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ABSTRACT We studied photon antibunching in the pump and the harmonic modes of the sixth harmonic gener-
ation process. The generalized interaction Hamiltonian is solved for several particular cases in the Heisenberg
picture, and the possibility of observing photon antibunching is investigated using the short-time approximation
technique. It is shown that the photon antibunching in the pump field depends on the number of pump pho-
tons, the interaction time, and the coupling of the field between the modes. With the same amount of pump
photons, we deduced that third-order photon antibunching is more nonclassical than second- and first-order
photon antibunching. In this process, the effect of photon antibunching is not seen in the harmonic mode over
pump mode. It is shown that photon antibunching is more noticeable with shorter interaction times as the depth
of nonclassicality increases and the second-order correlation function decreases. The first-order Hamiltonian
interaction, which stimulates both pump and harmonic fields, is demonstrated to be more nonclassical than
the second-order Hamiltonian interaction. It is clear that the coherent state, or vacuum state, of a pump field
with a nonzero harmonic field creates photon clusters because the pump field causes interaction, which leads
to bunching effects. It is interpreted that the degree of photon antibunching is maximum in the regions where
the second correlation function is minimum. Photon antibunching has been shown to be one of the quantum
properties of light.

KEYWORDS photon antibunching, higher-order antibunching, sixth harmonic generation, photon number oper-
ator, short-time approximation
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1. Introduction

Photon antibunching [1-10], a nonclassical phenomenon [11-14], is currently of considerable interest in the context
of quantum teleportation [15,16], quantum computation [17-21], and quantum cryptography [22-24] by utilizing a single-
photon source as unconditional security [25-28]. Single-photon sources are photon sources that emit photons as single
particles or photons. This gives rise to an effective one-photon number state, which means that the chance of making
one photon is higher than the chance of making two, three, four, or more photons at the same time. In the antibunched
state, the rate of emitting two or more photons at the same time is lower than in the single-photon state. This means
that it is more likely to find a source of a single photon than a source of two or more photons in a bunch. The second-
order temporal coherence, g(2)(7), is the standard way to measure the quality of a single-photon source when the time
delay is set to zero (7 = 0) [26-28]. 9(2)(0) = 0 for a perfect source that never sends out more than one photon at
a time. In his research, Stoler [1] introduced the concept of photon antibunching generation and outlined methods for
observing it. Many authors [2-9] have previously centered their research on photon antibunching in various nonlinear
optical systems. In addition, Lee created the notion of higher-order antibunching in 1990 [29,30] when he proposed the
first higher-order antibunching criterion. Ba An [31] and Pathak et al. [32] modified Lee’s criterion, respectively. As
stated by Gupta et al. [33] in detail, higher-order antibunching is not an unusual phenomenon; rather, it can be observed
in numerous simple nonlinear optical processes, such as the six-wave mixing process, the four-wave mixing process, and
the second harmonic generation. Antibunching occurs in pump modes, which lose energy, whereas bunching manifests
in harmonic modes, which gain energy from the pump, and vice versa: as energy decreases, noise increases [34-36].
All the models studied here are experimentally realizable [37,38], and the criteria for higher-order antibunching appear
in terms of the factorial moment, which can be measured using homodyne photon counting experiments [37—40]. As
a result, it is straightforward to experimentally validate the theoretical predictions of this study in the sixth harmonic
generation process. In essence, all of the aforementioned simple physical models are readily observable and empirically
realizable in any nonlinear optics laboratory. In addition, higher-order antibunching has been extensively studied and

© Rupesh Singh, Dilip Kumar Giri, 2024



Photon antibunching in sixth harmonic generation 171

published in several optical processes [41-45] in the past few years. Dell’Anno et al. [46] gave a study of the theoretical
and experimental properties of multiphoton quantum optics. In this research, they offer a consistent generalization of
multiphoton events and a Hamiltonian description of higher-order nonlinear multiphoton phenomena. Combining linear
and nonlinear optical devices, according to their theory, enables the realization of multiphoton nonclassical states of
the electromagnetic field in discrete or continuous variables, which have applications in quantum computation, quantum
teleportation, and other quantum communication and information problems. As a result, it creates new avenues for
investigating higher-order nonclassical effects.

