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Preparation of nonclassical light with special quantum properties is essential for quantum technologies.
High-harmonic generation (HHG) is a process that not only enables the creation of attosecond pulses but also
has the potential to generate light with intricate quantum properties. In a recent experiment [PRX Quantum 5,
040319 (2024)], nonclassical interharmonic correlations have been measured from an HHG source between
low-order harmonics. In this work, we theoretically investigate entanglement between different harmonics
within an effective, phenomenological quantum optical model. This model implements a significant degree of
simplification regarding the processes within the target material, treating the material through susceptibilities,
as it is usual in quantum optics. Such an approach yields a general description of HHG in the few-harmonic
generation regime, permitting the implications that can be derived within it to hold broadly within the domain of
validity. We find that entanglement is produced as a result of the often neglected backaction. We can qualitatively
reproduce experimentally measured nonclassicalities, which suggests that intermodal entanglement can, to an
extent, be considered a universal phenomenon associated with HHG, rather than a result of using specific material

targets.
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I. INTRODUCTION

Established techniques for generating quantum light at
optical frequencies [1,2] typically rely on nonlinear optical
processes [3]. These processes involve the nonlinear optical
response of materials, often described using a perturbative
approach, where the induced polarization is proportional to a
low-order power of the applied electric field [4]. These models
all share the common feature of incorporating the material
response through parameters that characterize the effective
interaction between the involved modes. The resulting Hamil-
tonian is typically used to describe quantum optical processes,
such as second- or third-harmonic generation or parametric
down-conversion.

The process of high-harmonic generation (HHG) includes
a very intense electromagnetic pulse generating radiation
across a wide spectrum of higher frequencies [5—-8]. As
such, HHG is a fundamental source of ultrashort pulses in
attophysics. Due to the nonperturbative, strong-field effects
inherent in HHG, the detailed description is highly compli-
cated. Historically, a quantum optical description of HHG was
given for the first time by Bergou and Varr6 in 1981 [9]. Since
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then, various approaches have been proposed in the literature
for incorporating quantum features of the participating fields
[10-16]. After 2020, there has been a significant surge of
interest toward this topic, marking the transition of the quan-
tum optical investigation of HHG from a niche topic into a
promising research area. For reviews of research directions,
techniques, and methods, see Refs. [3,17-29].

In recent years, both theoretical and experimental results
suggest that the quantum optics of high-intensity light-matter
interaction—specifically of HHG—have remarkable potential
in developing a source of unusual nonclassical photonic states.
Details of experimental setups and measured results may be
found in, e.g., Refs. [15,29-37]. Theoretical research typically
uses models where the target material and either the driving
field or the harmonic modes are quantized. This naturally
leads to approximations, most often nondepletion for either
the driving field or for the initial material quantum state.
The theoretical calculations suggest that large-scale, multi-
mode correlated [38-50] and squeezed [9,23,38,40,46,49,51—
55] states, as well as highly displaced, intensive cat states
[28,41,42,48,56-62], and other quantum states characterized
by nonclassical photon statistic [38,39,49,50,52,63—-65] may
be generated as a result of HHG. The quantum properties
of harmonics generated under coherent-state excitation have
been theoretically studied in, e.g., Refs. [38,39,52,53,66],
while the modifications in the photon statistics of the driving
field have been explored in Refs. [31,67-69]. HHG involving
non-coherent-state driving pulses has also been extensively
studied recently [32,70-82]. The impact of the initial quantum
state, and specifically initial correlations in the target material,
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on the resulting photonic properties has also been investigated
in [46,51,54,83-87]. Brief summaries of current research can
be found in sources such as Refs. [88-94].

Theoretical prediction of nontrivial cross-correlations
emerging between harmonics has been made in earlier works.
For a monochromatically driven two-level system, harmonic-
harmonic correlations have been analyzed in Refs. [38,39].
Afterward, a calculation involving one-photon ionization and
free-electron dynamics found a necessity for correlations be-
tween harmonics to arise [45]. Furthermore, an analysis of
HHG from correlated many-atom systems points to strong
positive correlation emerging between harmonic photons [44].

Questions regarding the presence of entanglement, of
course, needs to be treated separately, and with care. While
entanglement has been found to emerge during HHG between
electron states and light [49,50], and between the excitation
mode and harmonic modes [46—48], the focal point of our
current work concerns the harmonic-harmonic entanglement.
Using rather general physical considerations, and without re-
lying on a particular Hamiltonian, it was shown in Ref. [42]
that during the process of HHG, after a conditioning, all
harmonic modes become naturally entangled. A more detailed
mathematical discussion of these results, with emphasis on the
conditioning, can be found in Ref. [43]. These methods have
also been applied for calculations involving semiconductor
targets [41]. According to these papers, the entanglement is
such that measuring one mode can leave the entanglement of
the other modes intact, suggesting the ability of using HHG
for generating high-dimensional optical cluster-type multipar-
tite entangled states, useful for measurement-based quantum
computation [95,96]. On one hand, this raises the possibility
of applications, and on the other hand, a solid theoretical
foundation of the results, together with a limit of validity, is
highly desirable. A different direction of research [40] found
that transitions between different laser-dressed states of the
material system can ultimately generate similar entanglement
between different harmonics. A key consideration there was
the abandonment of the coherent-state-product ansatz, which
we will also build upon.

In a recent experiment [30], nonclassical intermodal cor-
relations have been reported between pairs of harmonic
modes. The experimental measurement involved three differ-
ent material systems: Si, ZnO, and GaAs. One interpretation
of the emerging nonclassicalities is based on the presence
of entanglement between Gaussian states [35]. Neverthe-
less, the experimental results naturally raise the question of
whether the measured nonclassical correlations between har-
monic modes indeed correspond to entanglement. Further, it
would be of theoretical interest and of experimental relevance
to understand whether the nonclassicalities are specific to
these materials, to semiconductors in general, or are broadly
material-independent, universal features of HHG?

In order to answer this question, we turn to a recently
introduced effective model for HHG [97], which considers
both the driving field and the harmonics as quantized objects,
while making minimal assumptions about the material target.
Such an approach allows for providing a qualitative answer
to this question by presenting approximate, analytical results.
We show that in a consistent treatment of the dynamics, in-
corporating the depletion of the excitation mode results in a

natural deviation from the coherent-state-product ansatz and
entanglement within the harmonics. We use our results to
qualitatively interpret the experimental results in Ref. [30]. In
some respect, we reinforce the results in Ref. [42]; that is, we
show that entanglement appears as a result of the depletion
in the driving field, without conditioning, and without using
heuristic assumptions. While serving as a justification for the
approach in Ref. [42], our results can also be used to delineate
its validity. In our effective model, the depletion in the driving
field mode is incorporated exactly. Our approach is, in some
sense, complementary to the research direction in which the
quantum dynamics of materials is to be considered in an exact
manner [40,98].

Our paper is organized as follows: In sec. II, we introduce
an effective quantum optical model, along with the assump-
tions implicit within it. In Sec. III, we present the dynamical
equations for the quantum state of the electromagnetic field.
Analytical results obtained through a perturbative approach
are given in Sec. IV. The interpretation of these results, ap-
plied to both an idealized perturbative and nonperturbative
setup, as well as a qualitative fitting of parameters to ex-
perimental data, has been given in Sec. V. A discussion of
the limitations of our model and of relevant experimental
considerations is given in Sec. VI. A summary of our work
is presented in Sec. VII.

II. MODEL

In any model of HHG, there are three key elements: the
excitation, the material target, and the harmonic radiation. For
first-principles calculations, all three of these must be consid-
ered in a quantized framework, which, however, presents an
extremely challenging problem. Therefore, here we consider
the material to be a classical continuum, represented solely
through effective susceptibilities. In contrast, both the driving
pulse and the scattered harmonics are represented as quantized
modes.

Following this approach, we consider a Hamiltonian intro-
duced in Ref. [97] to describe the process of HHG:

M M
H = liwATA + ho Z nda'a, + i Z xalA"al + (ATY'a,),

ey

where A are the creation/annihilation operators associated
with the pump mode of frequency w and a'” are the cre-
ation/annihilation operators of the harmonic mode indexed
with n, of frequency nw. The n indices are a subset of posi-
tive integers, specifically n € {2,...,M} C N*, and x, € R
denotes the nth order susceptibility of the material. Practically,
M corresponds to the cutoff harmonic order.

This Hamiltonian describes a physical process in which
n photons are absorbed from the driving field’s mode and
simultaneously a photon is emitted into the corresponding
nth harmonic mode. The corresponding Hermitian conjugate
term describes the inverse process. This interaction term is a
plausible description of HHG if the electrons return to their
initial state after the interaction, meaning that energy is ef-
fectively not stored in the matter, it being responsible only
for mediating the interaction between modes. Consequently,
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effective energy transfer happens solely between the pump
field and harmonic modes, corresponding to the conservation
of the energy of the electromagnetic field. The assumption
of a single electromagnetic mode representing the excitation
is commonly used in quantum optics. The Hamiltonian does
not include harmonic-harmonic interactions, as the harmonic
modes are typically lowly populated; hence, nonlinear interac-
tions between them are weak. Whenever this Hamiltonian is
applied to describe a concrete realization of HHG processes,
the fitting can be performed by adjusting the susceptibilities
in this model. In a typical HHG process, some of the out-
going modes, e.g., the ones with even indices, are missing
or negligible, which can be taken into account by choosing
the corresponding susceptibilities to be zero. The model of
Eq. (1) opens the possibility of gaining analytical insight into
the emergence of nonclassicality and intermodal correlations
solely due to the backaction on the driving field.

The resulting zeroth-order approximate solution of the
Schrodinger equation, governed by this Hamiltonian, reads

M
0 —iwt . .
WO@) =aoe™) @ [ || —itxuctge ™). (2
a() n=2 Bu(®)

assuming initial condition of the system

[W(0)) = o) ®10)2 @ -+ & [0)ps- 3

The |WD(¢)) zero-order solution corresponds to the assump-
tion of nondepleting coherent excitation with amplitude o
and emerging harmonics in coherent states with linearly in-
creasing amplitudes. This solution has been the foundation
of further considerations in, for example, Refs. [43,56,71,75].
It is easy to see that since the quantum state can be written
as a product of coherent states, the zero-order solution does
not contain entanglement or intermodal cross-correlations.
However, these have been measured [30] and theoretically
predicted [38]; hence, it is important to investigate higher
orders.

III. DYNAMICAL EQUATIONS

In this section, we express the dynamical equations gov-
erning the time evolution of quantum states in a way that
is conducive to further analysis. Our objective is to capture
the leading deviations from the uncorrelated coherent-state
product, as expressed in Eq. (2), induced by the time evolution
under Hamiltonian (1). For this purpose, we prepare a pertur-
bative calculation, by an appropriate unitary transformation
and by introducing a suitable interaction picture.

