PHYSICAL REVIEW RESEARCH 3, 033232 (2021)

High-gain quantum free-electron laser: Long-time dynamics and requirements
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We solve the long-time dynamics of a high-gain free-electron laser in the quantum regime. In this regime each
electron emits at most one photon on average, independently of the initial field. In contrast, the variance of the
photon statistics shows a qualitatively different behavior for different initial states of the field. We find that the
realization of a seeded quantum free-electron laser is more feasible than self-amplified spontaneous emission.
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I. INTRODUCTION

In the quantum regime of the free-electron laser (FEL)
the electrons undergo discrete scattering events instead of
following continuous trajectories [1]. More precisely, an elec-
tron in the Quantum FEL [2-9] occupies only two discrete
momentum levels [10] in analogy to an atomic laser [11].

By identifying three constants of motion we solve in the
present paper the long-time dynamics of a Quantum FEL in
the high-gain regime, within (i) an analytical approximation
and (ii) a numerical simulation. Moreover, we discuss fun-
damental requirements [12] to realize such a device in an
experiment.

Employing momentum-jump operators we showed in
Ref. [13] that the dynamics of a high-gain Quantum FEL
is effectively governed by the Dicke Hamiltonian [14]. We
briefly review this model in Sec. II. In order to solve the result-
ing equations of motion we applied in Ref. [13] a parametric
approximation [15] and obtained an exponential growth of the
laser intensity along the wiggler length. However, this approx-
imation breaks down when the number of emitted photons
becomes large after a certain interaction time. Therefore, we
derive in Sec. III solutions beyond the short-time limit.

As a first result of these studies, we find that in the quantum
regime each electron emits at most only a single photon [3], in
contrast to the multiphoton processes dominating the classical
regime [16]. Moreover, we derive expressions for the satura-
tion length and consider deviations from resonance.

Secondly, we discuss the variance of the photon number.
For a startup from vacuum, the field possesses almost chaotic
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statistics. In the case of a seeded Quantum FEL, the behavior
of the variance depends strongly on the initial field state. A
Fock state or a coherent state with a high photon number leads
to comparably narrow photon distributions in the course of
time. In contrast, the statistics evolving from a thermal state
remains broad, but becomes much narrower than a thermal
distribution when the intensity assumes its maximal value.

Our results allow us in Sec. I'V to identify the challenges for
a Quantum FEL experiment, and to explain the necessity for
an optical undulator [17,18]. Indeed, it was argued in Ref. [12]
that the combined influence of space charge and spontaneous
emission into all modes prevents an effective Quantum FEL
operation for more than several gain lengths which drastically
reduces the feasible laser intensity. We can circumvent this
loss of intensity if we consider a seeded FEL instead of self-
amplified spontaneous emission (SASE). This effect is a direct
consequence of the decreased saturation length in a seeded
Quantum FEL so that one drops below the problematic limit
put forward in Ref. [12].

Finally, we summarize our main results and conclude in
Sec. V. To keep this paper self-contained, we add Appendices
A and B which are devoted to the detailed calculations as-
sociated with our analytical approximation and the numerical
approach, respectively.

II. QUANTUM FEL: BASIC BUILDING BLOCKS

In Ref. [13] we have formulated the FEL dynamics [19,20]
in terms of collective jump operators for the electron momen-
tum. In the following, we review this description, where each
electron populates levels on a discrete momentum ladder in-
duced by the quantum mechanical recoil g = 2/ik the electron
experiences when it scatters from the fields. Here /i denotes
the reduced Planck constant while k is the wave number of
the laser and wiggler field in the comoving Bambini-Renieri
frame [21] where both coincide.

Published by the American Physical Society


https://orcid.org/0000-0002-6367-8973
https://orcid.org/0000-0002-1126-6352
https://orcid.org/0000-0002-5290-6133
https://orcid.org/0000-0002-9693-8882
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevResearch.3.033232&domain=pdf&date_stamp=2021-09-10
https://doi.org/10.1103/PhysRevResearch.3.033232
https://creativecommons.org/licenses/by/4.0/

PETER KLING et al.

PHYSICAL REVIEW RESEARCH 3, 033232 (2021)

A. Collective Hamiltonian

By performing a rotating-wave-like approximation [13] we
found that the motion of each electron in the quantum regime
is restricted to only two momentum levels, that is, the excited
state with momentum p, close to the resonant momentum p =
q/2, and the ground state with p — g = —q/2. In the language
of collective operators we therefore defined

N
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where we sum over projection operators for all N elec-
trons with |p)") denoting the momentum eigenstate of the
jth electron.

Indeed, f+, J_, and fz satisfy the commutation relations
for angular momentum [22,23], that is, [f+,f,] = 2JAZ and
[J., J] = +J.. Hence, we identify the jump operators with
the ladder operators J, and J_ of angular momentum, while
fz describes its z component [24].

The restriction to two momentum levels leads us to the
dimensionless Dicke Hamiltonian [14]

Her = (o +a]J ) —sn, (3)
where the dynamics of the laser mode is described by the
photon annihilation, creation, and number operator, a, &I':,
and i1 = &I&L, respectively. These field operators fulfill the
commutation relation [ar, &i] =1.

Moreover, we have recalled the dimensionless parameter
e = g/w; as the ratio of the coupling constant g for elec-
trons and fields [10,25] and the recoil frequency [10] w, =
q*/(2mh) with m denoting the mass of an electron. In addi-
tion, § = (p — q/2)/(g/2) describes the scaled detuning of
the initial momentum p of the electrons from resonance at
p = q/2. We emphasize that also the time variable 7 = w,t
in this description is in a dimensionless form.

The approximation leading to the effective Hamiltonian
of Eq. (3) is only valid, provided the quantum parameter oy
(compare to Table I) satisfies the inequality

gvVN

T
which defines the quantum regime of the FEL.

Moreover, we require that the detuning from resonance is
small, that is, § < 1. For a realistic electron beam, where each
electron has a different initial momentum, we additionally
require Ap < g for the initial momentum spread Ap of the
electrons.