The objective of this paper is to investigate the feasibility of photon antibunching in sixth harmonic generation. The
structure of the paper is as follows: The criterion of photon antibunching is defined in Section 2. In Section 3, the degener-
ate sixth harmonic generation model and its Hamiltonian are described. In sections 3.1 and 3.2, respectively, we establish
the analytic expression of photon antibunching in the pump mode up to first- and second-order Hamiltonian interactions
in the sixth harmonic generation. Photon antibunching in the harmonic mode up to first- and second-order Hamiltonian
interactions are studied in sixth harmonic generation, respectively, in Sections 3.3 and 3.4. Section 4 describes the second
correlation function in terms of the number of photons. Section 5 contains the results and discussion. In Section 6, we
finish and summarize the paper.

2. Definition of photon antibunching

A criterion for single-mode photon antibunching, in general, proposed by Lee [29,30], as
(W) (D) — (N2) ()
R(l,m) = <0. 1)

(R0 (R

where (...) denotes the quantum average, - denotes modes of the field, [, and m are integers that satisfying the conditions

" " -1/ .
Il >m > 1and N is the photon number operator, where Ni = 1II (N;c — j) is the 7' factorial moment of the photon
j=0
number operator.

Equation (1) reduces by using [ = m = 1, i.e. for first-order photon antibunching [31], as

(B2 < ()" )
()"} = (i)~ (" < (52).

If | > m = 1 then equation (1) reduces for [*"-order photon antibunching for mode z, as

(s99) < (527} (5.

Further, Pathak et al. [32] simplified equation (4) as

(BEDY < (ROY (R < (RE0) (R < (802 (8,) < e ()7 e

and the criterion for [*"-order photon antibunching becomes as
N ~ .o\ 1
d(l) = [ANW} - <N§l+1>> - <NJL> <0. ©6)

Criterion in equation (6) is precisely the property required of a probabilistic single photon source in quantum cryptography
[41].

and the inequality yields

3. Degenerate sixth harmonic generation model and its Hamiltonian

The absorption of six pump photons of frequency w; each interacts with a nonlinear medium in this model, as shown
in Fig. 1, with the subsequent emission of one harmonic photon of frequency wo with the atomic system to the ground
state.

From Fig. 1, the corresponding interaction Hamiltonian is

H = hwiata + hwsb'h + g (aﬁiﬁ + aTﬁzS) : %

where af (a) and bt (3) are the creation (annihilation) operators of the pump field (A-mode) and harmonic field (B-mode)
respectively. In the interaction Hamiltonian, g is the interaction rate between the modes. It is assumed to be real, depicting
the interaction between the two modes at a rate of 10°~10* per second and proportional to the nonlinear susceptibility of
the medium and the complex amplitude of the pump field [47,48].

In this interaction, due to the fact that the time dependence of free modes (¢ = 0) is proportional to exp(iw1t) or
exp(iwot). The interaction between modes (g # 0) causes a slower dependence on time and therefore, the field operators
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may be expressed as A = G exp(iwt) and B = bexp(iwst) with the relation at frequency wy = 6wy, where the operators
A(t) and B(t) are vary slowly in time. Later, it will be clear that A(t) and B(t) indeed depend on a scaled time “gt”
(rather than on t), thus satisfying their slow variation of the operators A(t) and B(t) as compared to fast variation of a(t)
and l;(t), since g < wy, wo usually [47-49].

As operators represent observables, their time evolution directly corresponds to the changes in these observables
over time. In order to study the characteristics of nonclassical states of light, like quadrature fluctuations, which are
directly tied to observable quantities, utilise the complete Heisenberg picture, where all operators evolve based on the
total Hamiltonian of the system. Thus, using equation (7) in Heisenberg equation of motion of slowing varying operator
in the fundamental mode 121,

A:EH[J%,A}, (h=1), ®)

we obtain _
A= —6igATB. 9)
Furthermore, we have used equation (8) to calculate the second order derivative of the pump mode, as
N o) A LA
A=221 [H A} . 10
5 ¢ (10
Using equations (8) and (9), one transforms equation (10) to the form

A =69 [30(ATA5 + 1047 A1 4 40AT2A 4 60ATA? + 244)BTB — AP A9 . (1)

We use the Taylor series in the expansion of A(t) for short-time (= 107'° sec), |gt| < 1 [45,49] and keep terms up to
the second order in ‘gt’,

