applying this approximation the Bloch equation becomes

10 0. - in ~
—— + )EF P 1
(Cat + 82) 0 0 (5 3)

Now we get the reduced Maxwell-Bloch equation. For convenience purpose, we do a
transformation by z — z, reduced time 7 — t — 2

2e0cC

( ~ z'wg A
0z 2e0C

) Py C2up® o

- Ly N (5.14)
ON  ia o o
(5 = 0B — B Iy ]

By doing the transformation we obtained a system of partial differential equations, de-
scribing the propagation of one-dimensional superradiance pulse in the medium. The first
equation of Eq. 5.14 describes the behavior of the electrical field, the last two equations
describe the evolution of the atoms. Given proper initial conditions and boundary condi-
tions, the system of equations can be easily solved numerically.

Approximation 4: The mean-field approximation

Here we study the solution to the Maxwell-Bloch equations in the case where the
medium is homogeneous, and the polarization operator ]5, electric field operator E are
only functions of time t. Thus the amplitudes and polarization operators of the field at
each point can be replaced by their corresponding mean values in space:

2 in L/2 ~
Ef(z,7) = — Py (¢, 1)d?’ (5.15)
2e0c J )2
This leads to
( ~ ) A
Bt =01 p-
4ege
P 2id? - -
— —"_FEN 5.16
or h ( )
ON i 2, = A a
— = _[PTEt—E P~
\ OT h[ ]
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5.3 Classical Solution to Maxwell-Bloch Equation: the Sine-Gordon
Equation

Let us consider first the classical solution to the reduced Maxwell-Bloch system. This can
be obtained if we assume the field operator, the polarization operator, and the population
difference operators can be replaced by their corresponding classical physical quantities.
This type of solution is first obtained by Burnham and Chiao [7] for the coherent resonant
fluorescence problem [13].

0z 2e4c ¢
* - 712
< % _ % N, (5.17)
—
ONg 0., .
L o7 = ﬁ[ cel — PCZECI]

Now the Maxwell-Bloch equations are converted to a set of ordinary partial differential
equations, which can be easily solved with proper boundary and initial conditions.

a) Initial condition

If, like the previous analysis for the Dicke’s model, we assume that all atoms form a
pure ensemble and they are all in the excited state initially, i.e. Ny(t = 0) = 1, it follows
naturally P = 0 and consequently EY(z,t) = 0, which means the system will never emit
photons. Physically, this is due to the fact that an excited state of an atom can stay
infinitely long-live without the perturbation of an external field.

Therefore, we cannot start the system at N, = 1 state. It is proved by Roy [14] that
superradiance can be seen as being initialized by random initial polarizations fluctuations
and a successive amplification of this fluctuation. That is to say, the superradiance can be
seen as a two-step process: 1. Initial fluctuation, where depletion of the atomic excitation
can still be neglected; a simple way to express the fluctuation is by Bloch-sphere represen-
tation and we will discuss in detail in the following section. 2. Amplification of the initial
fluctuation.

b) Introduce the Bloch angle

It can be proved from Eq. 5.17 that (dPj)*+ N2 has a constant norm N/ (27 Lw?) (See
Ref. [13]). Therefore, dP% and N, can be represented as two components of a vector with
constant length. This vector is called the “Bloch vector” and P} and N, can be rewritten
in the coordinate of Bloch vector as

iz, 1) =1d

. sinf(z, 7)e'

27 Lw? (5.18)

Ny(z,7) = cosf(z, 1)

27 Lw?

where w is the size of the beam waist and L is the length of the medium.
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A schematic illustration of the Bloch sphere coordinate is shown in Fig. 5.2. Each
point on the Bloch sphere represents a certain state of the atomic system, the north pole
means that an atom is in the ground state and the south pole is the excited state, and any
state in between, which is defined by an azimuthal angle ¢ and a polar angle 6, means that
the system is in a middle state between fully excited and fully grounded.