Our aim is to use transformations that ultimately lead to the
perturbative results naturally being expressed in the basis

M
(@), 7Y @ [ [1Ba (@) i)

n=2

J, jn € N. “)

Here, and later, |x, k) denotes the displaced number state
D(x)|k), with the number eigenvalues denoted with J for
the driving mode and with j, for the n'th harmonic modes,
respectively. Note that for parameters J = 0, {j, = 0},, the
state corresponds to Eq. (2). Keeping the above in mind, we
apply a time-dependent unitary transformation to transform

Eq. (2) to the vacuum-state product

|‘-IJ/(0)(I)> _ eA(l)lqj(O)(t) ® 1_[ |0 ns (5)

n=2
where the A operator reads
At) =—(ape ™ AT — afe A)
M
— Z ((_itxna(r)tefinwt)al _ (ll)( a(ﬂ;n znwt) n)- (6)
n=2

Applying this transformation to the Schrédinger equation gov-
erned by Hamiltonian of Eq. (1), we get the dynamical
equation

ihd, W' (1)) = H' )|V (1)), (N
where the transformed state is
(W'(1)) = eV |W(r)), ®)
and the Hamiltonian reads
H'(t)=e""He M + ih%A(r). )

Using Egs. (6) and (9), ignoring constant terms and terms de-
pending only on time, the Hamiltonian H'(t) can be expressed
as

M
H'(t) =lhwA'A + ho Z nala,
n=2

+ h Z Xn |: a, Z <k>Akag—ke—i(il—k)wz

k=1

n
n oy
+a, Z <k>ATka(x)<(n k)el(n—k)wt:|

k=1

+h Z X2t [lao Z (Z)Akagkeik“’t

n=2 k=0

laQZ( >ATk *(n— k) lkwl:| (10)

The transformed Hamiltonian in Eq. (10) can be compartmen-
talized into terms with distinct physical meanings:

H'(t) = H}, + Hyy (1) + Hp(0). (11)

The first term, H;. = hwATA + hw Zanz naian, governs the
free evolution of the driving and harmonic field modes. The
second Hamiltonian HJ (¢ term, that is, the third term in
Eq. (10), describes the interaction between the pump and
harmonic modes, and is proportional to the first power of the
susceptibilities x,. The Hamiltonian Hj,(¢), that is, the fourth
term in Eq. (10), contributes solely to the evolution of the
quantum state of the excitation mode and is proportional to
the second power of susceptibilities x>

To calculate the dynamics of the system, it is practical to
use the interaction picture, with the interaction Hamiltonian
term being

W'(t) = Hpy (1) + Hp (D). (12)
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In this picture, the time evolution of the quantum state |W;(z))
is determined by the equation

0 - -
ih—|Wi(1)) = MW (1) e HE W (1)), (13)
The solution of the equation can be written in the general form

|1 (1)) = o gm)y o (14)

where the summation is over the Fock space under consid-
eration and |/, jp, ..., ju) = |J) ® ]_[24:2 |jn)n- Here, |J) and
|jn)n are the Fock states of the driving field mode and the
nth harmonic modes, respectively. After inserting Eq. (14) in
Eq. (13), the calculations lead to the dynamical equations that
govern the coefficients and can be expressed as

ihCy jy...ji, () =Cyjy...ju ()T

XD sy WO, oo )
]_'
(15)
where
M M
E = ha)|:J+ Zn]] E = ha)|:J/ + Zn]] (16)
n=2 n=2

In the following sections, we will analyze these dynamical
equations perturbatively.

IV. PERTURBATIVE SOLUTION

In this section, we express the leading-order perturbations
in the quantum state of the electromagnetic field. We will
consider the initial condition

|1(0)) = [0) ®10---0), an

corresponding to C(g(,)(;,,,.,o = 1 coefficient in Eq. (15). In order
to express the quantum state in a transparent way, it is benefi-
cial to rearrange the summations appearing in Eq. (10), before
proceeding to solve Eq. (15). Utilizing the identity

M n M M
DY flemy=)" > flkn), (18)

n=2 k=1 k=1 n=max[2,k]

one can express W'(t) as

W(t)_hz Z Xn|:< > n—k giln—kyot Ak

k=1 n=max|[2,k]

n ) i .
+ <k>a§(n k)et(nk)wlanAik]

+FZZ Z Xn |:10l0 < ) n—k Lka)tAk

k=0 n=max[2,k]

B iao (k>a0(n k) —zszAnkj| (19)

Exploiting A|0, 0, ...,0) =0 and 4,|0, 0, ..., 0) = 0 identi-
ties, it is easy to see that the only nondisappearing terms in the

first-order iteration of Eq. (15) are

(, iy JulW'(0)]0,0, ..., 0)

ihi(J, J,,...,JM|[ZXn;a;nag|o, 0,...,0)
n=2

MM
- Z Z Xfte”"”’( )aoao(" DKk, 0, . :|

k=0 n=max[2,k]
(20)
It follows that only the coefficients with J =k > 0, j, =

- = jy = 0 indices can be nonzero. Expressing the above
equation in an equivalent, but more transparent way, we get

(k,0,...,0|W)]0,0,...,0)

=ih Z Xn |:|Ol()| 8k 0— O[O( )mag(n_k)eikwt} )
n=max|[2,k]
(2D

The first-order contributions can be thus expressed by

M
. n *(n—
Clo o= Z sz[(ak,o— l)a{}(k)\/k!ao( ’1,

n=max[2,k]
(22)
the integration of which is straightforward, resulting in
ch )= — i M(”)wwm (23)
£,0,...,0 = 2 © )0

for k > 1 values. Hence, in first-order iteration, the non-
normalized quantum state is written as

M
YOtk ®10---),  (24)

k=1

@)D =100®0---) —

where
Y\ w2l Vi
o= 2 ()" 7 ot (25)
n=max{2,k} OlO

The physical interpretation associated with the first-order iter-
ation is the change of the quantum state of the excitation mode
due to backaction described by our model. The perturbative
terms in the quantum state represented by Eq. (24) are propor-
tional to powers of y,t; therefore, one may consider these to
be the perturbative parameters. It follows that our results are
only valid for small yx,¢ values.

In the second-order iteration, starting from
Eq. (24), one must evaluate the matrix elements
s jas ooy JulW (14,0, ...,0) for j # 0 values. Note that

the terms in Eq. (19) containing a,A™ give no contribution,
since  a,A™| j,0,...,0) =0. Considering the previous
procedure, it can be foreseen that the terms proportional to
x2 in Eq. (19) result in contributions of magnitude O(x t*).
Consequently, up to the precision of O(x’t?), the only
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nondisappearing terms are

U, o, ooy julW'®1],0,...,0)
M n
— . |zn > ul})
= n=max[2,k]
x af ket gt Ak j 0, ). (26)

It follows that the only non-negligible contribution is for
indices fulfilling J = j —k, j, =1, and Vg #n: j, =0 re-
lations. Finally, we obtain the dynamical equations for the
second-order iteration as

P\ n—k —itn—k)wt J!
al*e —
Ko <k> 0 j— k!
n=max|[2,k]

X (K'|j = k) w(1]1), @12 ®Fn=Der, 27)
——— ——

S j—k [

To clarify, Eq. (27) gives the time evolution of the coefficient
for the following quantum-state component: The excitation
mode is in a displaced k’-photon state and the n’'th harmonic
mode being a displaced one-photon state, while all other har-
monics are in coherent states. After some simplification, one
can write

M
: . n\ . [k+k!
CIEZ)O ..... Ly, o) = —i ZXn’<k>f¥3 k T®k+k/f2,

(28)

where the expression (i) =0 if k > n'. The solution of
Eq. (27) is straightforward, and we write

c,ﬁ?j__’oyln,,ow(t) = —iQupt, (29)
where
ek [+ K Oppp
Qi = ZX”’(>0 Ve s G0

J

M

=|ape ) @ 1_[ |—itxnage_i”‘“')11
n=2

W ()

k=0 j=n; n=2
n#j

Accordingly, the resulting quantum state of the exciting and
harmonic modes is an entangled superposition state in the
displaced number-state basis. Based on these considerations,
it is clear that second-order iteration is needed to reveal inter-
modal correlations. The quantum state of the harmonic field
within Eq. (33) can be qualitatively described as a displaced
generalized W-like state. We note that approximate W states
have been predicted to occur, using a different approach, in
Ref. [43] for low harmonic conversion efficiencies. We note
that W states are generally considered to be robust against

The physical interpretation associated with the second-order
iteration is a multitude of simultaneous modifications of the
quantum state of the driving field and of one harmonic mode.

Finally, the quantum state after the second-order iteration
can be written as

M M
W) =10) @ [ T10), — Y ©ut?lk)
n=2 k=1

M M M
@ [ [100e ™ =iy > Qu’lk)
n=2

k=0 j=2

M
® [ ]10), ® [1) e e, 31

n=2
nj

To illustrate the emerging entanglement between the har-
monics, we specifically consider the case of N = 3, which
reads

W/(1)) = < Z@ﬂ ket >®|0)2|0)

— IZ szkt3€_i(k+2)wt|k> ® [1)210)3

—zZm Pe Nk @ [0)a]1);. (32)

Here, one can observe that a Bell-state-like correlation ap-
pears between the harmonic modes.

For the sake of completeness, we derive the original |W(t))
quantum state by inverting the transformations of Eq. (8),
which results in

M M
5 > . » —ik
_ E Ot g za)f’k) ®H|—11Xna8€ mwt)ne ikot
k=1

—lZZQ K |oe ™™ k) l_[|—ltxnaoe ’”“”)n®

n=2

| =it xjafe ™", 1)je*"<’<+f>w’. (33)

(

photon-number losses [99]. While the mode-dependent dis-
placements can cause deviations from the quantum properties
of the W states, it seems plausible that the displacement does
not deteriorate the robustness.

Note that both the harmonics and the driving field become
slightly non-Gaussian as a result of the interaction. To show
the deviation from coherent states, we calculate the leading
term difference arising in the Wigner function [100] of the
density matrix associated with the nth harmonic mode. After
construction of the density matrix (see Appendix B for details)
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FIG. 1. Deviation in the Wigner function of the tenth harmonic,

7(2)
% —10)10(0]10, based on Eq. (34), for driving pulse of two
10
optical cycles. Parameters are chosen as || = 10, ¢t = 22;", and
Xn = —=———, with harmonic orders n € 3, ..., 10.
nleg|

and tracing out all but one harmonic mode, we get

prp (1) = Z|s2nk|2r6|1> (1

k=0

+ |1+ Z|@k|2r4+z Z 1274104 (01,

k=0 j=ny,j#n

+ i[5 4" 10} (11n — Qnoe™" [1),(0]]

M
—it® Y (042 1" |00 (1],

— O; Qe " 1),(0l]. (34
We have calculated the deviation from coherent states through
P2 (@) Lo -
Tr[;i% — 10),,{0|,,, which is shown in Fig. 1.

Note that the unitary transformation connecting p and p’ is
merely a displacement. The deviation is small and would not
7(2)
Py @
e ,(2)( 3 itself.

n /th

be visible on plots of

A. Quantum optical quantities

Next, we calculate the quantities that we intend to use for
analysis in the next section. Using the quantum state given by
Eq. (33), we present the full analytical formulas in Appendix
A. Here, without loss of generality, we use the special initial
condition ¢y = —i|ap|, which simplifies the formulas. With

this, we get
Or = ()16,
M
n\ V!
Ol = > (k>7""'“ >k, (35)
n=max{2,k} |
Gi(t) = laol* + !
11 0 N()

Qo = ()" 0,
Ll (1N [+ K ¢
_ n . n— ,
|9nr,k/|—k§ 3 (k),/—k,! loto" ¥ 1Opsn].  (36)

With these parameters, the quantum state can be evaluated,
and calculations of one-time operator mean values can be
done in a lengthy, but straightforward manner.

Recall that |W(¢)) is a perturbatively calculated state;
accordingly, it is not normalized. For the purpose of
expressing any physical quantities, first we need to
calculate the square of the norm N(r) = (¥()|W(1)),
that is,

N(t)—1+2|®k|2t4+22|§2,k| (37)

k=0 j=2

One of the most fundamental quantities for our analysis
is the mean photon number of the modes. For the excita-
tion mode, it is (N;(z)) = /\%(\I/(t)IATAllll(t)), and for the
nth harmonic mode, the mean photon number is (N,(t)) =
i (Y Olal()a, ()Y (@)):

(Ni(1) = |ag|* + —— |:2|@1||Olo|tz

1
N(t)

M
+ ) (kIO + 27k + Tloto| Ok ][Oy e

k=1

M M
Z D k121 + 27k + ool 127411211 |>t6},
k=0 j=2

(38)

(Na(1))

1
2 2n.2 n 4
= X loto |71 + | 2xnlto|"[S2n,01
N()[

M M
+ (Z Qi =200 Y |ao|"|®k||szn,k|)t6].
k=0 k=1

(39)

To analyze quantum properties of any particular mode, we
will utilize the second-order one-time photon coherence func-
tions G, particularly as part of other, composite quantities.
To characterize the driving field mode, we use G (t) =
T\/’lm (W(t)|ATATAA|W(2)), which reads as

—23/2]00 (18] + V2|t |1©1 e +Z|®k|(|®k|<k<k—1+4|ao| ) + 4PV + 110 et

k=1

M M
+4) kel + 1ol O[O [t +2Y - Vi + Tvk + 2ot |*| O] Ot
k=0 k=1
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M M

+ )Y 19l [k = 1) + 4ao Pk ]e® + 4eg ZZJ 112 419241126

k=0 j=2 k=0 j=2
M M M M
+ 2 Y VA W+ 20019l 1920t +4 Y Y k/k + Lo 127411192712 | (40)
k=0 j=2 k=0 j=2

while for the nth (n # 1) harmonic mode, we use G,,,,(1) = N(z) (\Il(t)|aT a,,a,l|\IJ(t)> which we express as