We emphasize that our single-mode model is indeed very
simplified. While this approach seems justified for an FEL
seeded by a single mode, it breaks down for the startup from
vacuum, where no mode of the radiation field is preferred
and we know from classical SASE that a comparably broad
spectrum is emitted [26-28]. To gain some insights into the
subtleties of SASE in the quantum regime, we nevertheless
use this model as a starting point in rough analogy to the
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development of classical FEL theory, where corrections due
to various effects were introduced step by step [29].

B. Constants of motion

Despite several attempts [22,30-35], no closed analytic
solution for the dynamics dictated by the Dicke Hamiltonian
has been found. Hence, we resort to approximations and nu-
merical methods. Hereby, we closely follow the lines of the
existing literature [22,32,33,36]. In addition, we study the
effect of a nonzero detuning from resonance.

The key ingredient of our approach is the identification
of three constants of motion [32]. From the Hamiltonian in
Eq. (3) we straightforwardly derive that the total angular mo-
mentum

~

o 1, . . PN o
A;ﬁ=§@L+LM+ﬁ (5)
as well as the total number of excitations
B=n+J, (6)

are constants of motion which commute with each other, that
is, [A, B] = 0.
Moreover, the Hamiltonian

C = Hy (7
is independent of time and thus itself constitutes a third
constant.

C. Our approaches

We use these quantities to investigate the long-time dy-
namics of a high-gain Quantum FEL in an analytical as well
as a numerical approach. The former one is carried out in
detail in Appendix A and relies [32] on the decoupling of
the Heisenberg equations of motion of the photon-number
operator 7 with the help of A, B, and C. To solve the resulting
differential equation of noncommuting operators, we approx-
imate the operators by c-numbers [32,33]. By this procedure
we find an analytical expression for the mean photon number
n = () in terms of a Jacobi elliptic function [22,33,37].

In contrast, the approach of Appendix B towards a numer-
ical solution [36] is based on the evolution of time-dependent
state vectors as solutions of the Schrodinger equation. For
that, we expand the state of the laser field into Fock states
|[n) with photon number n while the collective state of the
electrons is described by the basis |r, m), where r corresponds
to the total angular momentum and m to its z component.
Since A and B are constant, the set n, r, m of three inde-
pendent quantum numbers is reduced to a single one. As a
consequence, the Schrédinger equation leads to a three-term
recurrence relation for the expansion coefficients which we
straightforwardly solve by the numerical diagonalization of a
tridiagonal matrix of dimension (N + 1) x (N + 1).

III. LONG-TIME DYNAMICS

In the following we present our results of the analytical
approximation and the numerical simulation for the long-time
dynamics of a high-gain Quantum FEL. Here we first focus
on the time evolution of the mean number of photons and
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concentrate on the dependence of the saturation intensity and
length on the number of electrons. We conclude by discussing
the variance of the photon distribution of the Quantum FEL.

A. Time evolution of mean photon number

In Appendix A we derive the approximate expression

L _
(L) = no + (ny — no)an[z—Iﬂw/% —K, R] ®)

for the mean photon number n = (i1) of a Quantum FEL as
a function of the length L of the wiggler, where cn denotes
a Jacobi elliptic function [37]. The quantities n and n_ are
roots of the right-hand side of the differential equation (A9)
for n. The explicit expressions for these roots are given in
Eq. (A10) and depend on the parameters of this differential
equation, that is, the initial photon number ny, the electron
number N, and the detuning § /oy from resonance in units of
the quantum parameter.

Moreover, we have recalled from Refs. [3,13] the gain
length

c

2ng

Ly

€))

of a Quantum FEL.

In addition, the Jacobi elliptic function cn is characterized
by the modulus & = K(n,, n_) from Eq. (A15), whereas K =
K (R) describes a complete elliptic integral of first kind [37].

We emphasize that the initial state of the laser field en-
ters in the approximation, Eq. (8), only through the mean
photon number ny. In Fig. 1 we compare the analytical
approximation for the mean photon number n = (i) to the
numerical solution, for exact resonance p = ¢/2 and with
N = 10* electrons [38]. Here we consider the startup from
vacuum (top) despite the limitations of our single-mode model
as well as a seeded FEL evolving from a Fock state with
ng = 103 photons (bottom).

In both cases we observe an exponential startup in ac-
cordance with Ref. [13]. However, this growth saturates for
increasing values of the wiggler length L leading to a local
maximum of the photon number. The mean photon number
then decreases until it reaches its initial value, before it again
increases in an oscillatory-like behavior.

For startup from vacuum we deduce from the analytical
approach that each electron emits at most one photon, that
1S, nmax = N, in contrast to the smaller value ny,x = 0.8N
obtained by the numerical simulation. The second maximum
of the numerical solution, however, is even more suppressed
compared to the analytical approximation.

We interpret these deviations as the result of entangled
Dicke states for the electron momenta [13,14] which the nu-
merical solution takes into account. The oscillations of the
analytical solution between 0 and N indicate that in this model
all electrons are in the ground state when the maximum pho-
ton number is reached. In the exact treatment, however, the
electrons become entangled due to their common interaction
with the laser field. This entanglement prevents a product
state, where each electron is in the ground state, decreasing
the maximum photon number.

= = = pumerics

analytics

start-up from vacuum
1 N=10*
ng=0
z
=05
seeded by Fock state N=10*
11 no=10?
=
~
= 06
0.1
0 10 20 30 40 50

L/Lg

FIG. 1. Mean photon number n = (1) of a high-gain Quantum
FEL as a function of the wiggler length L scaled in units of the
gain length L,. We compare the analytical approximation (red line)
from Eq. (8) to the numerical solution (blue, dashed line) of Eq. (B4)
for the startup from vacuum (top), that is, ny = 0, as well as for a
seeded FEL (bottom) with 19 = 10% photons in an initial Fock state.
For both plots we have assumed resonance, p = ¢/2, and the value
N = 10* for the number of electrons. In all cases the curves show
an exponential growth for short times which saturates and leads to
a first maximum followed by further oscillations. For the startup
from vacuum the photon number saturates at about ten gain lengths.
There, the approximate solution takes on the value n = N, that is,
each electron has emitted exactly one photon, while the numerically
computed maximum is at about n = 0.8N. In addition, the locations
of these maxima for analytics and numerics are slightly shifted with
respect to each other. For an FEL seeded by a large Fock state, nu-
merics and analytics agree very well. In this case, we obtain complete
oscillations of the mean photon number between the values ny and
ny + N with a significantly shorter periodicity than for the startup
from vacuum.