Figure 5.2: Bloch Sphere Coordinate (Adapted from Wikipedia [22])

Substitute Eq. 5.18 into Eq. 5.17, the Maxwell equation becomes (See Appendix D)

020 1
= inf 5.19
ot0z  L-Tp (5.19)
and the Bloch equation
2d N
2 B = explio)'y, (520)
where T is called the superradiance characteristic time and is defined as
T L (5.21)
R= :
Nyp
Eq. 5.19 can be rewrite in the dimensionless form as
1
0"(q) + —=0'(q) — sin(f) =0 (5.22)
q
where ¢ is a dimensionless quantity
z T
=2,/=—— 5.23
q I, (5.23)

This equation is a second order ordinary differential equation with respect to a single
variable ¢ and can be easily solved giving the initial value of #. After we obtained 6,
according to Eq. 5.20, the emission intensity is measured by the electric field amplitude
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4d?* 0q Ot
. h2 00 2 Z/(LTR) 2
= @(871) (—q/2 )
Rz 00,1
S PITe) 7

(5.24)

5.4 Pulse Property
5.4.1 Light intensity evolution with time

In section a) we assume that the superradiance process is triggered by random initial polar-
izations. These fluctuation states are states where atoms are slightly off the excited state.
In the Bloch sphere coordination, this is represented as a small initial angle with respect
to the z axis, which is the 6;. The values of 6#; corresponding to the initial polarization
take on random values with Gaussian statistics [14], with a Mean Square Root(MSR) value
2/v/'N [4]. Each initial value 6; is corresponding to a pulse, and the actual pulse is the sum
of different N different 6;.

To show the total pulse we plotted five trajectories with random Gaussian 6; values
and the sum of 10000 idealizations. The result is shown in Fig. 5.3.
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N = 10000
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Figure 5.3: Upper panel: realizations with different value for 6;; lower panel: mean
intensity

Some properties of the Sine-Gordon pulse

Characteristic superradiance time | Tg = (Nypu)™!
Pulse width FWHM 3.5/Tr

Individual pulse delay tp = —2Tx1In(6;/2)
Average Pulse delay (tp) =TrIn N

Worth to point out that:

a) The shape of each pulse and the delay time to the maximum depend on the initial
tipping angle 6;, decay time tp related to 6; as [4]

T A
to = ()" (5.25)

where A = 2(7%tp/Tr)"* can be taken as a constant of the order of 10.

b) Each trajectory shows an oscillation pattern, which is known as the superradiance
ringings. The ringings can be understood as an atom with initial tipping angle ¢, at t =0
will radiate energy and go to the #; = 0 position; after that it can re-absorb the energy
emitted by another atom and become excited again. Thus, the Bloch vector will swing
back and forth like a pendulum, hence causes the ringing pattern.

To illustrate the process, we draw the figure below to show how the system Bloch state
evolutes on the Bloch sphere with an initial tipping angle 10~* rad. Fig. 5.4 shows the time
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evolution of one realization of the sine-Gordon equation and the corresponding evolution
of the Bloch angle during 0.9 ns. There are three ringings in this period of time and we
use three different colors to differentiate them. Fig. 5.5 shows the evolution of the Bloch
vectors on the Bloch sphere: during the first ringing time, the Bloch vector goes from the
fully excited state (the north pole) towards the fully grounded state (the south pole); later
it continues to oscillate like a pendulum until all atoms are in the ground state.

N = 10000

Intensity [a.u.]

time [s] x10710

Figure 5.4: Upper Panel: One realization of the sine-Gordon equation; lower panel: time
evolution of the Bloch angle
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(b) The second ring

(c) The third ring

Figure 5.5: Bloch vector volution on the Bloch sphere, the “swing” behavior

5.4.2 Comparison Sine-Gordon pulse With Dicke’s Pulse

As discussed before, the one-dimensional solution to the Maxwell-Bloch equation is only
limited to “pencil shape” extended medium; we recall from the first two chapter that
Dicke’s model can also be applied to “pencil shape” medium, if we ignore the near-field
dipole-dipole interaction. That naturally raises the question: would Sine-Gordon equation
and Dicke’s model give us the same result?

Let’s check this conclusion by some calculations.