A(t) = A(0) + A(t) + A (Z) b (12)

Inserting equations (9) and (11) in equation (12), we obtain
A(t) = A —6i|gt| AP B + 3|gt|? [30(21“215 +10AMA* + 40A124% + 60AT A% + 244)BTB — AT5A6} (13)
and in the reversal order,
Af(t) = AT + 6i |gt| A°BT + 3 |gt|° [30(,4*5,214 +10A™ A3 4 40413 A% 4 60A12A + 244N BT B - AT6A5] . (14)

where A(0) = Aatt = 0.
Now, using equation (7) in Heisenberg equation of motion of the harmonic mode B,

EZ%H[H,B}, (15)

we obtain )
B = —igAS. (16)
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For second order derivative of B we utilize equation (16) in the Heisenberg differential equation,

N OB T A
Bf§+z[H,B} (17)
Then, we have,
B=—6g [6ATA® + 75AM A" + 40047 A% + 900412 A2 1+ 720AT A + 120] B (18)

We use the Taylor series expansion in the harmonic mode for short-time (10~° sec) and maintain terms up to the second
order in ‘gt’ (|gt| < 1) as

B(t) = B(0) + B(t) + B (g) F o (19)

Using equations (16) and (18) in equation (19), we get
B(t) = B —il|gt| A% — 3|gt|” [6A1 A5 4+ 75AM A% 4 400AT3 A% + 900AT2 A% + 720ATA + 120)B  (20)
and its Hermitian conjugate
BY(t) = BY +i|gt| AT — 3|gt|* [6AT5A® + 75 AT A + 400AT3 A% + 900AT2 A2 + 720ATA + 120BT  (21)
3.1. Photon antibunching in the pump field up to first-order Hamiltonian interaction

Now, we assume an initial quantum state as a product of coherent states |a) for the pump mode A and |3) for the
harmonic mode B, i.e.

[¥) =) 4 1B) g (22)
Using the condition of equation (22) in equation (13) and (14), we arrive at
WIA® ) = (] (A—6ilgt| ATB) ) 23)
and ) A o
(WIAT(E) 19) = (] (47 +6ilgt) A°BT) o) 24)

Using equation (23) and (24), the expectation values of the photon number operator N A(t) can be written as

W NA@ 1) = W AN AR o) = (0] (ATA - 6ilgt| (AT°B — A°BY)) |y) o5)
= la|* — 6igt| (a5 — a®5")

where (N4) = <ATA> = |a|* and (Np) = <BTB Y =18 |* are the photon number operators in A and B respectively and
a = |a]exp(if), a* = |a*| exp(—ib), B = |B| exp(ibs) and 8" = |5*| exp(—ib2); 61 and O, are the phase angles; o™,
B denote the complex conjugate of o and (3, respectively.

Furthermore, the expectation values of the second factorial moment and the squared of the expectation values of the
photon number operator Na (t) of equation (25) can be represented respectively, as

(] <N,22)(t)> [y = (| AT (1) A%(2) |¢) = |a|* + 12i |gt| (a*a"B* — a*"ap) + 30i|gt| (a®B* — a*®B) (26)
and ,
WI{NA®) [9) = (Wl AT AW [9)” = [al* +12i]gt] (" 078" — a*TaB) @7)

Therefore, for [ = 1, the variation of photon number operator between equations (26) and (27) is

da(1) = [ ARAO )] = @] X0 ) — (] Na(t) 92

(28)
= 30i |gt| (a°B* — a*®B) = =60 |gt| |a®B| {sin (661 — 62)}
For optimal photon antibunching, let us take §; = % and 6, = 0, then equation (28) reduces to
da(1) = =60 |gt| [a°3] (29)

The right-hand side of equation (29) is negative and satisfies the criterion (6), indicating that first-order photon antibunch-
ing exists in the pump mode of the sixth harmonic generation.