M M
1
Gun(t) ~ xyloto["'t* + Yo [4x,§|oeo|3"|szn,o|r" + (4x3|oeo|2"2 |Qkl* = 4x7 o™ D |Qn,k||®k|>r8}. (41)

k=0 k=1

With these quantities given, we can proceed to calculate the second-order normalized photon correlation functions y,,, which
are often the primary experimentally measured quantities involving nonclassical photon states. The correlations of the excitation

and harmonic modes are y;(t) = Gu)

_ Gu®
moway ad vm(t) = wEin wr

respectively. These autocorrelation functions can be used

to characterize the photon statistics of single modes, e.g., revealing super- or sub-Poissonian distributions.
Turning our attention to the rich structure inherent in multimode states, the fundamental tools we use to gain insight are
the second-order one-time intermodal cross-coherence functions. The coherence between the pump mode and the nth (n # 1)

harmonic mode is Gy, (t) = A%(‘IJ(INATalanANI(Z)), written as

Gin(t) ~ xploo 21 + —— 0]

M

M
[ 2x2 oo ©1]1* + 2ot <|9n,o|t4 -y |®k||szn,k|t6>

k=1

M
+ 2xn|ao|<”“>(|szn,1 DY «/1?|®k_1||szn,k|r6> + ) 1Quil? Ck + loro] e

k=2

k=0

M M
— 2uleol” D kIO k1% 42V + Tlto] 12l te41 16
k=1 k=0

+ xoleol™ Zk|ok|2t6+ZZk|sz]k|2r8 —2Xn|060|"+12\/k+ | O 11l

k=0 j=2

+ 27 letg [ Zv 11Ok |O 1]t +22¢k+ 124121125 | | (42)

while between the nth (n # 1) and mth (m # n) harmonic modes, it is G, () =

k=0 j=2

N(t)(\ll(t)|a aTanam|\Il(t)> which reads

M

1
Gun(t) X Y Ym0 2"1* + NO [Z(an,i|ao|2m+"|szn,o| + X Km0 Q2 01)1® A+ 2 xm et D | il | £

M
+ > (190 Pt oo™ + 1Qm i x
k=0

M
—2xm X 10" Qi |®k|r8]
k=1

From these, we can construct the experimentally measurable
intermodal photon correlation functions. The correlation be-
tween the excitation and nth harmonic modes is yy,(t) =

Gin(®)
O while between nth and mth order harmonics is
Vo () = W respectively. Of special interest to us is

the R(t) function defined as

Gan()
Gon ()G (1)

Yan®)
J/Vll‘l (t )ymm (t )

R(t) = (44)

k=0
M

2 8 2 2 8
Pl = 2 xmleo Y 1@l Olt

k=1

(43)

(

which have been measured in Ref. [30] and found to have
values R > 1. This violates the CBS inequality (Cauchy-
Bunyakovsky-Schwarz inequality), and hence implies non-
classical correlation in the quantum state of the considered
modes [101,102]. One relevant theoretical calculation, involv-
ing atomic HHG, can be found in Ref. [64].

We are especially interested in the presence of entangle-
ment, which, of course, is a nonclassicality itself, but is not
necessarily implied by R > 1 relation. To measure intermodal
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entanglement between harmonics, we use the logarithmic neg-
ativity, applied to p/2) density matrix, wherein we traced out
all but two modes, corresponding to the nth and mth harmon-
ics.

r»x
1
Eum(t) = log, <mp,ﬁi>a)> )

nm
1

When calculating Eq. (45), we use (p/2) derived in Ap-
pendix B with the result expressed in Eq. (B6), specifically.

V. INTERPRETATION OF THE RESULTS

In this section, we analyze how our model can account
for experimentally measurable effects. The considerations laid
down in the previous section leave the amplitude |ag|, the
interaction time or temporal pulse duration, t = t, the cutoff-
order M, and susceptibilities {y,} as free parameters. For
modeling a given experiment, the parameters (|ag|, T, M) can
be chosen according to the experimentally measured values.

Since the choice of these parameters determines the va-
lidity of the perturbative calculations, we briefly discuss this
issue. While a rigorous evaluation of the error in the pertur-
bative result can generally be challenging, standard practice
relies on estimating the magnitude of the leading omitted
higher-order term at the truncation point, alongside the ratio
of successive terms. An error estimate is obtainable, pro-
vided that the successive terms decrease quickly enough to
ensure convergence. In Appendix C, we derived the condition
M3 xt|ap/™ < 1 under which the perturbative expansion can
be considered valid. Using the zeroth-order approximation
of (Ny), presented in Eq. (39), this condition can be written
as M3?(N,)!/? < 1. Here, M is the number of significantly
populated harmonic modes, and (N,) represents the associated
photon-number expectation value. Hence, the perturbative ap-
proach is valid in the few-harmonic generation regime for low
population of harmonic modes.

The x, susceptibilities are not directly measurable; there-
fore, we fit their values based on physical considerations. The
measured energy spectrum of the harmonics {I,(|xo], T)} =
{hw, (N, (||, 7))} induced by a driving pulse of amplitude
loo] = €0V /2hwEy and temporal duration 7 can be used to
determine yx,. Assuming that the zeroth-order approximation
[Eq. (2)] acceptably predicts the harmonic energy spectrum,
one can write

L(laol, ©) = | X, (o iw, T2, (46)

where we explicitly denoted the potential amplitude depen-
dence of the susceptibilities. Then, x, can be expressed
through experimentally measurable spectrum as

| Lo, 7)
. = [0 47
Xalleol) = [ o @7)

We note that for analysis, one can choose some parameters
freely, utilizing the scaling relations rooted in Eq. (46). First,
it follows that one can always scale up interaction time t with

the transformation

1
(an T) g (EXmét>- (48)
Similarly, for a given harmonic energy /,, and fixed interaction
time 7, only the product |a|*" x needs to be invariant. Hence,
one can choose arbitrary coherent amplitude ¢ with corre-
sponding susceptibilities x,, according to the transformation

1
(@0, XaT) = <$ao, Wan)~ (49)

We note that the T parameter can be eliminated by considering
Xn/ Xm Tatios, since

xn(laol) _ L(lagl, T)m |050|"'. (50)
xm(laol) Ly(laol, T)n ool

In realizations of HHG, odd-order harmonics often dom-
inate the spectrum, that is, x, # O only when n is an odd
natural number. We stress that the “only-odd-harmonics” rule
is strictly only valid for material targets with inversion sym-
metry, together with monochromatic excitation, for example,
atomic gases driven by quasimonochromatic pulses [103].
We will accept this assumption as valid in the following,
but we emphasize that it can be abandoned without loss of
generality.

There are two aspects of the harmonic spectrum that are
commonly used to categorize qualitative features of HHG:
how the decrease of the harmonic energies depends on the
increasing harmonic order and the dependence of individual
harmonic energies on the driving pulse amplitude. The litera-
ture of HHG distinguishes between the so-called perturbative
regime and the nonperturbative regime. The idea behind the
concept of perturbative regime is that the harmonic energies
{I,} in this regime scale with the laser pulse energy I as o I
for low pump intensities, which is a behavior characteristic of
perturbative processes. On the contrary, the spectrum in the
nonperturbative regime deviates from the scaling characteriz-
ing the perturbative regime and for sufficiently high-intensity
driving, generally characterized by a plateaulike harmonic
spectrum. Nevertheless, the perturbative approach, as a cal-
culational technique, can be used even in the nonperturbative
regime, provided that only a few harmonics are generated and
the harmonic mode populations remain low. Subsequently, we
show how our model can be applied in both regimes. Then, we
examine how the model can be fitted to the experimental data
measured in Ref. [30]. Another example of parameter fitting
for the same model has been discussed in the Appendix of
Ref. [97].

A. Perturbative regime

The perturbative regime, physically corresponding to low
driving intensities, is characterized by the domination of
the lower-order harmonics. There are two defining features:
First, harmonic energies falloff exponentially with increasing
order of harmonics. We note that at very high orders the
decrease can even be inverse factorial [104]. The exponential
decrease can be expressed as I, o« C pz”, where p € [0, 1) and
C € R*. Second, the harmonic energies scale with the driv-
ing amplitude as I, o |ap|*". These two conditions together
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FIG. 2. Single-mode physical quantities characterizing the ex-
citation and harmonics. (a) Time evolution of (N;(¢)) shown as a
function of ¢/T, where T = 27 /w is the optical cycle. (b) Time
evolution of the photon correlations: y; ; (t) (black); y3 5 (red); ys.5(t)
(orange); y7.7(t) (yellow); yo9(2) (green); and y;; 11(¢) (blue). The
parameters are chosen such that |og| = 1, x3 = 0.02, p = 0.3, with
a cutoff order of M = 11. Dashed lines show the chosen interaction
time t = 1.5T, applied in Fig. 3.

lead to
hw, " N
Il T) = == Cp™|ao| ™72, (51)

from which, using Eq. (47), we can express susceptibilities as

C
Xn(loo]) = \/;p”. (52)

Accordingly, the properly determined susceptibilities in our
model are independent of the driving pulse energy in the
perturbative regime.

Figure 2 shows the physical quantities characterizing the
excitation mode and harmonic modes, introduced in the sec-
ond half of the previous section. The parameters are chosen
such that the amplitude is |og| = 1, and x3 = 0.02, p = 0.3,
with a cutoff order of M = 11. Figure 2(a) shows the time
evolution of mean photon value of the excitation mode (N, (¢))
given in Eq. (38) as a function of dimensionless time /7,
where T = 2m /w is the optical cycle of the driving field.
The vertical dashed line shows the chosen interaction time
of three-half optical cycles + = 1.57, which will be applied
to calculate two-mode physical quantities. We note that such
a choice practically corresponds to a monochromatic driving
pulse with a rectangular carrier envelope. The interaction be-
tween the excitation and harmonic modes leads to an initial
decrease of (N;(t)), i.e., photon absorption from the driving
mode, which is both intuitive and measurable. On the other
hand, the subsequent increase corresponds to an energy trans-
fer from the harmonics into the driving field, which practically

@ Wl ST ||

3 5

!I
6

(b)

Y1n(1.5T)

n fo°
2.0
1.8
16
14
A 8 10

10°%E (1.5 T)

| 1.25
1.00
0.75
0.50

0.25

<0.01

<0.01 <0.01

FIG. 3. Two-mode physical quantities. Intermodal correlation
function values y,,,(1.5T) and y,,(1.5T) (a) between harmonic
modes and (b) between the excitation mode and harmonic modes,
respectively. (c¢) Upscaled logarithmic negativity between harmonic
modes, 10° x E,,,(1.5T).

cannot be measured experimentally. This phenomenon can
pose a limitation for the physical validity of our model.

The time evolution of the photon autocorrelations y; ; for
the modes j =1,3,..., 11 is presented in Fig. 2(b). Com-
paring the values of correlation functions for the harmonics,
they show a clear tendency of decreasing with both har-
monic order and time. Harmonic modes are characterized
by sub-Poissonian photon statistics, and this characteristic is
especially significant for higher-order harmonics. The corre-
lation function of the pump mode y;;(¢) has a moderately
decreasing tendency with time, but close to the chosen in-
teraction time t = 1.57, it starts increasing, representing a
super-Poissonian statistics.

The two-mode physical quantities are shown in Fig. 3,
calculated with identical parameters as were used for the
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single-mode quantities. Interharmonic correlation values at
the end of the interaction y,,(1.5T) are plotted in Fig. 3(a).
These are generally of lower than unit value, and the qual-
itative tendency is that correlation is larger if at least one
harmonic is of lower order. Figure 3(b) presents the inter-
modal correlation values yy,(1.57) between the excitation
mode and harmonic modes. Cross-correlations between the
driving and harmonic modes are positive, which is what one
expects for driving and driven modes. It can reach values
Yin > 2, primarily when the harmonics are of higher or-
der. For high-order harmonic pairs, significant sub-Poissonian
photon statistic, that is, y,, < 1, and simultaneous anticor-
relations between these modes, characterized by y,, < 1,
are present, implying nonclassical quantum properties. To
analyze pairwise entanglement, the logarithmic negativity be-
tween harmonics, expressed through Eq. (45), is shown in
Fig. 3(e), upscaled by a factor of 10°. The values quickly de-
crease as harmonic orders increase. Comparing Figs. 3(a) and
3(c), one can conclude that lower-order harmonic pairs have
more pronounced entanglement, while higher-order harmonic
pairs are associated with more pronounced anticorrelations.