Despite these differences between the numerical and the
approximate result, the latter one is helpful to estimate the
qualitative behavior of the dynamics. This feature becomes
even more important in the discussion of experimentally rel-
evant length scales in Sec. IV, when we increase the electron
number N to more realistic values where a numerical diag-
onalization becomes impracticable. In this limit, we have to
resort to the predictions given by the expression in Eq. (8).

In contrast, for a seeded Quantum FEL the numerical and
analytical solution for the mean photon number agree very
well, at least for a Fock state. In this situation we observe os-
cillations of the mean photon number between ny and ng + N.
We note that the periodicity of these oscillations is much
shorter than for the startup from vacuum.

So far, we have only considered the case of the initial state
of the laser field being given by a Fock state. We now study
the influence of the photon statistics of the initial state on
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FIG. 2. Mean photon number n = (1) of a seeded high-gain
Quantum FEL as a function of the wiggler length L in units of the
gain length L,. We depict the numerical solution for n with respect
to three different initial states for the laser field, that is, a Fock
state (red line), a coherent state (blue, dashed line), and a thermal
state (black, dotted line). The latter two states are described by the
photon distributions in Egs. (B6) and (B7). In all three examples we
have chosen the values ny = 500 and N = 5000 for the initial mean
photon number and the number of electrons, respectively. While a
Fock state and a coherent state lead to the same oscillatory behavior
of the photon number between ny and N + ng, the situation for a
thermal state is different. Here the first maximum of n attains the
decreased value of approximately 0.8N instead of 1.1N. Moreover,
we do not observe full oscillations, but the photon number seems to
approach a constant value of approximately 0.5N.

the time evolution of the mean photon number and refer to
Appendix B for details.

Therefore, we show in Fig. 2 the numerically evaluated
expectation value n = (71) as a function of L, with the initial
state of the field given by (i) a Fock state, (ii) a coherent state,
and (iii) a thermal state. To make a meaningful comparison
we have chosen in the three cases the same initial mean pho-
ton number ny = 500 while assuming N = 5000 electrons. A
coherent state is usually employed to model the output of a
coherent light source such as a laser. In contrast, a thermal
state describes a random, incoherent source, for example, a
light bulb [39,40].

We observe that a coherent state leads approximately to
the same behavior as a Fock state, that is, an oscillation of the
photon number between ng and N + ny. However, the curve
corresponding to a thermal input state is different. Here the
maximum photon number reaches only the decreased value
of 0.8N instead of 1.1N. In addition, the oscillatory behavior
is washed out and n seems to approach a constant value of
about 0.5N.

Similar to a Fock state, a coherent state with a high photon
number possesses a sharply peaked photon distribution p,,. We
obtain the mean photon number through

n(L) ="y pwny(L) (10)
=0

expressed by Eq. (B15). Here n,, = n,/(L) denotes the mean
photon number for the initial Fock state 7’

Hence, mainly contributions with photon numbers close to
the mean ny are relevant. Since the dynamics of these con-
tributions occurs on similar timescales, the averaging process
yields results close to those originating from a delta-peaked
photon distribution, that is, for a Fock state.

In contrast, the photon distribution of a thermal state is
very broad and, moreover, is not symmetric around ng [40].
Hence, we have to average over many differently weighted
contributions which corresponds to many different timescales
of the resulting dynamics.

Additionally, the probabilities p, for a thermal state in-
crease for photon numbers close to zero. There, the dynamics
of n is drastically different from high initial photon num-
bers as apparent in Fig. 1. This mixing of many different
timescales, combined with the influence of the qualitatively
different behavior for small photon numbers, explains the dif-
ference in Fig. 2 between a thermal input state and a coherent
or a Fock state.

B. Saturation intensity and length

In this section we investigate the magnitude np,, and
the position Ly, of the first maximum of the mean photon
number shown in Fig. 1, that is, the saturation intensity and
the saturation length, respectively, of a Quantum FEL. Our
analysis distinguishes the two cases of exact resonance and
near resonance.

1. Resonant case

For the time being, we consider exact resonance, that is,
p = q/2, and assume that the laser field is initially described
by a Fock state. From Egs. (8) and (A10) we derive the sim-
ple relation np,x = ng + N for the maximum photon number
which we have already deduced from Fig. 1. There, we have
also found that for ng = O the numerical result is lower than
the estimated one, at least for our choice of N = 10* electrons.

In the upper part of Fig. 3 we now examine if this discrep-
ancy between analytics and numerics continues to exist for
different values of N by plotting the numerically evaluated re-
sult for np,, against N. In the limit of a single electron exactly
one photon is emitted in accordance with the single-electron
approach of Ref. [10]. Here Rabi oscillations between excited
and ground state occur and no entangled Dicke states, which
we have identified as the reason for a decreased ratio np,x /N,
emerge.

However, already for low electron numbers the value
Nmax = 0.78N is reached which then remains constant for the
whole range of the considered values for N. We therefore
deduce that (i) this behavior continues for increasing values
of N where numerics starts to become impracticable, and that
(i1) the analytical result ny,,x = N provides us at least with
the correct order of magnitude. Already in Ref. [31] it was
predicted that the maximum photon number 7y, resulting
from the Dicke Hamiltonian with N >> 1 atoms varies be-
tween np,x = ng + N for alarge initial photon number g > 1
and np.,x = 4/5 for ny = 0 in accordance with our numerical
solution. Note that these results have been obtained within our
singe-mode model, whose predictive power is limited for a
startup from vacuum.