Similarly, we use the expectation values of the third factorial moment of the photon number operator Ny (t) to
investigate one of the classes of higher-order antibunching as a function of time, such as second-order antibunching for
| = 2 of the fundamental mode,

W N ) 1) = [o]® + 180 |gt| |o]* a®B* + 90i |gt| || a®B* + 120i |gt| a®B*

(30)
—18i |gt| |a]* a*0 8 — 90i |gt| |a|* a*O 8 — 120i |gt| o*®3
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and cubed of the expectation values of the photon number operator Ny (t)is
(W Na(®) [0)” = |af° +18i |gt| [af* a®5" — 18i|gt] |a]* a™*B 3D

Hence, the variance in photon number is

4a(2) = (W N (@) [) = (] Na()[0)* = 30i]gt] (a°8" — a**B) (3]al® +4)

(32)
= —60|gt| |a®B]| {sin (661 — 62)} (3 la® + 4)
Using 6 = % and 0> = 0 in equation (32) then the maximum variance in photon number is
da(2) = —60 |gt| |a®B] (3 lof? + 4) (33)

Equation (33) satisfies equation (6) and is always negative, suggesting that the pump mode of the sixth harmonic genera-
tion exhibits second-order photon antibunching.
Subsequently, the expectation values of fourth factorial moment of the photon number operator N 4(¢) is

W N @) [0) = |af® + 24i |gt] |o|® a8B8* + 180 |gt| |a|* a®B* + 480i |gt| |a|* a®B8* + 360i |gt| a®B* .
—24i |gt| |a|® a*0 8 — 180i |gt| |a|* a* 8 — 480i |gt| |a|* a* B — 360i |gt| a*®3
and the fourth power of the expectation values of the photon number operator N 4(t)is
(W Na(t) [9)* = |af® + 24i|gt] |a|® a°B* — 24i|gt| [o|* @*°3 (35)

For [ = 3, the variance in photon number can be calculated as,

aa(3) = (W] NSV (@) [ — (| Na () [1)" = 60igt] (a°B" — a**B) (3]al" + 8]af* +6)

6 . 4 2 (36)
= —120|gt| [a®B8]| {sin (60, — 0)} (3 lof* + 8 o) + 6)
Substituting 6; = 1% and A = 0 for getting optimal effect of photon antibunching in equation (36) yields:
da(3) = —120 |gt| [a°8] (3\a|4+8\a|2+6) 37)

Equation (37) satisfies the requirements of equation (6) and verifies the existence of the third-order photon antibunching
in the pump mode of the sixth harmonic generation.

3.2. Photon antibunching in the pump field up to second-order Hamiltonian interaction

Now, we assume an initial quantum state as a product of coherent states |«) for the pump mode A and |0) for the
harmonic mode B, i.e.

[¥) = la)410) g (38)
Using the condition of equation (38) in equation (13) and (14), we obtain
(WIA® [9) = (W] (A=3gtl* APA%) ) (39)
and
(WIAT(R) [4) = (v (AT = 3|gtf* ATA%) o) (40)
Using equations (39) and (40), the expectation values of the photon number operator Ny (t) can be expressed as
(W1 Na(®) [0) = (] AT A®) [0) = (] (ATA =6 gt (AT°4%)) [4) = [af’ — 6]gtf[al® @D

Furthermore, the expectation values of the second factorial moment and the squared of the expectation values of the
photon number operator N 4(t) of equation (41) can be represented respectively, as

W (NP (®) 10) = (W] AP (1) A1) [v) = laf* — 12|t | — 30]g¢]" |a]* (42)
and )
WH{NA®) [9) = Wl ATOAWD [1)” = [al' = 12]t]* |/ 43)
Hence, the fluctuation of photon number is
~ 2 “ ~
da(1) = [l AN [6)]" = @I NP @) 1) = (] Nat) [9)* = 30|t |a]'* (44)

The fact that the right-hand side of equation (44) is negative and meets the condition of equation (6) indicates that first-
order photon antibunching exists in the pump mode of the sixth harmonic generation.
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Similarly, we use the expectation values of the third factorial moment of the photon number operator Ny (t) to analyze
one of the classes of higher-order antibunching, such as second-order antibunching for [ = 2 of the fundamental/pump
mode as a function of time,

(WIN (1) ) = o] — 18|t |a]"® — 90|gt|" [of** — 120 |gt[* || (45)
and cubed of the expectation values of the photon number operator Ny (t)is
(W Na(®) [9)* = |a|® = 18 |gt|* |a| " (46)
Hence, the variance in photon number is
d4(2) = (W NS (0) [0) = (0| Na () [9)° = =30 gt |af* (3[alf® +4) )