Therefore, nonclassical correlations characterize both
lower-order and higher-order pairs of harmonics; however,
the exact nature of these nonclassicalities differ. We note
here that the calculated value R35(1.57) &~ 1.2 (not shown)
can fall within the range of measured values for HHG using
semiconductor materials in Ref. [30].

B. Idealized nonperturbative regime

The term nonperturbative regime—in the context of
HHG—typically refers to setups in which the driving intensity
is of higher value. The harmonic energies in the resulting
spectrum, after an exponential decrease at the lowest harmon-
ics, reach a plateaulike, nearly constant value. This plateau
extends over multiple harmonic orders before reaching a cut-
off frequency. The exact structure of the plateau, which can be
multileveled, varies depending on the material system. Due
to the complexities involved, we will consider an idealized
version of the nonperturbative regime, in which the harmonic
energies are independent of the harmonic order. This leads to
L(logl, T) = %Cr2 and

Cc 1
Xn(ool) =4/ — , (53)
n lagl"

respectively. Unsurprisingly, the properly determined sus-
ceptibilities in our model are intensity dependent in the
nonperturbative regime.

Figure 4 shows the time evolution of the photon auto-
correlation functions of the excitation mode y;;(¢) as black
and of the harmonics y,,, as colored curves. The parameters
were chosen to be |ag| = /20 and x3 = 0.0002, with a cutoff
order of M = 11. The vertical dashed line shows the chosen
interaction time of two optical cycles ¢+ = 2T, which will be
applied to calculate two-mode physical quantities. We note
that such a choice practically corresponds to a monochromatic
driving pulse with a rectangular carrier envelope. Comparing
the values of correlation functions of the harmonics y,,(¢),
they exhibit slightly super-Poissonian photon statistics, with a
clear tendency of initial increase with both time and harmonic

0.90

0.85

0.0 05 1.0 15 2.0 25
T

FIG. 4. Time evolution of the photon correlation functions,
shown as a function of #/T, where T = 27 /w is the optical cycle.
y1.1(t) is shown as black; y3 3 red; yss(¢) orange; y77(t) yellow;
¥9.0(1) green; and y;; 11 (¢) blue curves. Dashed lines show the corre-
sponding interaction time ¢t = 27T . Parameters are || = V20, x5 =
0.0002, and M = 11.

order. This dynamics markedly differs from that found in the
perturbative regime. The initial increase is followed by a sub-
sequent decrease, which takes place sooner for higher-order
harmonics. The correlation function of the excitation mode
y11(¢) has a moderately increasing tendency with time, rep-
resenting a slightly super-Poissonian statistics at the chosen
interaction time t = 27 .

The two-mode physical quantities are displayed in
Fig. 5, calculated with identical parameters as used for the
single-mode correlations. Interharmonic correlation functions
vum(t), evaluated at interaction time ¢t = 2T, are plotted in
Fig. 3(a). These are generally of slightly above unit value,
implying a moderately increased correlation between photon
emissions into different harmonic modes. The qualitative ten-
dency is that interharmonic correlation is more pronounced
between higher-order harmonic pairs. Figure 3(b) presents
the intermodal correlation values between the excitation
mode and harmonic modes, y1,(2T). These values are pos-
itive, but lower than in the perturbative regime. Comparing
these two figures, it can be observed that all calculated
cross-correlations, both excitation-harmonic and harmonic-
harmonic ones, have lower values than 2.

To analyze pairwise entanglement, the logarithmic negativ-
ity between harmonics, expressed through Eq. (45), has been
plotted in Fig. 3(c), scaled up by a factor of 10°. One can
see that the interharmonic entanglement is more pronounced
between higher-order harmonics. It can be observed that en-
tanglement is more pronounced within high-order harmonic
pairs. While we will not delve into potential tripartite (or more
general multipartite) entanglement in this study, we would like
to point out that it is possible to find three harmonic modes (a,
b, ¢) within the spectrum that simultaneously exhibit £, , > 0,
E,. > 0,and E, . > 0. This indicates that, at least, entangle-
ment between bipartite reductions is present.

In the perturbative regime, the logarithmic negativity
[Fig. 3(c)] is highest between the lowest-order harmonics.
This indicates that entanglement is strongest among low-
order harmonics, which also dominate the spectrum as mean
photon numbers decay exponentially with the harmonic or-
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FIG. 5. Two-mode physical quantities. Intermodal correlation
function values y,,,,(2T) and yy,(2T') (a) between harmonic modes
and (b) between the excitation mode and harmonic modes, respec-
tively. (c) Upscaled logarithmic negativity between harmonic modes,
10° x E,,(2T).

der. Conversely, in the idealized nonperturbative regime, the
trend of the logarithmic negativities [Fig. 5(c)] reverses: the
logarithmic negativity is highest between the highest-order
harmonics. This coincides with the mean photon numbers
showing a moderate increase with the harmonic order. The
general conclusion is that for all investigated regimes, the
degree of entanglement is positively correlated with mode
population; i.e., higher average photon numbers indicate a
higher degree of entanglement between the respective modes.

C. Fitting to experimental results

Now, we turn our attention to an analysis of the experimen-
tal measurements reported in Ref. [30]. In this experiment, a
pulse of intermediate intensity was used, and the third- and

fifth-order harmonics were studied for GaAs, ZnO, and Si tar-
gets. Photons per pulse associated with these modes, as well as
their autocorrelation and cross-correlation functions y33, ¥ss,
and y3s, respectively, have been measured, and R3s5 has been
determined. These quantities were examined as functions of

the driving intensity i '““‘,‘20, where V is the interaction vol-
ume. The driving intensity, of course, is proportional to the
pulse energy /iw|ao|>. The process of harmonic generation
within the used range of laser intensities contains both the
perturbative regime and the onset of a low-intensity nonper-
turbative regime. The transition between these two regimes
occurs relatively suddenly, around a certain |otg| = o) driv-
ing amplitude, which depends on the harmonic order n. The
measured harmonic energies scale with the driving amplitude
as I, o« |ag|®, with exponent €, < 2n in the nonperturbative
regime.

We fit the susceptibilities through the measured mean pho-
tons per pulse in the harmonic modes, using the zeroth-order
solution [Eq. (2)], as in the previous subsections, and assume
that the laser pulse energy can be written as [y = hw|ag 2.
Similarly, we express the mean photons per pulse associ-
ated with the nth harmonic as I,/hw,. These assumptions
are justified by the fact that the measured mean photons are
low, corresponding to a low x,t value in Eq. (39). Hence,
the leading-order correction in the mean photon number
due to deviation from a coherent state is small. Thus, one
can safely approximate the photons-per-pulse measurements
,%) ~ x212|ap|? to fit the x, susceptibilities. Given the scaling
I, o« |ogo|®, we can proceed as

xr (o) T2 oo > = Cut? et (54)

€/2
(No(2)) ~ c,,ﬂ(;—‘)w) . (55)

From Eq. (54), we can derive the susceptibilities as x,(|og|) =
VCp/|ag|*—<n. These susceptibilities are, of course, intensity
dependent in the nonperturbative regime, in agreement with
the previous subsection. Equation (55) can be used to de-
termine €, values from the photon-per-pulse measurements.
Using data from Fig. 1(c), and Figs. S3(b) and S4(b) of
Ref. [30], one can obtain that €3 &~ 4.6 and €5 ~ 6 for GaAs
target, €3 &~ 4 and €5 &~ 6 for ZnO target, and €3 ~ 5.6 and
€s &~ 5.8 for Si target, respectively. The ratio C3/Cs can also
be estimated from these figures. To proceed, we express the
effective susceptibilities in a way that incorporates the tran-
sition between perturbative and low-intensity nonperturbative
regimes. For this purpose, we write

t .
\pert if Joo| < g

120D =1y - (56)

n ol if |Ol()| > )
With the above considerations, susceptibilities are chosen so
that they replicate the (N,(tr)) dependencies on the pulse
energy reasonably well, while keeping in mind the limits of
validity of the perturbative calculations.

In the following, we will assume that the driving pulse is
of half-cycle duration, that is, T = 7 /2. Recall that while we
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FIG. 6. Physical quantities as function of |a|?, using GaAs sus-
ceptibilities given by Eqgs. (57) and (58). Dashed and dotted lines
show the transitions to the nonperturbative regime for the third and
fifth harmonics, respectively. (a) Mean photon numbers (N3(7)) (red)
and (Ns5(t)) (blue). Panel (b) shows the photon autocorrelation and
cross-correlation functions at the end of the interaction. Panel (c)
shows the R 5() values. (d) The logarithmic negativity E5 5(7).

have chosen the range of |xp| to be of small values, it can
be scaled up arbitrarily. The susceptibilities we have chosen
for the three materials are listed in Egs. (57)—(62). Using
these and the formulas of Sec. IV, we have calculated the
physical quantities measured in Ref. [30]. The results of our
analysis are shown in Figs. 68, showing physical quantities

0.5 1.0 1.5 2.0 25 3.0

E35(7)

05 1.0 15 2.0 25 3.0
|l

FIG. 7. Physical quantities as function of |a|?, using ZnO sus-
ceptibilities given by Eqgs. (59) and (60). (a) R3s(r) value and (b)
logarithmic negativity E; (7), respectively.

1.25(
1.20
1.15
1.10

Rs35(1)

|| ?

FIG. 8. Physical quantities as function of |e|?, using Si suscep-
tibilities given by Eqgs. (61) and (62). The same quantities are listed
as in Fig. 7.

as functions of |or|?, which read

o 0.069, if ool < 1.05
Nag)) = , (57
x5 (leol) 0.069(12)°7if ol > 105 G
o 0.01, it Jao| < 0.735
(lag)) = , (58)
x5 ol 0.01(%25)%,if o] > 0.735
0.041, it oo < 1.3
(ZnO)
X (lao)) = T , (59
3 0.041(L2)", i ool > 1.3
0.035, it Jao| < 0.377
(Zn0) _
Xs (|°‘°')_{o.035(°|~j%)2, it ool > 0377 ©9
- 0.027, if o] < 1.35 o
X3 (jeol) = 0.027(13)%if o] > 135 (61)

- 431, if Jerg| < 0.06 &
x5 (oD =14 31 (00021 i gy > 0,06

Comparing Fig. 6(a) to Fig. 1(b) of Ref. [30], one can
see that the measured mean photons per pulse qualitatively
corresponds to the calculated mean photon numbers (N3(7))
and (Ns5(7)), shown as red and blue curves in Fig. 6(a). The
parameters have been chosen so that the ratio (N3(t))/(Ns(t))
and the ratio of transition amplitudes «(3)/cs) correspond
to the measured values. Figure 6(b) shows the values of the
autocorrelation and cross-correlation functions y33(t), ¥s5(7),
and y35(t), respectively. The generally decreasing tendency
with the pulse energy is reproduced up to the transition am-
plitude of the third order harmonic o 3). However, the values
of these correlation functions are typically below 1, unlike the
measured values. Nevertheless, valuable insight can be gained
from the intensity dependence of the correlation function: At
transition amplitude &), not only y,,, but the autocorrelation
function of the other mode also experiences a transition. This
can also be observed to a lesser degree on plots of mean
photon numbers (N,(t)). The explanation is straightforward
when observing Eqgs. (39) and (41). Since €2, ¢ contains all
Xn susceptibilities [see Eqs. (35) and (36)], any transition
in the largest susceptibilities will be imprinted in all photon
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numbers and related quantities. This observation may explain
the simultaneous deviations of the measured photons per pulse
of the third and fifth harmonic, observable in Fig. S3(b) of
Ref. [30].

We present the R3s(t) values in Figs. 6(c), 7(a), and
8(a). The CBS-inequality violation, that is, R3s(t) > 1, is
reproduced as measured, implying the presence of nonclas-
sical correlations in the pair of harmonic modes. One can
see that the material-dependent o, transition amplitudes can
have a pronounced effect on the intensity dependence of
R3 5(t). While the calculated values are somewhat larger than
the measured ones for the chosen parameters, the qualitative
agreement is easy to check when comparing Fig. 6(c) to Fig.
3 of Ref. [30], and analogously Figs. 7(a) and 8(a) to Fig. S6
of Ref. [30]. Somewhat surprisingly, a plateaulike structure
can be reproduced for the case of GaAs [Fig. 6(c)] between
the transition pulse energies |os)|> and |a(3)|%. For the case
of ZnO, our model can imitate the moderately increasing
tendency of R35(t) up to |a)|? pulse energy, followed by a
slow decline [Fig. 7(c)]. For the Si target, our model predicts
monotonously decreasing R3 5(t) values with increasing pulse
energy, without particularly notable transition.