In Fig. 1 we have also observed a different L,x for the
startup from vacuum compared to the seeded case. To find
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FIG. 3. The first maximum 7., (top) of the photon number and
the corresponding saturation length Ly, (bottom), both as functions
of the number N of electrons and for resonance p = g/2. In the
top panel, which covers only the startup from vacuum with ny =
0, we observe that n,,, very quickly reaches the constant value
of nmax = 0.78N in contrast to the analytical approximation which
predicts n,,x = N. The inset shows the behavior of ny,, for very
small values of N. For N = 1 we find that the electron emits one
photon due to the Rabi oscillation in the single-electron approach of
Ref. [10]. At the bottom, the comparison of analytics, Eq. (11) (red
line) to numerics (blue, dashed line) reveals the same logarithmic
behavior of Ly, apart from a small shift between the two curves, if
we consider startup from vacuum, ny = 0. In the case of a Quantum
FEL seeded with a Fock state and with a fixed ratio of no/N = 0.1
analytics (green line) and numerics (black, dashed line) also agree
well. Here both curves predict the constant value Ly, = 5L, with L,
denoting the gain length from Eq. (9).

an analytical expression for L,,x we now take a closer look
at the elliptic function cn in Eq. (8). The first maximum of
this function occurs, when its arguments vanish. With the
help of this condition and the asymptotic behavior [37] of
K in Eq. (A13) for R=1—O(N~") — 1 we arrive at the
expression

Linax =2In (4 N ) an
Lg no + 1
for the saturation length with p = g/2 and N > 1 [41].

For ny = 0 we thus read off a logarithmic growth of L.«
with the electron number N, that is, L,,x o In N. In the case of
a seeded Quantum FEL with ng > 1 the important parameter
that determines the magnitude of Ly, is the ratio of electron
number N and initial photon number ry. This scaling explains
the difference in Fig. 1 of Ly, for a seeded FEL, and one
starting from vacuum because of N/ny < N.

In the lower part of Fig. 3 we depict Ly,x as a function
of N. Here we compare the analytical expression in Eq. (11)

1.1

1 \\*vlf-«:i)-}—.-//

- -
- .

» ».
*
£ d o /2 . ».
g — Luax /L35, analyt. .
Ed 2 .

0.9 S — Lmax/Lr?,ﬁx,num. -

p o Nmax/ N, analyt. b .

r " /(078 N), num. ’
0.8

0.45 0.5 0.55
rlq

FIG. 4. Saturation length L.« (upper curves) and the corre-
sponding maximum photon number n,,x (lower curves), as functions
of the momenta p in the neighborhood of resonance for N = 10°
electrons and for ny = 0. We observe that n,,,x decreases and Ly«
increases for a growing deviation from resonance p = ¢/2. For both,
Liyax and ny,,y, we find perfect agreement between analytics, that is,
the red curve and the green curve, respectively, and numerics, that
is, the blue dotted and the black dotted curve, respectively. We em-
phasize that the analytical and the numerical curves are normalized
to their respective values at resonance which, however, differ from
each other. For example, the analytical result for n,, is divided by
N while its numerical counterpart is divided by 0.78N.

to the numerical simulation. For the startup from vacuum we
observe that both curves show the same behavior, apart from
a small shift, already apparent in Fig. 1. Hence, we infer that
the analytical approximation gives a reasonable estimate also
for Ly.x. For a seeded FEL with the fixed ratio ny/N = 0.1,
the numerical and the analytical curve also match very well
with both predicting a constant value of L., in accordance
with Eq. (11).

2. Off-resonant case

We now study the dependence of the maximum photon
number on the detuning of the momentum of the electrons
from resonance. For that, we restrict ourselves to the startup
from vacuum ny = 0.

According to the analytical solution from Eq. (8), the max-
imum photon number n,,y is given by the elementary relation

82
Nmax = N4 = N(l - M) (12)
valid for N > 1, where we have used the expression for n
from Eq. (A10).

Thus, np,y is different from zero only for —2ay < § <
2ay, which gives rise to a gain bandwidth of g/(2ay) in
momentum space, in accordance with the exponential-gain
regime [13].

Moreover, from Eq. (A13) we derive for N > 1 the asymp-
L 1
= = [1nN—|—4ln2—|—21n<1—
L, /1 — 45_22
Ay

totic expression
)]
— || (13)
404,%,
for the saturation length.
In Fig. 4 we show both np,x and Ly,x as a function of

p which reveals a perfect agreement between our analytical
results and numerics. We note that n,,x decreases for an
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FIG. 5. Variance An? of the photon-number distribution in a
high-gain Quantum FEL as a function of the wiggler length L scaled
in units of the gain length L,. For the underlying numerical simu-
lation we have assumed resonance p = g/2, N = 10 electrons, and
startup from vacuum, that is, 7o = 0. We obtain a qualitatively simi-
lar behavior as for the mean photon number (compare to gray, dashed
line and right axis), that is, exponential growth, local maximum,
and decrease in an oscillatory-like fashion. However, the structure
of An? is more complicated. For example, close to L,,x a dip occurs,
where An? = 0.05N2 while n,,,, = 0.8N. Hence, the value of An? is
smaller, but roughly of the order of magnitude of n2,, corresponding
to an almost chaotic behavior of the laser field.

increasing deviation from resonance p = ¢/2, while the value
of Ly.x increases.

C. Variance of photon number

A quantum mechanical observable is not only character-
ized by its mean value, but also by its higher moments. The
numerical solution of Eq. (B4) enables us to calculate these
moments for the observables of a high-gain Quantum FEL.
We now study the second moment, that is, the variance of the
photon number which is a measure of the intensity fluctuations
of the emitted radiation.

In Fig. 5 we depict the variance

An?

(%) — (a)? (14)

of the photon number as a function of the wiggler length L
for resonance p = g/2, and for the startup from vacuum with
N = 10* electrons. Similar to the mean value in Fig. 1, the
variance shows an oscillatory behavior [31]. However, com-
pared to the mean value (dotted line) the curve corresponding
to the variance displays a richer structure with a dip close to
Lumax. Here we find An? = 0.05N2 while iy = 0.8N. Hence,
the variance is smaller, but of the same order of magnitude,
compared to the square of the mean value and we deduce a
nearly chaotic behavior of the radiation field [15].