Equation (47) is always negative and meets the condition of equation (6), suggesting that the second-order photon anti-
bunching occurs in the pump mode of the sixth harmonic generation.
Subsequently, the expectation values of the fourth factorial moment of the photon number operator N 4 (t) is

(W NG (1) ) = laf* — 241t |a]'™ — 180 |gt|* [af"® — 480 |gt[* |a]"* — 360 |gt* o] (48)
and the fourth power of the expectation values of the photon number operator N A(t) is
WINA@) [)" = lal® — 24 gt]* || (49)
As a result, for | = 3, the variance in photon number for third-order antibunching can be calculated as,
da(3) = (W NS () 1) = (0] Ka@)[1)" = =60 gt[* laf'* (3]af" + 8al* +6) (50)
The criterion of equation (6) is satisfied by equation (50), indicating the presence of the third-order photon antibunching
in the pump mode of the sixth harmonic generation.
3.3. Photon antibunching in the harmonic field up to first-order Hamiltonian interaction

Now, we use the condition of equation (22) in equations (20) and (21) for the photon number in the harmonic mode
as

Ng(t) = BY(#)B(t) = (BT + z‘gt!ﬂﬁ> (B - z’gt/iﬁ) (51)
and
(W1 Na(t) [0) = (6 BI OB [0), = (] (BB +igt(AB - A°BY) [v),, = 8] +igt ("8 — a8")  (52)

In addition, the expectation values of the second factorial moment and the squared of the expectation values of the photon
number operator N (t) of equation (52) can be represented respectively, as

WI{N 1)) ), = (W] BB [4),, = |8 + 2igt |8 (a*°8 - a°8") (53)
and
N 2 L R
WI{(Np(1) |0), = (@I BT OB [v)2 = |8 + 2igt |8 (™8 — a®5") (54)
As a result of the first-order antibunching, the fluctuation of photon number in the harmonic mode over pump mode is
dpa(1) = W NG (1) [), — (& Na(t) [¢)5 = 0 (55)
Similarly, the result of the second-order antibunching in the harmonic mode over pump mode is as follows
dpa(2) = (| NG () 1), — @I Np(0)[9)) =0 (56)

where the expectation values of the third factorial moment and cubed of the expectation values of the photon number
operator in the harmonic mode N4 (t) are

W NP (@) [y, = 18I° + 3igt |8]* ("8 — a85%) (57)
and
(W Np(t) [4)2 = |8]° + 3igt|8]* (a*°8 — a®8) (58)

For equations (55) and (56) there are no normal and the higher-order photon antibunching in the harmonic mode over
pump mode in the sixth harmonic generation up to first-order Hamiltonian interaction. In contrast, the coherent state of a
pump field with a nonzero harmonic field generates photon clusters. This is due to the fact that the coherent state of the
pump field causes interaction, which results in the bunching effects.
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3.4. Photon antibunching in the harmonic field up to second-order Hamiltonian interaction

Now, if we assume an initial quantum state as a product of vacuum state |0) for the pump mode A and |3) for the
harmonic mode B, i.e.

1) =10)418) 5 (59)
Using condition of equation (59) in equations (20) and (21) leads to the following result

Ng(t) = B (4)B(t) = (BT — 360 |gt|? BT) (B — 360 |gt|? B) (60)
The expectation value of equation (60) is as follows
(W1 Ns(t) [0)5 = W BT OB [v); = |8 (1 - 720|gt*) (61)

In addition, the expectation values of the second factorial moment and the squared of the expectation values of the photon
number operator N (t) of equation (61) can be represented, respectively, as

WV 0 105 = Wl BROB(1) [9), = 181" (1 - 1440 gt (62)
and
¢ 2 AT B 2 4 2
WI{(NB(t)) 16, = (BT OB [0} = 181" (1 - 1440 gt (63)
As a result, the variance in photon number i.e. first-order antibunching in the harmonic mode over pump mode is
dps(1) = (W NG (1) )5 — (0] Na(t) [¥)5 = 0 (64)
Similarly, the result of the second-order antibunching in the harmonic mode over pump mode is as follows
dps(2) = (W NG (1) )5 — (0] N (t) [1)5 = 0 (65)

where the expectation values of the third factorial moment and cubed of the expectation values of the photon number
operator Np(t) are

WINE (1) [0); = 181° (1~ 2160|gt”) (66)
and
WINs(t) [0)3 = 181° (1 - 2160[gt]*) (©7)

Equations (64) and (65) do not meet the criteria of equation (6); hence, there is no existence of normal and higher-
order photon antibunching in the harmonic mode over pump mode in the sixth harmonic generation up to second-order
Hamiltonian interaction. On the other hand, the vacuum state of a pump field with a nonzero harmonic field, results in
the photon bunching. This is due to the fact that the vacuum state of the pump field stimulates interaction, producing
bunching effects.