While nonclassical correlations have been both measured
and can be reproduced by our calculation, it is not straight-
forward that the nonclassicality implies entanglement. We
present the logarithmic negativities E3 s(t) as functions of
pulse energy on Figs. 6(d), 7(b), and 8(b). The logarithmic
negativity generally has an increasing tendency with the pulse
energy, although for low pulse energies we observed decreas-
ing tendencies as well. Generally, the R3 5(7) values and the
E; 5(7) functions have little correlation. However, in cases of
“well-structured” R3 s(t) functions [such as in Fig. 6(d)], the
transition pulse energies are, to a small degree, imprinted on
the negativity function. We note that the logarithmic nega-
tivities have not been measured directly, but our calculations
support the interpretation that the arising nonclassicalities are,
at least partially, in the form of entanglement.

Finally, we note that the problem of fitting parameters to
perturbative results often becomes a trade-off between the
validity of the results and the fidelity with which the data are
reproduced. Furthermore, let us add that in some experiments,
such as Ref. [32], the mean photon number of the driving
pulse has been measured, instead of its intensity, leading to
slightly different, although similar expressions.

VI. DISCUSSION AND OUTLOOK

First, the physical applicability and limitations of the ef-
fective model merits some discussion. While describing a
medium via effective susceptibilities is a well-established ap-
proach in quantum optics, it is not self-evident that the key
features of HHG can be captured this way, given that the HHG
process is fundamentally driven by strongly nonlinear electron
dynamics. To precisely delineate the domain of validity for
the effective model, a rigorous derivation of the Hamiltonian
given in Eq. (1) from a first-principles approach—wherein
the driving field, harmonics, and target material are simul-
taneously quantized (see, e.g., Ref. [23])—is required. Once
that is done, the domain of validity can be defined by the set
of underlying approximations used during the derivation. To

establish a formal link between microscopic parameters and
effective susceptibilities, one must start from a microscopic
model, proceeding to take expectation values with respect to
microscopic wavefunctions, and subsequently perform spatial
averaging over the interaction volume. While this is beyond
the scope of the current work, we offer a reasonable heuristic
argument: Assuming that the interaction leaves the target ma-
terial (i.e., electrons) in a final state close to its initial state,
tracing out the material degrees of freedom would certainly
yield a Hamiltonian similar to ours, basically due to the con-
servation of energy.

Our Hamiltonian is expected to be valid for low and
intermediate driving intensities, that is, in the regime of
few-harmonic generation. Traditionally, this lower intensity
regime has been less explored within classical descriptions
of HHG, although it represents a domain where nonclassical
light sources are relevant for quantum information technolo-
gies. It is worth noting that recent experimental analysis of
the quantum-optical aspects has also been performed in this
regime. Assuming that the material is treated in a quantized
manner, the regime of validity corresponds to the previously
mentioned assumption that the final and initial states are iden-
tical, together with a negligible ionization rate, and a small
number of energy levels contributing to the nonlinear optical
response.

It may be instructive to consider the applicability of our
phenomenological model for treating well-known frameworks
in the field of HHG, such as the strong-field approxima-
tion (SFA) used for gas-phase targets [24,105-107], and the
semiconductor Bloch equations used for solid-state systems
[85,108-110]. The SFA approach assumes that the ionization
plays a key role, occurring in the regime of high driving
intensities. In this approach, the electron in the continuum
is treated as a driven free particle. Bloch-equation-based ap-
proaches assume that incorporating a finite number of energy
bands into the calculation is sufficient to describe the inter-
band and intraband dynamics of the driven electron. These
features suggest that the conditions for the applicability of
our phenomenological model can be satisfied within a weakly
driven Bloch-equation approach, whereas these conditions are
incompatible with the assumptions of the SFA. On the other
hand, standard predictions, such as the presence of a plateau
and the intensity dependence of the cutoff frequency, can be
incorporated empirically into our model through an appropri-
ate fitting of the susceptibilities, as discussed above.

The question of interpretation, regarding the physical ori-
gin of the emerging entanglement, naturally arises. The origin
of the resulting correlations and entanglement in our model is
basically due to the interaction between the harmonics and the
driving field. The driving field, through the medium, is cou-
pled to all harmonics modes. Consequently, one can consider
all the harmonic modes to be coupled to each other indi-
rectly, through the driving field mode. That such a dynamics
could lead to correlations between the harmonics—coinciding
with depletion from the driving field—is unsurprising and
intuitively sound. A broad implication of our calculation is
that the backaction-induced interharmonic entanglements and
the non-Gaussian characteristics of the individual harmonic
quantum states are intrinsically linked. Since this process
occurs in a diverse range of systems, one can expect that
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HHG in general can be used for engineering interharmonic
entanglements.

From an experimental perspective, however, quantify-
ing the entanglement rigorously remains a challenge. Ex-
perimentally extracting the logarithmic negativity requires
density-matrix reconstruction of two harmonic modes via
joint quantum-state tomography (see, e.g., Ref. [111]). In the
regime analyzed here, the logarithmic negativities are small
compared to those of maximally entangled states, imposing
high sensitivity on the detection. Nevertheless, our model pre-
dicts that nonclassical intermodal correlations strengthen with
increasing photon numbers, offering a promising direction for
future experiments. While joint quantum-state tomography is
experimentally involved, when realized, the retrieved Wigner
function and calculated logarithmic negativity are directly
comparable to our results. Alternatively, using entanglement
witnesses inequalities based on the measurement of com-
muting observables—can be experimentally more accessible.
If one merely wishes to establish the presence of entanglement
between different harmonic modes, the Duan inseparability
criterion can be checked experimentally in a straightforward
setup [112]. The most direct experimental access to the quan-
tum features is through photon correlation measurements.
A primary nonclassical signature is accessible via photon
statistics measured in a Hanbury Brown and Twiss configu-
ration, where the analyzed correlation functions are directly
observable, Furthermore, Cauchy-Schwarz inequality viola-
tions based on these correlation functions can detect global or
local nonclassicality in two-mode states, which under specific
conditions confirms the presence of entanglement. Correlation
measurement is limited in practice only by the picosecond
temporal resolution of the detectors. Additionally, experimen-
tal challenges to be addressed include the minimization of
phonon-related modifications by cooling the samples and us-
ing thin samples to avoid reabsorption and scattering effects.

Finally, because the resulting quantum state of the har-
monics resembles a generalized displaced W state, one can
presume that potential applications would be similar to that
of the W state on photonic modes of different frequencies.
Entanglement distributed across distinct optical frequencies
is attractive due to its compatibility with fiber-optic networks
and its resilience against decoherence in noisy channels [113].
By converting these multifrequency photonic W states into
long-lived excitations via optomechanical interactions, the
quantum states can be placed into delayed storage [113].
Similar realizations enable frequency-multiplexed quantum
memories, allowing simultaneous entanglement swapping op-
erations within a single fiber channel via wavelength-division
multiplexing [114].

VII. CONCLUSIONS

We have considered an effective quantum optical model
of HHG, in which both the driving field and the harmonic
radiation are quantized, while the material is included only
through susceptibilities. Analogously to traditional models
of harmonic generation, we have assumed that the dominant
process is the simultaneous absorption of n photons from the
driving field and emission of a photon into the nth harmonic
mode. We have performed a perturbative calculation and ana-

lytically evaluated quantum optical quantities associated with
single modes and with pairs of modes. We have analyzed the
behavior of these quantities for various regimes of the HHG
process.

We have found that nonclassicalities, comparable in
magnitude to experimental measurements, emerge. These
nonclassical properties include entanglement between har-
monic modes and can be present in the few-harmonic
generation regime. Furthermore, we have found that by fitting
susceptibilities to the data of a recent experiment [30], our
model could, for certain materials, reproduce characteristics
of the intensity dependence of the nonclassical correlation
measure R.

As our model neglects the quantum state of the target
material, the interpretation of the results is straightforward: By
incorporating the depletion of the driving field during HHG,
the backaction on the pump is naturally incorporated into our
model. Consequently, the backaction modifies the quantum
state of the driving field, leading to a modification in the
quantum state of the harmonic modes. Ultimately, as a result
of this, intermodal correlations and entanglement between the
harmonics emerge.

Our phenomenological approach has the advantage of not
depending on specific properties of the target medium, except
for the effective x susceptibilities. Therefore, any feature of
HHG that can be reproduced within our model can be consid-
ered a general aspect of HHG, not specific to the interaction
material. We believe that theoretical research in this field can
benefit from our results and provide further insight into the
quantum aspects of HHG.
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APPENDIX A: QUANTUM OPTICAL QUANTITIES IN
PERTURBATIVE APPROACH

Below, we present the derivation of the quantum opti-
cal quantities used in Sec. IV, in a more general form.
Here, we do not assume the initial condition used in the
second half of Sec. IV, and we let the lowest-order har-
monic symbolically be n; instead of 2. The square norm
is straightforward to express N(t) =1+ 2211 |O?t* +
ZkM=o Zlyznl |Q;«|°1%. Below, we first give the mean photon
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numbers of the driving mode:
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and the mean photon number of the n'th harmonic mode
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respectively The coherence functions are listed below. Autocoherence of the driving field mode is
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and for the »n'th harmonic mode, n # 1, it is
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Intermodal cross-coherence functions between the excitation mode and the #»’th harmonic mode are

Gln(t)

1
— 2 — 2
Na )(‘I’ |(N1 + aoe™ " a] + age™ ay + |oo|*) (N — it xuore™ ™ @) + it xuor" €™ an + 1 x5 oo ™) W)
1 _
N(t)(\p |N1N +N ((106 zwt ¥ +a(>i)<ezna)tal + |Ol()| )+an ( *n lna)tNlan —0[06‘ lnth an) +Xn |a0|2n 21\71
+ant( *(n+1) z(n+l)wta an (n+1) _1(n+1)wt .a +C( o0 ez(n l)wtaTan agage—l(n l)wzalajl)

+lX,,l|Ot()| ( *n ma)ta —aoe —inwt T)+Xn|a0|2n(aoe lwta: +age"“ta1+|a0| )[ |\I//>

N(t) |:Z |an|2[6(k + laol) + Z(Otan i1 2k +a0§2nk§2n i)V 116
k=0
M
+ Kool 6(2'4@1«' £ Y ke ) — 10 Y k(O R + a0, )
k=0 j=n; k=1

T < (n+1)Q +a(n+l)g2 Z‘/_ *(n+l)®k 1an_|_()[(z14-1)® 15?;/()12) —Xn|ao|2l‘6
(ZJ oy "V OF Qs+ O 2 )) + Xl PPN (@)
N
+ Xnloto*t* (aS"Qn,o +ap2, o — Z (" O i + 056191(9:,/()#)
k=1

M
— x7loo 't (0 O + ag®F) + x|t ( > Vk+ 1(05 05Ot + 0O, O, )t
k=1

M M
+ )0 > Ve L@, + 00Qa Q] iy >r6>], (AS)

k=0 j=n,

and between the n'th and m’th harmonic modes, n # m # 1, itis
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APPENDIX B: DENSITY MATRIX OF THE FIELD

Here, we present the density matrix of the total electromagnetic field p"® (), based on the perturbatively calculated quantum
state defined by Eq. (31), as well as that of various subsystems that we investigated in our work. Note that here we let the
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lowest-order of harmonics be set symbolically to n; instead of 2. By substituting Eq. (31) into p"®(¢) = |W/(¢))® (¥'(¢)|® and
expanding, we get
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Tracing out the excitation mode leads us to the density matrix associated with the collective harmonic field. Although not written
explicitly, the index n runs from n; to M:
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Tracing out all but the n’'th harmonic mode results in the density matrix associated with the subsystem of a single harmonic
mode:
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To evaluate the entanglement between two harmonic modes, starting from pharin (1), one needs to trace out all but the nth and mth
harmonic modes. This leads to

M
oRD(t) = [1 +> |®k|2t4} 10,1 (01,110) (Ol + i£>[€25 0™ 10),1 (114 — .0€™"" [1),4(01,110) (Ol
k=1

M
+ it 125, 6™ 10V (1 — Qn.0e™" 1) (011100 (Ol — i Y O 127" 10 (1140} (Ol
k=1
M M
— iy Ok, (2™ 10) (1110}, (Ols + i Y OF Qs 1),(01,10) (Ol
k=1
M
+i Y 07t e 1) (0l 00 (Ol + Y Qi 425 1), (1110} (Ol
k=0

M
+ Z Qi 1% 1) (110} (Ol + Y Qs 12 11) (110} (Ol
-0 k=0

+Zszmksz* 1) (1110}, (01, +Z Z Q742 1110} (01,410) (Ol (B4)
k=0 j=ny,j#n,m

which, after simplification and by introducing the |ij){kl| = |i),|j)m(k|.(l|» notation, can be rewritten as
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This, together with its partial transpose with respect to the mode indexed with n, can be represented in matrix form as
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For the sake of completeness, let us remind the reader that when determining the Wigner function from a density operator,
the decomposition p = Zm’n Pm.nlm)(n| can be used, with which the Wigner function can be written as

W(q’ P) = Z pm,anmn(qv P) (B7)

Here,
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APPENDIX C: VALIDITY OF THE PERTURBATIVE EXPANSION

Choosing the magnitude of the largest x,t product as the perturbative parameter, we estimate both the error introduced by
truncating the perturbative expansion and the condition required for its convergence. Rearranging the quantum state into terms
|O(x7t7)), defined to be proportional to x/¢/, we calculate the leading-order neglected term, |O(x*t*)). To identify the relevant
contributions, recall that the interaction Hamiltonian W’(z) in Eq. (12) decomposes as W' (¢) = H},;(¢) + H},(t), with

M n n
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H{,;(t) and H)(t) are proportional to x, and x2, respectively. Consequently, upon integration of Eq. (15), their action
on |O(x/t/)) raises the order of y,t by 1 and by 2, respectively. Therefore, identifying the contributions to |O(x*t*)) is
straightforward.