The situation, however, changes, when we consider a
seeded FEL illustrated in Fig. 6. Here we compare the Fano
factor [39] 02 = An?/ (i) depending on the wiggler length L
for two different initial states of the radiation field, that is, a
Fock state [31] and a coherent state characterized by the same
mean number of photons.

While the variance for a Fock state vanishes, a coherent
state has Poissonian photon statistics with An®> = (1). As time
evolves we obtain in both cases super- but also sub-Poissonian

Fano factor Fock - = = Fano factor coherent

mean number coherent

mean number Fock

n/N

L/Lg

FIG. 6. Fano factor 6> = An?/ (/i) of the photon-number dis-
tribution in a seeded high-gain Quantum FEL as a function of the
wiggler length L scaled in units of the gain length L, for two dif-
ferent initial states, that is, a Fock state (red line) and a coherent
state (blue, dashed line). For the underlying numerical simulations
we have assumed resonance p = g/2, N = 10° electrons, and an
initial mean photon number of 1y = 10%. In both cases we observe
super- as well as sub-Poissonian behavior which are separated by the
horizontal dotted line at o2 = 1. We note that the first minimum of
this normalized variance occurs in the vicinity of the first maximum
of the mean photon number (compare to the gray solid and dotted
lines as well as to the right axis) at L = 5L,. Moreover, we find that
the fluctuations for the initially coherent case drastically increase at
around ten gain lengths, while only slowly increasing for the case of
a Fock state.

photon statistics, in contrast to the broad distribution originat-
ing from the startup from vacuum displayed in Fig. 5. Both
curves show sub-Poissonian statistics close to the first max-
imum of the mean photon number indicating a nonclassical
state of light. Moreover, we obtain a drastic increase of the
fluctuations for larger values of L, when the field initially
was in a coherent state. In contrast, for an initial Fock state
a growth of the fluctuations is hardly visible.

In Fig. 7 we study the second moment of the field when
it starts from a thermal state where An?> = (). Although the
variance of the photon number remains of the same order of
magnitude as the square of the mean value, the corresponding
ratio attains a prominent minimum close to the saturation
length where the mean intensity assumes a maximum. Here
the corresponding statistics with An?> < (72)? deviates signifi-
cantly from the thermal distribution of the initial state. Hence,
the intensity noise of the emitted light is at least partially
decreased.

IV. EXPERIMENTAL REQUIREMENTS

In this section we address the challenges associated with
realizing a Quantum FEL. Already from our elementary one-
dimensional description we can establish the most relevant
experimental conditions. Constraints which go beyond the
limits of our model are only mentioned here, but are studied
in more detail in Ref. [12].

In Table I we have summarized the important parameters of
our model of a Quantum FEL in the Bambini—Renieri frame
as well as in the laboratory frame [42]. In addition, we have
expressed these quantities in terms of the “universal scaling”
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| scaled variance mean number

0.9
1.5 N =103
o ny = 107
S 05 =
N =
<
<
0.5
thermal input state
0.1
0
0 5 10 15 20

L/Lg

FIG. 7. Variance An? of the photon number in a seeded high-gain
Quantum FEL as a function of the wiggler length L scaled in units
of the gain length L,. We have normalized the variance with respect
to (A)? to investigate the evolution of the fluctuations in an initial
thermal state. The variance An? is of the same order of magnitude as
(). However, this ratio attains a significant minimum when the first
maximum of the mean photon number is reached (compare to gray,
dashed line and right axis).

of Ref. [3], where p = pmc/q with the Pierce parameter p
[26], is the analog of our quantum parameter oy [43].

A. Need for optical undulator

From Table I we deduce the condition

e
1> ay o a1 +a§)‘ %

Yo

s)

for the quantum regime in the laboratory frame, where n. de-
notes the electron density while ag, Aw, and y; are the wiggler
parameter, the wavelength of the wiggler in the laboratory
frame, and the ratio of the kinetic energy to the rest energy
of an electron, respectively.

This relation implies that either increasing the electron
energy )p, or lowering the wiggler wavelength Ay leads to
a decreasing value of the quantum parameter.

At the same time, we have to ensure that the gain length

L, ! %o (16)
g
ao(l + a(z))l/z )‘\%2”;/2

given in Table I does not become unfeasibly large.

We observe that high yp as well as small Aw lead to
a large gain length. However, while the scaling of L, with
the energy yy is quadratic, the dependence on the undulator
wavelength scales only with )L\;,l/ 2. Hence, in order to satisfy
Eq. (15) and at the same time minimizing the gain length L,
Eq. (16), we propose to operate a Quantum FEL with a small
undulator wavelength and with a moderately high electron
energy [44] resulting in the emission of x-ray radiation due
to AL ~ Aw/y> [26].

The requirement of a small undulator wavelength quite nat-
urally forces us to employ an optical undulator [17], where the
periodic array of magnets is replaced by counterpropagating
laser fields [17,18,45,46]. For an efficient interaction between
electrons and wiggler we also need according to Eq. (16) a
relatively large value of the wiggler parameter ay, that is, a
high intensity of the counterpropagating “pump” laser.

However, a laser with the required intensity would not
operate in a continuous way, but rather in a pulsed mode
which decreases the interaction length. To overcome this
problem the authors in Ref. [18] proposed a “traveling-wave
Thompson scattering” (TWTS) scheme. Instead of the usual
head-on geometry for electrons and optical undulator, TWTS
uses a side-scattering geometry, where a laser pulse with a
tilted front interacts under an optimal angle with the electron
beam. This procedure can considerably enhance the interac-
tion length.

TABLE I. Parameters of a Quantum FEL in the Bambini—Renieri (BR) frame (left), in the universal scaling of Ref. [3] (center), and in
the laboratory frame (right). We consider the five adjustable parameters wavelength Ay of the undulator, its dimensionless field amplitude ay,
electron density n., dimensionless energy y, of the electrons, and associated spread Ay,. Here, A¢ and r. are the Compton wavelength of the
electron and the classical electron radius, respectively. In addition, we have introduced the longitudinal dimensionless energy y of the electrons
in the wiggler which is connected by the relation y = (1 + a3)~!/ to the free energy and the wiggler parameter.