4. The photon number correlation ¢*(0)

Now, consider the second-order correlation function for zero-time delay g*(0) in terms of photon number. The
expression is as follows [10, 12,27]:

(68)

Substituting the values of equations (25), (27), and (28) with 6, = % and 0> = 0 in equation (68) yields the second-

order correlation function or photon number correlation up to the first-order Hamiltonian interaction i.e., dimensionless
interaction constant gt, as

~60(gt| [a®3] ~ (laf* ~ 12|t/ [a®3] )
ol = 24]gt] o |a®8]

Similarly, using equations (41), (43), and (44), in equation (68), we have the second-order correlation function or photon
number correlation up to the second-order Hamiltonian interaction i.e., dimensionless interaction constant | gt\2, as

g*(0) =1+

(69)

=301t o] = (jaf” = 6 |gt]* o "?)

g (0) =1+
lof* = 12]gt[* o™

(70)

*(0)
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FIG. 2. Degree of photon antibunching d 4 (1) with || of the pump field up to first-order Hamiltonian
interaction in sixth harmonic generation (when || = 5 (arbitrarily value) and |gt| = 10~°)

5. Results and discussion

We plot a graph (Fig. 2) between the left-hand side of equations (29), (33) and (37) say da({)vs. |04\2 having |gt| =
107° and | S| = 5 (any arbitrarily value).

In Fig. 2, the steady fall of the curve shows that the effect of photon antibunching increases nonlinearly with the
increase in the number of pump photons |a|?.

This confirms that the photon antibunched states are associated with a large number of pump photons. When the
plots in Fig. 2 are compared, we see that the third-order photon antibunching d 4 (3) is more nonclassical than the second-
order d 4(2) and the first-order d 4 (1) photon antibunching with the same number of pump photons. Hence, we inferred
that higher-order (third- and second-order) photon antibunching makes it possible to achieve a significantly larger noise
reduction than ordinary or the first-order photon antibunching.

Fig. 3,4,5 show the variations of d4 (1), d4(2), and d 4 (3) with |o|* of equations (29), (33) and (37), respectively, for
various harmonic mode | 3| values.

0.0f
—0.1}
-0.2

=

I -03}
—0.4}
—0.5}

0 1 2 3 4

laf?

FIG. 3. First-order photon antibunching d_4 (1) with |«|? in the pump field up to first-order Hamiltonian
interaction of sixth harmonic generation (when |3| = 5,10, 15 and |gt| = 107°)
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The steady fall of plots in Fig. 3,4,5 show that degree of photon antibunching occurs in the sixth harmonic generation
and responds nonlinearly to the number of pump photons. It demonstrates that when the photon number in pump mode
|a|2 is increasing, the degree of photon antibunching d 4 (!) increases. In a comparison among Fig. 3,4,5, it is observed
that higher the value of ||, the effect of photon antibunching increases and lowers the depth of classicality of the field
amplitude. It is also shown that the photon antibunching directly depends on the photon number of the fundamental mode
as well as the harmonic mode.

OFT

jaf?

FIG. 4. Second-order photon antibunching d4(2) with |o|® in the pump field up to first-order Hamil-
tonian interaction of sixth harmonic generation (when |3| = 5,10, 15 and |gt| = 1075

dA(3)

—40f

—50}

—60F

FIG. 5. Third-order photon antibunching d 4 (3) with |a|? in the pump field up to first-order Hamilton-
ian interaction of sixth harmonic generation (when |3| = 5,10, 15 and |gt| = 107°)

The variations of d 4 (1) and |gt| of equations (29), (33) and (37) are shown in Fig. 6. The curves show that the degree
of photon antibunching increases and directly depends upon the coupling of the field and the interaction time of the pump
field. Fig. 7 depict the variation of d 4(!) and |a\2 of equation (37) with different values of |gt|, demonstrating that the
maximum reachable degree of antibunching is dependent on interaction time and is limited by a short interaction time. It
is also worth noting that as the interaction time becomes shorter, the effect of photon antibunching increases [5S0-52].