The first contribution consists of the terms neglected in Eq. (27), arising from Hj,(¢) acting on the second-order term,
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which, using the operator A" and after integration, yields
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The second, and only remaining, contribution proportional to x*#* arises from H}(¢) acting on the third-order term,
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which, by an analogous calculation, yields
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Since Egs. (C2) and (C4) exhaust every contribution proportional to x4, the leading-order neglected term is simply their sum,

10(x*h) = 106D +10(* )b (C5)
Our aim here is to give only a qualitative estimate of the magnitude of this term. We use the norm
OGN = V(OGO 1)) (Co)

to evaluate the (non-normalized) terms of the expansion. To proceed, we replace all y, by the largest value x, retain only the
highest power of « appearing in each sum, extend all sums to run over all M modes, and neglect the combinatorial coefficients.
With this rule of thumb, we obtain |®| ~ M x%|ag|*™ and 2] ~ M2 x3|ao|?M.

With these considerations, and referring to Eq. (31), the magnitudes of |O(x%)), |O(x't")), |O(x>t?)), and |O(x>3t?))
follow directly. The only zeroth-order term has unit coefficient, and no first-order term exists. There are M orthogonal second-
order terms, each of magnitude estimated as |©|%*, resulting in [||O(x212))|| ~ v/M|®|t? overall. There are approximately
M? orthogonal third-order terms, and an analogous argument yields |||O(x3t3))|| ~ M|2|t>. Evaluating the fourth-order term
requires more care. Applying the same approximations results in
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k'=1 k=0 k'=1 k=0

r

M M M M K
=Y xtt ek =k 0. T L 0) = Y O Y xrtad QK — k.0, ..., 2, ., 0).

n,j=2k'=1 k=1 n=2 k'=1 k=1
J#n
((e0))

Rewriting the summations equivalently and separating orthogonal terms yields

M
10 th) ~ =Mt PM©10,0, ..., 0) + Mt* > " [(2g — M — D)ol © — gx e 2]1q. 0. ..., 0)
g=1
2M

Mt Y M — g+ D (xPlao™MO — xo3Q)14.0. ..., 0)
q=M+1

M M-1 M M-1

—xt'a! QYN M =)l 0,y Ly 0) = xR Y (M = ¢)lg. 0, ... 2,, ..., 0). (C8)
n,j=2 g=0 n=2 g=0
J#n
To proceed, we make use of an upper bound for the resulting coefficients in Eq. (C8), resulting in
Co....0* ~ M %[,
Cgeec0l ~ ME x|
2
1Ca0tjt]” ~ MO P8,
2
1Ca0,. 20| ~ MO Bt% g [P (C9)

The corresponding magnitude estimate then follows directly from Eq. (C6) as

o MM — 1) (M —2)

12
..... 2 O, > |Cq,0,...,1f,...,1,,,...,0|2 + MM — 1)}Cq,0,...,2n,...,0|2> , (C10)
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where the dominant contribution scales as M*/%x*t*|ao|*M.
Collecting the magnitudes at successive orders, we obtain

1O )| ~ 1,
OGN ~ M2 52 et |,
NOGEEN] ~ M X1 oo M,

O] ~ M2 x| ™

O(x'th)| ~ 0,

(C11)

Accordingly, the magnitude of the leading-order neglected
term can be estimated as M%/?|ay|*M x*t*, where M denotes
the number of significantly populated harmonic modes. Re-
calling that x2|ao|*"t? provides an estimate of the mean
photon number (N;) of a populated harmonic mode within
the zeroth-order approximation of (N;) presented in Eq. (39),
the leading-order correction can be written compactly as
M°/?(N,,)?. Likewise, the ratio of successive higher-order cor-
rections is M3/2xt|ay|M, which can be interpreted physically
as M3/2(N,) /2.

[1] W. Asavanant and A. Furusawa, Multipartite continuous-
variable optical quantum entanglement: Generation and appli-
cation, Phys. Rev. A 109, 040101 (2024).

[2] S. M. Barnett et al., Journeys from quantum optics to quantum
technology, Prog. Quantum Electron. 54, 19 (2017).

[3] X. Shi, W. W. Lee, A. Karnieli, L. M. Lohse, A. Gorlach,
L. W. W. Wong, T. Salditt, S. Fan, I. Kaminer, and L. J. Wong,
Quantum nanophotonics with energetic particles: X-rays and
free electrons, Prog. Quantum Electron. 102, 100577 (2025).

[4] P. D. Drummond and M. Hillery, The Quantum Theory of
Nonlinear Optics (Cambridge University Press, Cambridge,
2014).

[5]1 M. Ferray, A. L’Huillier, X. Li, L. Lompre, G. Mainfray, and
C. Manus, Multiple-harmonic conversion of 1064 nm radiation
in rare gases, J. Phys. B 21, L31 (1988).

[6] R. M. Potvliege and R. Shakeshaft, Multiphoton processes in
an intense laser field: Harmonic generation and total ionization
rates for atomic hydrogen, Phys. Rev. A 40, 3061 (1989).

[7]1 S. Ghimire, A. D. DiChiara, E. Sistrunk, P. Agostini, L. F.
DiMauro, and D. A. Reis, Observation of high-order harmonic
generation in a bulk crystal, Nat. Phys. 7, 138 (2011).

[8] M. Lewenstein, P. Balcou, M. Y. Ivanov, A. L’Huillier, and
P. B. Corkum, Theory of high-harmonic generation by low-
frequency laser fields, Phys. Rev. A 49, 2117 (1994).

[9] J. Bergou and S. Varré, Nonlinear scattering processes in the
presence of a quantised radiation field. II. Relativistic treat-
ment, J. Phys. A: Math. Gen. 14, 2281 (1981).

[10] M. Kuchiev and V. Ostrovsky, Quantum theory of high-
harmonic generation via above-threshold ionization and stim-
ulated recombination, J. Phys. B 32, L189 (1999).

[11] J. Gao, F. Shen, and J. G. Eden, Interpretation of high-order
harmonic generation in terms of transitions between quantum
Volkov states, Phys. Rev. A 61, 043812 (2000).

[12] L. Gao, X. Li, P. Fu, R. R. Freeman, and D. S. Guo, Non-
perturbative quantum electrodynamics theory of high-order
harmonic generation, Phys. Rev. A 61, 063407 (2000).

[13] J. B. Bertrand, H. J. Worner, H.-C. Bandulet, E. Bisson, M.
Spanner, J.-C. Kieffer, D. M. Villeneuve, and P. B. Corkum,
Ultrahigh-order wave mixing in noncollinear high harmonic
generation, Phys. Rev. Lett. 106, 023001 (2011).

[14] C. Yu, J. Zhang, Z.-W. Sun, Z. Sun, and D.-S. Guo, A non-
perturbative quantum electrodynamic approach to the theory
of laser induced high harmonic generation, Front. Phys. 10, 1
(2015).

[15] I. K. Kominis, G. Kolliopoulos, D. Charalambidis, and P.
Tzallas, Quantum-optical nature of the recollision process in

high-order-harmonic generation, Phys. Rev. A 89, 063827
(2014).

[16] L. Argenti, S. Chattopadhyay, M. Chini, N. Douguet,
and C. Marante, in ATTO 8th International Conference
on Attosecond Science and Technology (Book of Abstracts)
(University of Central Florida, Orlando, FL, 2022), p. 85.

[17] A. Gombkotd, S. Varrd, Z. Keresztes, B. Gabor, and P.
Foldi, in Kvantumelektronika 2021: IX. Szimpozium a Hazai
Kvantumelektronikai Kutatdsok Eredményeirdl (University of
Szeged, Szeged, 2021), pp. 64—68.

[18] L. Argenti, M. Chini, and L. Fang, in Proceedings of the 8th In-
ternational Conference on Attosecond Science and Technology
(Springer, Cham, Switzerland, 2024).

[19] P. Stammer and M. Lewenstein, Quantum optics as applied
quantum electrodynamics is back in town, Acta Phys. Pol. A
143, S42 (2023).

[20] J. Rivera-Dean, P. Stammer, A. S. Maxwell, T. Lamprou, A. F.
Ordéiiez, E. Pisanty, P. Tzallas, M. Lewenstein, and M. F.
Ciappina, Quantum optical analysis of high-order harmonic
generation in semiconductors, in High-Order Harmonic Gen-
eration in Solids, edited by M. Ciappina and P. Tzallas (World
Scientific, Singapore, 2024), Chap. 7, pp. 139-183.

[21] N. Rivera, New opportunities for creating quantum states of
light and matter with intense laser fields, Nanophotonics 14,
1837 (2025).

[22] P. Foldi, I. Magashegyi, A. Gombkotd, and S. Varrd, Describ-
ing high-order harmonic generation using quantum optical
models, Photonics 8, 263 (2021).

[23] S. Varrd, Quantum optical aspects of high-harmonic genera-
tion, Photonics 8, 269 (2021).

[24] U. Bhattacharya, T. Lamprou, A. S. Maxwell, A. Ordéiez,
E. Pisanty, J. Rivera-Dean, P. Stammer, M. F. Ciappina, M.
Lewenstein, and P. Tzallas, Strong—laser—field physics, non—
classical light states and quantum information science, Rep.
Prog. Phys. 86, 094401 (2023).

[25] Y. S. AKklilu and K. Varga, Description of the hydrogen atom
and the He' ion in an optical cavity using the Pauli-Fierz
Hamiltonian, Phys. Rev. A 110, 043119 (2024).

[26] C. S. Lange and L. B. Madsen, Hierarchy of approximations
for describing quantum light from high-harmonic generation:
A Fermi-Hubbard-model study, Phys. Rev. A 111, 013113
(2025).

[27] J.-H. Mun, S.-H. Jang, and S. K. Nam, Quantum-optical ra-
diative recombination between electrons and ions analyzed
with a semiclassical picture, Phys. Rev. A 110, 043115
(2024).

033154-21


https://doi.org/10.1103/PhysRevA.109.040101
https://doi.org/10.1016/j.pquantelec.2017.07.002
https://doi.org/10.1016/j.pquantelec.2025.100577
https://doi.org/10.1088/0953-4075/21/3/001
https://doi.org/10.1103/PhysRevA.40.3061
https://doi.org/10.1038/nphys1847
https://doi.org/10.1103/PhysRevA.49.2117
https://doi.org/10.1088/0305-4470/14/9/023
https://doi.org/10.1088/0953-4075/32/9/101
https://doi.org/10.1103/PhysRevA.61.043812
https://doi.org/10.1103/PhysRevA.61.063407
https://doi.org/10.1103/PhysRevLett.106.023001
https://doi.org/10.1007/s11467-014-0429-x
https://doi.org/10.1103/PhysRevA.89.063827
https://sciences.ucf.edu/physics/atto/book-of-abstracts
http://doi.org/10.14232/kvantumelektronika.9
https://doi.org/10.12693/APhysPolA.143.S42
https://doi.org/10.1515/nanoph-2024-0605
https://doi.org/10.3390/photonics8070263
https://doi.org/10.3390/photonics8070269
https://doi.org/10.1088/1361-6633/acea31
https://doi.org/10.1103/PhysRevA.110.043119
https://doi.org/10.1103/PhysRevA.111.013113
https://doi.org/10.1103/PhysRevA.110.043115

GOMBKOTO, ADAM, THEIDEL, AND KISS

PHYSICAL REVIEW RESEARCH 8, 033154 (2026)

[28] J. Rivera-Dean, T. Lamprou, E. Pisanty, M. F. Ciappina,
P. Tzallas, M. Lewenstein, and P. Stammer, Quantum state
engineering of light using intensity measurements and post-
selection, Phys. Rev. A 112, 013110 (2025).