BR frame Universal scaling Laboratory frame
5/2
VN 3 JTehe Ay 1n3/2
Quantum parameter o pY ———— —=apl(l +a
p N o, 2T Aé/z 0( 0)
A A 4 A
Momentum spread Ap < 2hk il < @ i} < Yo 5 -
y P o o l4ayiw
1 A 2 Ac/A
Quantum gain length L, _c — Yo c/hw
26N N Jranft+a Ve
c 2 1\ 1 Aw 1 Yool
Classical gain length LY — —_— —_ v
s e f Al s A
2 4k 4
Plasma wave number ky ¢l > i o2 nrgnc
gomce ap Yo
2 2 2 2
Spontaneous decay rate R, i Eagk @) apre
3 ic 3 Awhc
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B. Electron beam

Apart from the condition in Eq. (15) on the quantum pa-
rameter oy which has led to constraints for the wiggler, we
have the inequality Ap < g for the momentum spread of the
electrons which reflects itself in the required quality of the
electron beam. According to Table I this condition translates
into the inequality

Ayo 4 Ac
Yo 1+ aj Aw

a7

for the relative energy spread of the electron beam in the
laboratory frame with A¢ denoting the Compton wavelength
of the electron.

Nevertheless, we note that also here a short wiggler wave-
length is advantageous since it raises the upper bound of the
inequality. Equation (17) represents an ambitious requirement
on the quality of the electron beam [10,47].

Indeed, for an efficient operation of a Quantum FEL the
momentum spread Ap has to be smaller than the gain band-
width 2ay ¢, that is,

Ap < 2ang, (18)

due to momentum selectivity [13]. Since oy < 1, Eq. (18)
even lowers the maximally allowed energy spread.

Further experimental challenges due to the interaction ge-
ometry and intensity fluctuations of the pump laser as well
as the required properties of the electron beam taking into
account three-dimensional effects are discussed in more detail
in Ref. [12].

C. Space charge vs spontaneous emission

So far, we have considered the dynamics of a Quan-
tum FEL governed by a unitary time evolution neglecting
processes which destroy the strong correlation between mo-
mentum jumps of the electrons and the emission or absorption
of photons. Decoherence mechanisms of this kind can be, for
example, spontaneous emission into all modes of the radiation
field [48], or space-charge effects [49,50] due to the Coulomb
interaction between the electrons. As these processes may
eventually prevent the operation of a Quantum FEL, strong
limits were imposed in Ref. [12] on the parameter regime for
the electron beam and the wiggler field. We now show with
the help of our results of Sec. III that these constraints can be
weakened.

The discussion in Ref. [12] relied on estimating the typ-
ical length scales of the decoherence processes by classical
theories. Hence, we consider the rates k, and Rqp, that is, the
plasma wave number [26,50] of the electron beam and the
inverse decay length [48,51,52], respectively, which both are
listed in Table I.

To ensure a coherent time evolution over the total length
L of the wiggler, both processes have to occur on longer
length scales than the interaction. Hence, in accordance with
Ref. [12] we require the inequalities 1/(2Rsp) > L and 1/k, >
L, that is, RpL < 1/2 and k,L < 1. In addition, we demand
in the quantum regime that multiphoton processes are sup-
pressed, that is, ay << 1.

However, the parameters k,L, Ry,L, and an are not in-
dependent of each other due to their mutual dependence on

Y0, e, Aw, and ag. Indeed, we can relate [12] the wiggler
length L

L [0 gonywor?] 19
Lg_[ af(sp)(p)i| (19)
to these three parameters and the gain length. Here we have
used the definitions from Table I and introduced [53] the fine-
structure constant oy = 27wr. /Ac.

We emphasize that the values of the parameters on the
right-hand side of Eq. (19) can be chosen independently from
each other. However, once this choice is made, the interaction
length on the left-hand side is fixed.

In order to get an estimate for L/L, we set kpL and R, L to
their upper bounds, that is, k,L = 1 and Ry, L = 0.5, respec-
tively. For the example of oy = 0.25 we obtain from Eq. (19)
the value

L
— =59

(estimated limit) (20)
Ly

for the maximally allowed interaction length.
However, from Eq. (11) we derive the saturation length
Linax
S =035
Ly

(startup from vacuum) 21

for startup from vacuum with no = 0 and for N = 10° elec-
trons based on our single-mode theory. This choice for N is a
typical number [26,29] for electron bunches in an FEL.

Since L < Ly the coherent time evolution breaks down
long before saturation is reached, and the maximally possible
intensity is extremely decreased.

In contrast, for a seeded FEL with ny = 0.1N we deduce
from Eq. (11) the saturation length

L

X~ 5]

(seeded FEL), (22)
Ly

which is of the same order of magnitude as the allowed inter-
action length from Eq. (19) and thus the maximum intensity
can be reached.

As a consequence, we believe in accordance with Ref. [12]
that the focus of the research on Quantum FELs should shift
from SASE to seeded FELs. We emphasize, however, that
this discussion is based on arguments borrowed from classical
theories and that a rigorous quantum theory covering the full
interplay between multiphoton processes, spontaneous emis-
sion, and space charge is necessary to prove our statements.

Moreover, the transition to seeded FELs shifts the ex-
perimental challenges towards providing a narrow-band seed
source with sufficient intensity in the x-ray regime. The lack
of high-quality mirrors in this part of the spectrum impedes
the construction of laser sources with sufficient power to
obtain a seed with ny ~ 0.1N. However, one could design a
hybrid scheme as proposed in Ref. [12], where a classical FEL
serves as the seed for the Quantum FEL. Either the broadband
output of a classical SASE FEL can be filtered and is then
amplified in the Quantum FEL or a classical, (self-)seeded
x-ray FEL with powers up to the GW range [54] can be used
for seeding. In the latter case, the number ngy of photons in
a single mode can attain values up to 10''-10'2, at least in
the soft x-ray regime according to Ref. [55]. This order of
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magnitude indicates that our example of 1y ~ 10% can be in
reach of experimental capabilities.