Properties of Superradiance pulse is mainly determined by two parameters: the char-
acteristic time Tk, and the delay time to the peak intensity ¢p. In Dicke’s model and
Maxwell-Bloch model, these parameters are given by
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Table 2: Dicke’s Model vs Sine-Gordon Equation

Characteristic Time Tg Pulse Delay tp
1 In N
Dicke’s Model Tpr = — tp=——=TrInN
1cke’s Mode R N~ D N~y RNl
Sine-Gordon Equation | T, = L _ L (tp) =TrIn N
Nvyp 3X2Ny

Clearly, the pulse delay tp is the same in both cases, both equal to the product of
characteristic time Tx and the natural logarithm of the total number of atoms V.
The Sine-Gordon characteristic time can be re-written as

Sm2w? 81 8
TJ’L2 = = — = — (5.26)
3NNy 2y ny

where n = N/(rw?L) is the number of atoms per unit volume of a sample of length L.
Therefore, for an extended medium, the time-scale of the superradiance pulse decreases by
a factor equal to the atom density n, rather than by a factor of the total number of atoms
N as in the case of a small sample [4] (Page 18).

The characteristic time of superradiance pulse Tg, would also be the same for both
cases if 4 = 1. Recall the geometrical factor p, which is proportional to the solid angle of
the pencil-shape volume

3o 3 A2

p=—-—=

8t Srw? (5.27)

a) Long cylinder sample: ; ~ 1

2w = 2

L

Figure 5.6: Small pencil shape model

If we limit the discussion in a wavelength-scale volume where the w &~ A, or equivalently,
i~ 1. Substitute this value into Sine-Gordon equation and plot the superradiance pulse,
we get the two figures below:
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(a) Dicke’s model and one idealization of (b) Dicke’s model and the average of 150
the Sine-Gordon equation idealizations of the Sine-Gordon equation

Figure 5.7: Dicke’s model and the Sine-Gordon model

In the left panel, we show the superradiance pulse obtained using Dicke’s model (solid
line) and one idealization of the Sine-Gordon equation (dotted line, with the initial tipping
angle 0; = 0.15); two curves generally overlap, but the Dicke’s one does not exhibit ringing
pattern.

In the right panel, we have the sum of 150 idealizations of the Sine-Gordon equation.
In this case, the Sine-Gordon pulse is broadened and the width of which is larger than
Dicke’s pulse, which is the consequence of interference of 150 pulses.

b) Lone cylinder pencil shape sample: y < 1
If © < 1, which means w > A, the Sine-Gordon pulse will exhibit a big difference with
Dicke’s pulse. For example, here we use the experimental value for Ne in Ref. [1]:

Sample Length L =15 mm

Atom density n=1.6 x 10 cm™3
Beam waist w =2 pum

Emission wavelength | A = 1.46 nm

The total number of atoms inside the volume is

N =n x Lrw?
= 1.6 x 10" x 1.5 x 7 x 0.0002 (5.28)
= 3.0159 x 10"

the geometrical factor p

3N
M= Srw? (5.20)
= 6.3610 x 107®
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2w > 27

—FL

Figure 5.8: Large pencil shape model

N = 3015900000000 N = 3015900000000

Intensity [a.u.]
Intensity [a.u.]

VAN

. . . . . . .
0 02 04 06 08 1 12 14 16 18 2 0 0.2 0.4 0.6 0.8 1 1.2
time [s] %1018 time [s] x10710

(a) Dicke’s model, large N approximation (b) Sine-Gordon Equation, one idealization
with 6; =1 x 107

Figure 5.9: Dicke’s model and the Sine-Gordon model

In this case the Dicke’s model predicts sub-attosecond pulse, while the Sine-Gordon
Equation gives us a more reasonable time scale, which is about 0.1 ns. This shows that
the Dicke’s model is not valid in this setting and should not be used too naively.

6 Outlook

Our reformed Dicke’s model brings a very pragmatic opportunity for us to investigate the
influence of Auger effect on superradiation, and also the opportunity for us to use the
Auger effect to shape the superradiance pulse. However, the research presented in this
thesis seems to have raised more questions than it has answered. Several interesting points
of research arising from this work which should be pursued.

First, in order to connect our theoretical model with real experiment settings, we now
have several further discrepancies to resolve. Average volume discussed in our model is
roughly wavelength scale, and we need to extend our model into a larger volume so to meet
the real experimental conditions.