[29] T. Lamprou, P. Stammer, J. Rivera-Dean, N. Tsatrafyllis, M. F.
Ciappina, M. Lewenstein, and P. Tzallas, Recent developments
in the generation of non-classical and entangled light states
using intense laser-matter interactions, J. Phys. B: At. Mol.
Opt. Phys. 58, 132001 (2025).

[30] D. Theidel et al., Evidence of the quantum optical na-
ture of high-harmonic generation, PRX Quantum 5, 040319
(2024).

[31] N. Tsatrafyllis et al., Quantum optical signatures in a strong
laser pulse after interaction with semiconductors, Phys. Rev.
Lett. 122, 193602 (2019).

[32] A. Rasputnyi, Z. Chen, M. Birk, O. Cohen, I. Kaminer,
M. Kiriiger, D. Seletskiy, M. Chekhova, and F. Tani, High-
harmonic generation by a bright squeezed vacuum, Nat. Phys.
20, 1960 (2024).

[33] A. Nayak et al., Attosecond metrology of vacuum-ultraviolet
high-order harmonics generated in semiconductors via laser-
dressed photoionization of alkali metals, Nat. Commun. 16,
1428 (2025).

[34] S. Lemieux, S. A. Jalil, D. N. Purschke, N. Boroumand, T. J.
Hammond, D. M. Villeneuve, A. Naumov, T. Brabec, and
G. Vampa, Photon bunching in high-harmonic emission con-
trolled by quantum light, Nat. Photonics 19, 767 (2025).

[35] D. Theidel, V. Cotte, P. Heinzel, H. Griguer, M. Weis, R.
Sondenheimer, and H. Merdji, Observation of a displaced
squeezed state in high-harmonic generation, Phys. Rev. Res.
7, 033223 (2025).

[36] T. Lamprou et al., Quantum-optical spectrometry in relativistic
laser—plasma interactions using the high-harmonic generation
process: A proposal, Photonics 8, 192 (2021).

[37] L. Cruz-Rodriguez, D. Dey, A. Freibert, and P. Stammer,
Quantum phenomena in attosecond science, Nat. Rev. Phys.
6, 691 (2024).

[38] A. Gombkotd, P. Foldi, and S. Varré, Quantum-optical
description of photon statistics and cross correlations in high-
order harmonic generation, Phys. Rev. A 104, 033703 (2021).

[39] A. Gombkétd, Quantum optical models of high-order har-
monic generation in two-level system, Ph.D. thesis, University
of Szeged, 2021.

[40] S. Yi, N. D. Klimkin, G. G. Brown, O. Smirnova, S.
Patchkovskii, I. Babushkin, and M. Ivanov, Generation of
massively entangled bright states of light during harmonic
generation in resonant media, Phys. Rev. X 15, 011023 (2025).

[41] J. Rivera-Dean, P. Stammer, A. S. Maxwell, T. Lamprou, A. F.
Ordonez, E. Pisanty, P. Tzallas, M. Lewenstein, and M. F.
Ciappina, Nonclassical states of light after high-harmonic gen-
eration in semiconductors: A Bloch-based perspective, Phys.
Rev. B 109, 035203 (2024).

[42] P. Stammer, J. Rivera-Dean, T. Lamprou, E. Pisanty, M. E.
Ciappina, P. Tzallas, and M. Lewenstein, High photon number
entangled states and coherent state superposition from the
extreme ultraviolet to the far infrared, Phys. Rev. Lett. 128,
123603 (2022).

[43] P. Stammer, Theory of entanglement and measurement in
high-order harmonic generation, Phys. Rev. A 106, L050402
(2022).

[44] A. Pizzi, A. Gorlach, N. Rivera, A. Nunnenkamp, and I.
Kaminer, Light emission from strongly driven many-body sys-
tems, Nat. Phys. 19, 551 (2023).

[45] J. Berkheim, E. Bordo, E. Ragonis, L. Merensky, and A.
Fleischer, High harmonic generation without tunnel ioniza-
tion, Phys. Rev. Res. §, 043138 (2023).

[46] P. Stammer, J. Rivera-Dean, A. S. Maxwell, T. Lamprou,
J. Argiiello-Luengo, P. Tzallas, M. F. Ciappina, and M.
Lewenstein, Entanglement and squeezing of the optical field
modes in high harmonic generation, Phys. Rev. Lett. 132,
143603 (2024).

[47] 1. Gonoskov, R. Sondenheimer, C. Hiinecke, D. Kartashov,
U. Peschel, and S. Grife, Nonclassical light generation and
control from laser-driven semiconductor intraband excitations,
Phys. Rev. B 109, 125110 (2024).

[48] J. Rivera-Dean, Role of short and long trajectories on the
quantum-optical state after high-order harmonic generation,
Phys. Rev. A 110, 063704 (2024).

[49] E. S. Andrianov and O. I. Tolstikhin, Formation of nonclassi-
cal and non-Gaussian states of a strong electromagnetic field
due to its interaction with free electrons produced by ioniza-
tion of a target gas, Phys. Rev. A 110, 023115 (2024).

[50] J. Rivera-Dean, P. Stammer, A. S. Maxwell, T. Lamprou,
E. Pisanty, P. Tzallas, M. Lewenstein, and M. F. Ciappina,
Quantum-optical analysis of high-order harmonic generation
in H,* molecules, Phys. Rev. A 109, 033706 (2024).

[51] J. Rivera-Dean, H. B. Crispin, P. Stammer, T. Lamprou, E.
Pisanty, M. Kriiger, P. Tzallas, M. Lewenstein, and M. F.
Ciappina, Squeezed states of light after high-order harmonic
generation in excited atomic systems, Phys. Rev. A 110,
063118 (2024).

[52] A. Gorlach, O. Neufeld, N. Rivera, O. Cohen, and I. Kaminer,
The quantum-optical nature of high harmonic generation, Nat.
Commun. 11, 4598 (2020).

[53] A. Gombkots, Squeezing properties of degenerate high-order
hyper-Raman lines emitted by two-level system, Acta Phys.
Pol. A 143, 347 (2023).

[54] C. S. Lange, T. Hansen, and L. B. Madsen, Electron-
correlation-induced nonclassicality of light from high-order
harmonic generation, Phys. Rev. A 109, 033110 (2024).

[55] S.J. Wang, S. G. Yu, X. Y. Lai, and X. J. Liu, High harmonic
generation from an atom in a squeezed-vacuum environment,
Phys. Rev. Res. 6, 033010 (2024).

[56] M. Lewenstein, M. Ciappina, E. Pisanty, J. Rivera-Dean, P.
Stammer, T. Lamprou, and P. Tzallas, Generation of optical
schrodinger cat states in intense laser—matter interactions, Nat.
Phys. 17, 1104 (2021).

[57] J. Rivera-Dean, P. Stammer, E. Pisanty, T. Lamprou, P.
Tzallas, M. Lewenstein, and M. Ciappina, New schemes for
creating large optical Schrodinger cat states using strong laser
fields, J. Comput. Electron. 20, 2111 (2021).

[58] P. Stammer, T. Fernandez Martos, M. Lewenstein, and G.
Rajchel-Mieldzio¢, Metrological robustness of high photon
number optical cat states, Quantum Sci. Technol. 9, 045047
(2024).

[59] T. Lamprou, J. Rivera-Dean, P. Stammer, M. Lewenstein, and
P. Tzallas, Nonlinear optics using intense optical coherent state
superpositions, Phys. Rev. Lett. 134, 013601 (2025).

[60] J. Rivera-Dean, J. Rivera Dean, T. Lamprou, E. Pisanty, P.
Stammer, A. F. Ordonez, A. S. Maxwell, M. F. Ciappina, M.

033154-22


https://doi.org/10.1103/11vz-9gcz
https://doi.org/10.1088/1361-6455/add9fe
https://doi.org/10.1103/PRXQuantum.5.040319
https://doi.org/10.1103/PhysRevLett.122.193602
https://doi.org/10.1038/s41567-024-02659-x
https://doi.org/10.1038/s41467-025-56759-0
https://doi.org/10.1038/s41566-025-01673-6
https://doi.org/10.1103/6r6n-pxfp
https://doi.org/10.3390/photonics8060192
https://doi.org/10.1038/s42254-024-00769-2
https://doi.org/10.1103/PhysRevA.104.033703
https://doi.org/10.1103/PhysRevX.15.011023
https://doi.org/10.1103/PhysRevB.109.035203
https://doi.org/10.1103/PhysRevLett.128.123603
https://doi.org/10.1103/PhysRevA.106.L050402
https://doi.org/10.1038/s41567-022-01910-7
https://doi.org/10.1103/PhysRevResearch.5.043138
https://doi.org/10.1103/PhysRevLett.132.143603
https://doi.org/10.1103/PhysRevB.109.125110
https://doi.org/10.1103/PhysRevA.110.063704
https://doi.org/10.1103/PhysRevA.110.023115
https://doi.org/10.1103/PhysRevA.109.033706
https://doi.org/10.1103/PhysRevA.110.063118
https://doi.org/10.1038/s41467-020-18218-w
https://doi.org/10.12693/APhysPolA.143.347
https://doi.org/10.1103/PhysRevA.109.033110
https://doi.org/10.1103/PhysRevResearch.6.033010
https://doi.org/10.1038/s41567-021-01317-w
https://doi.org/10.1007/s10825-021-01789-2
https://doi.org/10.1088/2058-9565/ad7881
https://doi.org/10.1103/PhysRevLett.134.013601

INTERMODAL ENTANGLEMENT IN A QUANTUM OPTICAL ...

PHYSICAL REVIEW RESEARCH 8, 033154 (2026)

Lewenstein, and P. Tzallas, Strong laser fields and their power
to generate controllable high-photon-number coherent-state
superpositions, Phys. Rev. A 105, 033714 (2022).

[61] E. S. Andrianov and O. I. Tolstikhin, Formation of a
Schrodinger cat state of a strong circularly polarized laser field
due to Thomson scattering by free electrons, Phys. Rev. A 112,
013117 (2025).

[62] J. Argiiello-Luengo, J. Rivera-Dean, P. Stammer, A. S.
Maxwell, D. M. Weld, M. F. Ciappina, and M. Lewenstein,
Analog simulation of high-harmonic generation in atoms,
PRX Quantum 5, 010328 (2024).

[63] 1. Gonoskov, C. Hiinecke, and S. Grife, Emergence of non-
classical radiation in strongly laser-driven quantum systems,
arXiv:2512.23156.

[64] S. de-la Pefia, H. Appel, A. Rubio, and O. Neufeld, Second-
quantized numerical simulations of tunable entanglement in
quantum high harmonic generation, arXiv:2512.03987.

[65] D. Theidel, M. Nahra, 1. Karuseichyk, H. Griguer, M.
Weis, V. Cotte, and H. Merdji, Sub-Poissonian statistics and
quantum non-Gaussianity from high-harmonic generation,
arXiv:2602.10882.

[66] A. Gombkéts, A. Czirjék, S. Varr6, and P. Foldi, Quantum-
optical model for the dynamics of high-order-harmonic
generation, Phys. Rev. A 94, 013853 (2016).

[67] I. Gonoskov, N. Tsatrafyllis, I. Kominis, and P. Tzallas, Quan-
tum optical signatures in strong-field laser physics: Infrared
photon counting in high-order-harmonic generation, Sci. Rep.
6, 32821 (2016).

[68] N. Tsatrafyllis, I. Kominis, I. Gonoskov, and P. Tzallas,
High-order harmonics measured by the photon statistics of
the infrared driving-field exiting the atomic medium, Nat.
Commun. 8, 15170 (2017).