V. CONCLUSIONS

In the present paper we have studied the mean intensity as
well as the intensity fluctuations in a high-gain Quantum FEL.
The reduction to two momentum levels limits the maximum
intensity to a single emitted photon per electron. We have
found that the necessary wiggler length for this maximum is
significantly decreased if we consider a seeded FEL instead
of SASE. Hence, the experimental realization of the former
seems more feasible, especially with regard to the problem-
atic requirements pointed out in Ref. [12]. Our results have
also shown why the short wavelength of an optical undulator
is necessary to fulfill the most important constraints for the
operation of a high-gain Quantum FEL.

Moreover, we have observed that the time-evolved inten-
sity fluctuations are mainly determined by the initial field
state—ranging from super- to sub-Poissonian statistics in the
case of a Fock or a coherent state with a high photon number,
to a very broad photon distribution for vacuum.

To refine our model to more realistic scenarios we have
to take space charge and spontaneous emission into all
modes into account. In particular, we have to combine our
many-electron theory [13] with a multimode model [52]
in order to make more precise statements for the startup
from vacuum. Additional to the copropagating plane wave
with fixed frequency and polarization—that together with the
operators @, and &; define the “laser mode”—we would have
to include all directions, frequencies, and polarizations; each
connected to a an annihilation and creation operator. We note
that each mode corresponds to a different momentum transfer
on the electrons. Moreover, relativistic effects such as slippage
[27] of the radiation pulse over the electron bunch have to
be included, which also represent a multimode effect since
a radiation pulse represents a superposition of plane waves.
However, these topics go beyond the scope of our paper and
are subject to further studies.

ACKNOWLEDGMENTS

We especially thank A. Debus and K. Steiniger for the
fruitful collaboration with emphasis on experimental aspects
of FEL physics. Moreover, we thank P. Anisimov, W. Becker,
R. Endrich, A. Gover, S. Laibacher, Y. Pan, P. Preiss, and
S. Varr6 for many exciting discussions. W.P.S. is grateful to
Texas A&M University for support from a Faculty Fellowship
at the Hagler Institute of Advanced Study at Texas A&M Uni-
versity, and Texas A&M AgriLife Research for the support of
his work. The research of IQST is financially supported by the
Ministry of Science, Research and Art Baden-Wiirttemberg.

APPENDIX A: ANALYTICAL APPROXIMATION

In this Appendix we summarize the most important steps
to obtain an analytical approximation for the mean photon
number in terms of Jacobi elliptic functions. Our procedure
for Heisenberg operators is closely related to the one of

Ref. [32] in Schwinger representation [56] while it also leads
to analogous results as other models [22,33].

1. Dynamics of number operator

Our analytical approach is based on the decoupling of the
Heisenberg equations of motion for the photon-number oper-
ator 71 with the help of three constants of motion, in analogy
to Ref. [32].

The time evolution of any operator O = O(t) in the
Heisenberg picture is dictated by the Heisenberg equation
of motion

d N
—O = i|He, O Al
77 i[Hefr, O] (A1)
with the Hamiltonian
Her = e(audy + o) J_) — 8a, (A2)

from Eq. (3), which is independent of the time variable t.

With the help of Egs. (Al) and (A2), together with the
commutation relations [f+, f_] = 2JAZ, [fz,fi] =+J/,, and
[ar, &;[] = 1 we verify that the total angular momentum

1

A=J? = E(J;Jl +J0) + 2, (A3)
the total number of excitations
B=na+17, (A4)
and the Hamiltonian
C = Hyr (A5)

are constants of motion. We note that the three constants A,

JEN

B, and C, as well as the photon-number operator 7 = a; ar.
mutually commute with each other.
The second derivative of 72 with respect to time reads
d*n |: s di
i

772 = {| Her, _:| = —[Her, [Herr, 1]] (A6)

drt

and after inserting H.¢ from Eq. (A2) and calculating the
nested commutator we arrive at

L[ P I S
s il (2n+1)JZ+J+L+J+L—g(aLJ++aLL).

(AT)

When we express the right-hand side purely in terms of the
operators A, B, €, and 7 we finally obtain the second-order
differential equation [32]

PN

d*n of o (8N 1. (s s s OC
——=—2030%2|2B — () —= |a — (A+B-B-—;
dz? 2) 2 2¢2

for 1.

The dynamics of 7 is indeed decoupled from the electron
operators. Unfortunately, we cannot solve Eq. (A8) by inte-
gration since it is a nonlinear equation of operators instead of
numbers. Hence, 71 and di/dt do not necessarily commute.
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2. Approximating operators as c-numbers

In order to find an estimate for the mean photon number
n = (n) we approximate the constant operators in Eq. (A8)
by their expectation values at 7 = 0, that is, A = r(r + 1),
B = ny + m,and C = —dny withr = m = N/2. Here we have
assumed that the field starts with the photon number n = ny,
and initially all electrons are in the excited state close to
p = q/2. Strictly speaking, this approximation is only valid
as long as products of operators result in products of expecta-
tion values [32] when we form the total expectation value of
Eq. (A8).

We then multiply the resulting c-number equation by
dn/dt and integrate over time 7. This procedure yields the
equation of motion

dn 2 2
(E) =4&"(ny. —n)(n —np)(n+n-), (A9)

—+V( & : ) D)+ L 2y
EIU T a) T2\ 2) T2 4a2

1\2 52 52 \1"*
2) o1+ =) +an(1 4+ 22—
+(n0+ 2) + no( +4a§,> + ( + 12a1%,):|

(A10)

denotes the roots of the right-hand side of Eq. (A9).

By setting dn/dt =0 in Eq. (A9) we observe that the
maximum photon number is given by n... The other two roots
of Eq. (A9), that is, n = ng and n = —n_, correspond to the
minimum and initial value of n, and to an unphysical negative
photon number, respectively.

We proceed by integrating Eq. (A9) and arrive at the
expression

n/N dy
20[]\/1’ = /
no/Ny/ (ny /N — y)(y — no/N)(y + n_/N)

which describes an elliptic integral.

. (AlD

3. Solution of elliptic integral

Next we invert the elliptic integral from Eq. (A11) in order
to express the mean photon number n as a function of the
dimensionless time 7. Our result is then presented in terms
of Jacobi elliptic functions [37].