Secondly, we have shown that pulses on the order of femtosecond should be feasible to
generate using rather few atoms. Auger decay helps to shorten pulse but not by more than
a factor of 10. The number of atoms needs to be at least larger than the ratio of Auger
decay rate and spontaneous decay rate. This result enables the possibility to shape the
superradiance pulse using Auger effect.
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In addition, we are particularly interested in studying the implementation of the sine-
Gordon equation to describe a superradiance system with Auger effect, which will allow
us to study the dynamic response of the medium to superradiance pulse.

Further work would include adding Auger decay in the sine-Gordon equation, but this
was not achieved due to limited time. Ideas to exponentially decrease the number of atoms
has been discussed but such a result is not presented in this work.

One problem with controlling superfluorescence by Auger decay is that the rate v, is
fixed for a given transition. Recent work has shown that laser-enabled Auger processes can
be induced on holes in atoms that otherwise does not decay via Auger effect [18]. Such a
“knob” gives by laser intensity could be an interesting new way to control superfluorescence.
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A Transition matrix element, Neon, 1s — 2p

In the thesis, we study the transition of Neon between 1s state and 2p state. This part of
work is done by Professor Marcus Dahlstrom.

1 STUDY OF NEON 1ls-2p TRANSITION WITH DIFFERENT MODELS:

w

LOCAL DENSITY APPROXIMATION (LDA without Latter correction):

Matrix element, zfi = 0.0523733802631098 (Rohringer: 0.068 )
Spontaneous decay time, tsp= 185.731648628056 fs (experimental Ne+ 1s-2p
is 160 fs)

© W N O ot

10 L o o ol
11 LDA With Latter correction (Rydberg states asymptotically):

12 Matrix element, zfi = 0.0520561692684332 (Rohringer: 0.068 )

0

14 Hartree-Fock 1ls-2p:

15

16

17 (3.27708 x 10-8.5049/10) x 27.211 = 868.58 eV

18

19 From velocity gauge we get 1s-2p z = p/w = 1.51269/31.92 = 0.04739 au
20

21 From length gauge we get 1s—2p z = 0.050817 au

22

23 (HF is not gauge invariant but result is in agreement with LDA

24 calculations 97.6%)
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B Second Quantization, Radiative Transtion

Define the Dipole transition operator

N
D=y i,

(B.1)

which means we remove one electron from the excited state and then add one electron
to the ground state. This is equivalent to the dipole transition.

the matrix element

(E —1|D|E) = —1|Zd*del|E
N El N-E+1
d
O

N E E N-E

/-’\\f-/\\ SN

(Z|0...01...1 1-.-10---0))
E 1 N-E+1
-1

E-1 N-E+1

AR g
1000 (d) d.,)

E-1 N-E+1

—— I — -
1---10---0|)d;

N N-E E-1 N—E+1
/—/R
O _---01---T 1---10---0)) (B.2)
E I N-E+1  E—1 N-E+1
ZZ -1 1..-10---0))
lcn—i-l\/cm
N E-1 N—E+1  E-1 N—-E+1
(Z|0...01...1‘ 1..-10---0))
1 1
=d —(N —n)CYy
/CTLN+1 \/CN
(n+ 1IN —n—1)! N!
—d(N —
( ")\/ N (N —n)!
=d\/(n+1)(N —n)
Therefore, the decay rate 7 is
VEsE-1 = Ynosnt1 = Y(n + 1)(N —n) (B.3)
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Convert N, n representation to .J, M representation:
E=N-n=J+M

N
—-n=—-—-M
2

So we have N N
i-y-1 =35 = M A1) (5 + M)

This expression for 7 is same as Eq. 2.19.
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C The derivation of Maxwell-Bloch equation

Definition of operators
~ L ' ~
7“) = dz 52(1“ — ’l“l)D

Hamiltonian of the system (Eq. 2.4)

(C.1)

. L1 O
H = hug Z D + kz oy (@) Gz + ) - Z d;E;(D} + D;) (C.2)
Commutation relation of D operators [13] (Page 307, Eq. (2.3))
[Di, D] = +6;DF (D, D;] = 26D}