[69] A. Gombkots, S. Varrd, P. Mati, and P. Foldi, High-
order harmonic generation as induced by a quantized
field: Phase-space picture, Phys. Rev. A 101, 013418
(2020).

[70] M. E. Tzur, M. Birk, A. Gorlach, I. Kaminer, M. Kriiger,
and O. Cohen, Generation of squeezed high-order harmonics,
Phys. Rev. Res. 6, 033079 (2024).

[71] A. Gorlach, M. Tzur, M. Birk, M. Kriiger, N. Rivera, O.
Cohen, and I. Kaminer, High harmonic generation driven by
quantum light, Nat. Phys. 19, 1689 (2023).

[72] M. Even Tzur, M. Birk, A. Gorlach, M. Kriiger, I. Kaminer,
and O. Cohen, Photon-statistics force in ultrafast electron dy-
namics, Nat. Photonics 17, 501 (2023).

[73] P. Stammer, On the limitations of the semi-classical picture in
high harmonic generation, Nat. Phys. 20, 1040 (2024).

[74] J. Rivera-Dean, P. Stammer, M. F. Ciappina, and M.
Lewenstein, Structured squeezed light allows for high-
harmonic generation in classical forbidden geometries, Phys.
Rev. Lett. 135, 013801 (2025).

[75] P. Stammer, Absence of quantum optical coherence in high
harmonic generation, Phys. Rev. Res. 6, L032033 (2024).

[76] R. V. Gothelf, C. S. Lange, and L. B. Madsen, High-order
harmonic generation in a crystal driven by quantum light,
Phys. Rev. A 111, 063105 (2025).

[77] S. de-la-Peiia, O. Neufeld, M. Even Tzur, O. Cohen, H. Appel,
and A. Rubio, Quantum electrodynamics in high-harmonic
generation: Multitrajectory Ehrenfest and exact quantum anal-
ysis, J. Chem. Theory Comput. 21, 283 (2025).

[78] Y.-B. Wang and X.-B. Bian, High-order harmonic genera-
tion in quantum light by a generalized von Neumann lattice
method, Phys. Rev. A 111, 043111 (2025).

[79] D. Habibovi¢ and D. B. Milosevié, Intensity-dependent en-
hancements in strong-field ionization by quantum light, Phys.
Rev. A 112, L051103 (2025).

[80] P. Stammer, J. Rivera-Dean, M. Ciappina, and M.
Lewenstein, Weak measurement in strong laser field physics,
arXiv:2508.09048.

[81] L. Petrovic, P. Stammer, M. Lewenstein, and J. Rivera-Dean,
Generation of circular polarized high-order harmonics from
single color quantum light, arXiv:2601.01611.

[82] M. Sennary, J. Rivera-Dean, Y. Wange, M. Lewenstein, and
M. Hassan, Attosecond quantum optics, arXiv:2601.08671.

[83] C. Shao, H. Lu, X. Zhang, C. Yu, T. Tohyama, and R. Lu,
High-harmonic generation approaching the quantum critical
point of strongly correlated systems, Phys. Rev. Lett. 128,
047401 (2022).

[84] C. S. Lange, T. Hansen, and L. B. Madsen, Noninteger high-
order harmonic generation from extended correlated systems,
Phys. Rev. A 109, 063103 (2024).

[85] G. J. Iafrate and V. N. Sokolov, Bloch-electron dynamics un-
der the influence of a quantized radiation field, Phys. Rev. A
109, 012223 (2024).

[86] Z. Peng, H. Hu, J. Liu, J. Liu, Z. Zhao, and J. Yuan, Quantum
radiation and absorption by current fluctuations of atoms in
strong laser fields, Phys. Rev. A 108, 053119 (2023).

[87] T. Hansen and L. Bojer Madsen, Lattice imperfections and
high-harmonic generation in correlated systems, New J. Phys.
26, 063023 (2024).

[88] T. Fennel, A light imprint, Nat. Phys. 17, 1075 (2021).

[89] P. Tzallas, Squeezed light effect, Nat. Photonics 17, 463
(2023).

[90] P. Tzallas, Quantum correlated atoms in intense laser fields,
Nat. Phys. 19, 472 (2023).

[91] D. Ko and P. Corkum, Quantum optics meets attosecond sci-
ence, Nat. Phys. 19, 1556 (2023).

[92] M. Ciappina, High-harmonic generation meets quantum op-
tics, Nat. Photonics 19, 666 (2025).

[93] J. Biegert, Attosecond science: A new era for many-body
physics, Europhys. News 55, 12 (2024).

[94] O. Cohen, Attosecond path qubits in strong-field physics,
arXiv:2601.08793.

[95] R. Raussendorf and H. J. Briegel, A one-way quantum com-
puter, Phys. Rev. Lett. 86, 5188 (2001).

[96] D. E. Browne and T. Rudolph, Resource-efficient linear optical
quantum computation, Phys. Rev. Lett. 95, 010501 (2005).

[97] A. Gombkots, S. Varrd, B. G. Pusztai, I. Magashegyi, A.
Czirjék, S. Hack, and P. F6ldi, Parametric model for high-order
harmonic generation with quantized fields, Phys. Rev. A 109,
053717 (2024).

[98] 1. Babushkin, S. Yi, O. Smirnova, and M. Ivanov, Entan-
gled bright states of light via with matter-light-correlations in
harmonic generation, in Conference on Lasers and Electro-
Optics Europe & European Quantum Electronics Conference,
Munich, Germany (IEEE, Piscataway, NJ, 2025), p. 1.

[99] W. Diir, G. Vidal, and J. I. Cirac, Three qubits can be entangled
in two inequivalent ways, Phys. Rev. A 62, 062314 (2000).

[100] M. S. Bartlett and J. E. Moyal, The exact transition proba-
bilities of quantum-mechanical oscillators calculated by the

033154-23


https://doi.org/10.1103/PhysRevA.105.033714
https://doi.org/10.1103/3gjp-f7br
https://doi.org/10.1103/PRXQuantum.5.010328
https://arxiv.org/abs/2512.23156
https://arxiv.org/abs/2512.03987
https://arxiv.org/abs/2602.10882
https://doi.org/10.1103/PhysRevA.94.013853
https://doi.org/10.1038/srep32821
https://doi.org/10.1038/ncomms15170
https://doi.org/10.1103/PhysRevA.101.013418
https://doi.org/10.1103/PhysRevResearch.6.033079
https://doi.org/10.1038/s41567-023-02127-y
https://doi.org/10.1038/s41566-023-01209-w
https://doi.org/10.1038/s41567-024-02579-w
https://doi.org/10.1103/4hdl-bdwj
https://doi.org/10.1103/PhysRevResearch.6.L032033
https://doi.org/10.1103/PhysRevA.111.063105
https://doi.org/10.1021/acs.jctc.4c01206
https://doi.org/10.1103/PhysRevA.111.043111
https://doi.org/10.1103/1fsq-ffsv
https://arxiv.org/abs/2508.09048
https://arxiv.org/abs/2601.01611
https://arxiv.org/abs/2601.08671
https://doi.org/10.1103/PhysRevLett.128.047401
https://doi.org/10.1103/PhysRevA.109.063103
https://doi.org/10.1103/PhysRevA.109.012223
https://doi.org/10.1103/PhysRevA.108.053119
https://doi.org/10.1088/1367-2630/ad5755
https://doi.org/10.1038/s41567-021-01367-0
https://doi.org/10.1038/s41566-023-01218-9
https://doi.org/10.1038/s41567-022-01928-x
https://doi.org/10.1038/s41567-023-02160-x
https://doi.org/10.1038/s41566-025-01702-4
https://doi.org/10.1051/epn/2024105
https://arxiv.org/abs/2601.08793
https://doi.org/10.1103/PhysRevLett.86.5188
https://doi.org/10.1103/PhysRevLett.95.010501
https://doi.org/10.1103/PhysRevA.109.053717
http://doi.org/10.1109/CLEO/Europe-EQEC65582.2025.11111222
https://doi.org/10.1103/PhysRevA.62.062314

GOMBKOTO, ADAM, THEIDEL, AND KISS

PHYSICAL REVIEW RESEARCH 8, 033154 (2026)

phase-space method, Math. Proc. Cambridge Philos. Soc. 45,
545 (1949).

[101] T. Wasak, P. Szarikowski, P. Zin, M. Trippenbach, and J.
Chwedenczuk, Cauchy-Schwarz inequality and particle entan-
glement, Phys. Rev. A 90, 033616 (2014).

[102] K. V. Kheruntsyan, J.-C. Jaskula, P. Deuar, M. Bonneau,
G. B. Partridge, J. Ruaudel, R. Lopes, D. Boiron, and C. L.
Westbrook, Violation of the Cauchy-Schwarz inequality with
matter waves, Phys. Rev. Lett. 108, 260401 (2012).

[103] M. Wegener, Extreme Nonlinear Optics (Springer, Berlin,
2005).

[104] J. Wildenauer, Generation of the ninth, eleventh, and fifteenth
harmonics of iodine laser radiation, J. Appl. Phys. 62, 41
(1987).

[105] K. Amini, J. Biegert, F. Calegari, A. Chacon, M. Ciappina,
A. Dauphin, D. Efimov, C. Figueira de Morisson Faria, K.
Giergiel, P. Gniewek, S. Landsman, M. Lesiuk, M. Mandrysz,
A. Maxwell, R. Moszynski, L. Ortmann, J. Pérez-Herndndez,
A. Picén, E. Pisanty, and M. Lewenstein, Symphony on strong
field approximation, Rep. Prog. Phys. 82, 116001 (2019).

[106] D. Bauer, D. B. MiloSevi¢, and W. Becker, Strong-field ap-
proximation for intense-laser-atom processes: The choice of
gauge, Phys. Rev. A 72, 023415 (2005).

[107] L. B. Madsen, Strong-field approximation for high-order
harmonic generation in infrared laser pulses in the acceler-
ated Kramers-Henneberger frame, Phys. Rev. A 104, 033117
(2021).

[108] M. Wu, S. Ghimire, D. A. Reis, K. J. Schafer, and M. B.
Gaarde, High harmonic generation from Bloch electrons in
solids, Phys. Rev. A 91, 043839 (2015).

[109] L. Thong, C. Ngo, H. Duc, X. Song, and T. Meier, Microscopic
analysis of high harmonic generation in semiconductors with
degenerate bands, Phys. Rev. B 103, 085201 (2021).

[110] P. Foldi, Gauge invariance and interpretation of interband and
intraband processes in high-order harmonic generation from
bulk solids, Phys. Rev. B 96, 035112 (2017).

[111] J. Yang, I. Strandberg, A. Vivas-Viafia, A. Gaikwad, C.
Castillo-Moreno, A. Kockum, M. Asad Ullah, C. Sanchez
Muiioz, A. Eriksson, and S. Gasparinetti, Entanglement of
photonic modes from a continuously driven two-level system,
npj Quantum Inf. 11, 69 (2025).

[112] J. Roslund, R. Medeiros de Aratjo, S. Jiang, C. Fabre, and N.
Treps, Wavelength-multiplexed quantum networks with ultra-
fast frequency combs, Nat. Photonics 8, 109 (2014).

[113] A. J. Shepherd and R. O. Behunin, Frequency-entangled
w states and quantum frequency translation protocols via
forward Brillouin interactions, Phys. Rev. A 111, 042407
(2025).

[114] N. Sinclair, E. Saglamyurek, H. Mallahzadeh, J. A. Slater,
M. George, R. Ricken, M. P. Hedges, D. Oblak, C. Simon,
W. Sohler, and W. Tittel, Spectral multiplexing for scalable
quantum photonics using an atomic frequency comb quan-
tum memory and feed-forward control, Phys. Rev. Lett. 113,
053603 (2014).

033154-24


https://doi.org/10.1017/S030500410002524X
https://doi.org/10.1103/PhysRevA.90.033616
https://doi.org/10.1103/PhysRevLett.108.260401
https://doi.org/10.1063/1.339157
https://doi.org/10.1088/1361-6633/ab2bb1
https://doi.org/10.1103/PhysRevA.72.023415
https://doi.org/10.1103/PhysRevA.104.033117
https://doi.org/10.1103/PhysRevA.91.043839
https://doi.org/10.1103/PhysRevB.103.085201
https://doi.org/10.1103/PhysRevB.96.035112
https://doi.org/10.1038/s41534-025-00995-1
https://doi.org/10.1038/nphoton.2013.340
https://doi.org/10.1103/PhysRevA.111.042407
https://doi.org/10.1103/PhysRevLett.113.053603