These special functions are defined as inverse functions of
the elliptic integral of first kind

¢

u(p, R) = / d—y (A12)
01— R2sin’y

which is characterized by the amplitude ¢ and the modulus &

with0 < R < 1.

There exists a set of elliptic functions, for example, sn =
sing and cn = cos ¢, which are called sine amplitude and
cosine amplitude, respectively. They vary between —1 and
1 and are 4K-periodic, with K(8) = u(rr /2, 8) denoting a
complete elliptic integral of first kind [37].

We note that K shows the asymptotic behavior [37]

- 4
con(ptg) o
for K approaching unity, that is, & — 1.

We now return to the solution of the integral in Eq. (A11)
and observe for N > ny and §/ay < 2 the relative ordering
ny > n = ng > —n_ for the roots of the denominator. Follow-
ing Ref. [37] we proceed by performing the substitution

1 y— N
sn2(u, ) = — 21N (A14)
RBy+n_/N
where
A= Iy o (A15)
ny +n_

denotes the modulus corresponding to the sn function.

With the help of the substitution in Egs. (A14) and (A15)
we perform the integration in Eq. (A11). Solving the resulting
expression for n leads us finally to

L -
n=no+ (ny — no)cnz(TLg,/% _K, ﬁ) (A16)

after using several fundamental identities [37] for Jacobi ellip-
tic functions. Moreover, we have expressed our result in terms
of the length L = ct and the gain length L, = ¢/ (Zg\/ﬁ) by
recalling the relation ayt = L/(2L,) from Ref. [13].

APPENDIX B: NUMERICAL SOLUTION

In contrast to our approach in Appendix A which is based
on time-dependent operators, we now employ for our numeri-
cal solution time-dependent state vectors following Ref. [36].
We first address the case of an initial Fock state and then turn
to an arbitrary initial state to obtain moments of the photon
distribution of a Quantum FEL.

1. Three-term recurrence relation

The suitable basis for the electrons in this description is
given by the states |, m) which fulfill the eigenvalue equations
(23]

Jrmy=r(r+ Dlr,m) and J|r,m) =m|r,m). (Bl)

Hence, the positive integer r corresponds to the total angular
momentum and m to its z component.
Moreover, we recall [23] the relation

fi|r,m):\/(r:I:m+l)(r:Fm)|r,mil) (B2)
for the action of the ladder operators J4 on such a state.

Therefore, we expand the combined state vector |V) =
|W(t)) of the laser field and the electrons into the basis
|n, r, m). Here |n) denotes a Fock state of the laser field with
n photons while the eigenstate |r, m) for angular momentum
describes the electrons.

Since the total angular momentum A as well as the total
number of excitations B, Egs. (5) and (6), are constants of
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motion, we deduce that r = N/2 = constandm +n = N/2 +
no = const, respectively.
Hence, we expand the total state vector [36]
noJrN

Y am|vs

v=n

V(7)) = + ny — v> (B3)

in terms of the single quantum number v with the expansion
coefficients ¢, = ¢, (t). We note that v varies between v = ny
and v = ng + N due to the constraint —N/2 < m < N/2.

With the help of Eq. (B2) and the Schrodinger equation
governed by the Hamiltonian from Eq. (3) we derive the
equation of motion

dc,
l
drt

for the probability amplitudes ¢, where the coefficients

a() = Vv —ng) /1 — ”_’;\JLl (B5)

are independent of ¢, .

The solution of this linear system of differential equations
relies on the diagonalization of a tridiagonal matrix with
the dimension (N 4 1) x (N 4 1), which can be straightfor-
wardly achieved by numerical methods. For this purpose, we
choose the initial state |ng, N/2, N/2), that is, all electrons
initially are in the excited state while the laser field starts from
n = ngp, which leads to the initial condition ¢,(0) = §, ,, for
Eq. (B4).

= —dve, Fanla(v)c,r +a + Doyl (B4)

2. Arbitrary initial state

So far, we have only considered a Fock state as initial field
state. We easily generalize our approach to an arbitrary initial
state characterized by the photon statistics p,,.

In the present paper, we are mainly interested in the photon
statistics

pCOh — nie—no (B6)
n:

and

1 n "
therm 0

— _0 B7
Pn n0+1<n0+1> ®7)

of a coherent state and a thermal state both characterized by
the mean photon number ry.

The time-evolved density operator 9 = 9(t) of the com-
bined system of electrons and laser field reads

N+k N+1

o(t) = Z et Y Y cu(TIETM(, klv, 1) (BY)

k,1=0 n=k v=I

with the operator
M, k|v, 1) = |, NJ2, N/2+k—p) (v, N/2,NJ2 + [—v] .
(B9)

The coefficients g, ; denote the matrix elements of the initial
density operator for the laser field in photon-number represen-
tation. The diagonal elements of this matrix define the photon
statistics, that is, p, = 0.,

In order to calculate the expectation value of any function
f = f(#) of the number operator 71, we trace over the electrons
and the laser field, that is,

(f () = Tr {Tre {0(T)}f ()},

and arrive at the relation

(B10)

oo N/2
(f(m) = (n|< Z (N/2,m| 0(7)IN/2, m))f(n) |n)

n=0 m=—N/2
(B11)

for this expectation value.
After inserting the expression for ¢ from Eq. (B8) into
Eq. (B11), and calculating the matrix element

N N
<I’l, 37 m)./\/l(u, m> == 6n,vzsm,N/Z-H—v 6,1/.,v6k,17
(B12)
we obtain the expression
N+n'
(f(A) = Z P Z e (P f (), (B13)

which only contains the diagonal elements p,.
When we set p,y = 8,y.,, which corresponds to a Fock state,
Eq. (B13) reduces to the formula

N+n

= la(@Pf )

v=n

(f(@), (B14)

corresponding to the case with initial photon number n. This

result also emerges by solving Eq. (B4), and calculating the

expectation value of f(71) with respect to the state in Eq. (B3).
Hence, we finally obtain the elementary expression

(f() = an F@),y

for the expectation value of f = f (7).

This result arises due to our choice of the initial state
IN/2,N/2) of the electrons and due to the fact that there is
only one independent quantum number, v.

(B15)
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