According to Heisenberg Equation

Di 1 A A .
mz(s Dy, hwoy Dyt (o ane +5) = Y di&i(ri)(Df +D;)]
J ke J

J

=2 Z Z[‘W —r)Di,  d(ET + E-) (D + D;)]

thé J(ET+E7) (DY — D7)

- ﬁ[ﬁ(r, t) + E=(r,O][P*(r, t) — P~ (r,1)]
(C.3)
And
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%

= E[dz 8;(r —r)DF, huwy Z Dj - Z d;E;(r;) D;]
7 J J

= indZ ﬁJr(Si(T — 7"2‘) + % Z dZ<E+ + EAH) X 2b§51(7” — T’Z')
i=j 1=j

A~

A d? . A
= iwo Pt (r,t) + Qi%[lﬁ(r, t) + E~(r,t)]N(r,t)

(C4)
Therefore we get
A Jr 2
P (r,1) = iwop+(r,t) + Qid—[E+(r, ty+E (r,t)|N(r,t)
% ' " (C.5)
ON é:,w = 2B (r, )+ B ()P (r,t) — P (1)

o7

A y 1 _
— %[dz Si(r —r)Df, hwe» Di+ > hwilal ap. + 5) > di€i(ri)(Df + D;
J k,e



D Derivation of Sine-Gordon Equation

The classical Maxwell-Bloch Equation Eq. 5.17

( iwo

E,=—P.
o 2506 :

or;  2id?

87_Cl = T alNe
ONg 0

L o7 = ﬁ[PclEcl - PCZECl]

Assume the solution has the form [13] ( Page 352, Eq. 6.74 & 6.75)

Py(z,7) =1d sin0(z, 7)e'

27 Lw?

Ny(z,7) = cosf(z, )

21 Lw?

P,; should be the complex conjugate of P

Py(z,7) = —id sinf(z, 7)e”"

21 Lw?
Substitute Eq. D.2 into the Maxwell-Bloch Equation:

’% — AC x dsin(0(z, 7)) exp(—io)
2dE, = hexp(@)%
| sin(@(z.7) DT desp(io) B sin(0(z, 7)) + dsin(®(z. 7)) exp(—id) Ea

dr

where A = #, C= %gc, defined to simplify the calculation.
The second equation

2d do

%Ecz = exp(i¢) (dz; )

The third equation, multiply by exp(i¢)

do(z, )

hexp(ig) sin(0(z, 7)) — -

= dexp(2ip)E}sin(0(z, 7)) + dsin(0(z, 7)) Ey

cl

substitute Eq. 5.6 into the equation above

hexp(i) dG(dzT, ™) sin(0(z, 7)) = dexp(2i¢) E} sin(0(z, 7)) + dsin(0(z, 7)) Eq

— 2dEsin(0(z, 7)) = dexp(2i¢) Esin(0(z, 7)) + dsin(0(z, 7)) Eq
— By = exp(2ig)E™"

o8

(D.1)

(D.2)

(D.4)

(D.7)



Take the derivative of 2

dE*,
= %) ——<t
xp(2i¢) —
Take the derivative of z of Eq. 5.6
2ddE, d*0(z, 1)
hodz Plid) =g 7 drdz

substitute it into Eq. D.7

dE, dE?,
dzl = exp(2i¢)—*=

h d20(
= 5q OPU0) =5

h d20(z,7) .
2dW = AC x dsin(0(z, 7))

Use the definition of v from Ref. [13] (Page 321, Eq. (4.5))

ke wid?
~ 3megh 3mcdegh

And parameter p Ref. [13] (Page 342, Eq. (6.26))

3 N\

o= 872 w?

TLR = Noyp
wid®> 3 N2
37T03€0h 872 w?
wod® 1 N2

mc3egh 82 w?

= &2
f Wo

1 wid® 1 An*e?

Tr  Begh 83 wiw?
NWOGZ2 11
ceoh 2 w?
1

= ACd
LTR ¢

Proved.
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%) = exp(2ip)AC x dsin(0(z, 1)) exp(—i¢)

(D.10)

(D.11)

(D.12)

(D.13)

(D.14)

(D.15)

(D.16)