We further plot a graph (Fig. 8) between the left-hand side of equations (44), (47) and (50) say d’, (1) and |« 2, when
dimensionless interaction constant, | gt\2 = 1070, The steady fall of the curves infer that the photon antibunching exists
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FIG. 6. Degree of photon antibunching d 4 (1) with |gt| in the pump field up to first-order Hamiltonian
interaction of sixth harmonic generation (when || = 2 and |3| = 5 have arbitrarily value)
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FIG. 7. Third-order photon antibunching d 4 (3) with |a|2 in the pump field up to first-order Hamilton-
ian interaction of sixth harmonic generation (when || = 5 (arbitrarily value) and |gt|] =

107%%,107°,107%?)

in the sixth harmonic generation and responds nonlinearly to the number of pump photons. It demonstrates that when
|a|2 is increasing the degree of photon antibunching increases. When the plots in Fig. 8 are compared, the third-order plot
d’,(3) shows more photon antibunching than the second-order d’4 (2) and the first-order d’y (1) plots, despite the fact that
the number of photons is the same. It implies that the third-order photon antibunching is more nonclassical than the first-
and the second-order photon antibunching.

The variations of d’4 (/) and | gt|2 of equations (44), (47) and (50) are shown in Fig. 9. The curves show that the degree
of photon antibunching increases nonlinearly and directly depends upon the coupling of the field and the interaction time
of the pump field. It also infers that the third-order photon antibunching is more nonclassical at shorter-time than the first-
and the second-order photon antibunching.

It also shows that the maximum reachable degree of antibunching depends upon the interaction time and will be
limited by short interaction time. It is worth noting that as the interaction time becomes shorter, the effect of photon
antibunching increases [50-52].

Hence, it is inferred that the depth of nonclassicality is increasing with an increase of |a|2 and the maximum reachable
degree of photon antibunching is dependent upon the interaction time.
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FIG. 9. Degree of photon antibunching d’, (1) with |g¢|* in the pump field up to second-order Hamil-
tonian interaction of sixth harmonic generation (when \oz|2 = 2 (arbitrarily value))

By comparing figures (2) and (8), it is clear that the first-order Hamiltonian interaction is more nonclassical than the
second-order Hamiltonian interaction since it stimulates both pump and harmonic fields. It is observed that a powerful
pump field induces a stronger interaction and is helpful for obtaining stronger photon antibunching.

It is found that, from sections 3.3 and 3.4, there is no evidence of photon antibunching in the harmonic mode over
pump mode up to first- and second-order Hamiltonian interaction in the sixth harmonic generation process.

In contrast, the coherent state of a pump field with a nonzero harmonic field generates photon clusters. This is due to
the fact that the coherent state of the pump field causes interaction, which results in bunching effects. On the other hand,
the vacuum state of a pump field with a nonzero harmonic field, results in photon bunching. This is due to the fact that
the vacuum state of the pump field stimulates interaction, producing bunching effects.

In order to discuss the depth of nonclassicality, we consider equations (69) and (70) in terms of pump photon number
and plot a graph (Fig. 10) between g%(0) and ¢2(0)’ versus || having when |3| = 5 (any arbitrarily constant value) and
lgt| = 107>,

Fig. 10 shows that the condition of antibunching g2(0) < 1 exists [10,12,27] and is, thus, a conclusive signature of
the quantum nature of light. We also infer that the fall of plots of the second-order correlation function for zero time delay
or the photon number correlation decreases, i.e., the depth of nonclassicality increases with the increase of photons in the
sixth harmonic generation.
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Fig. 10 between (g° (O))l and |a|” of the pump field up to the second-order Hamiltonian interaction in sixth har-

monic generation (when | gt|2 = 107'%) reveals that the second-order correlation function for zero time delay or the
photon number correlation decreases, i.e., the depth of nonclassicality increases, and hence it is more nonclassical in a
shorter interaction time. We see that the second correlation function is minimum in regions where the degree of photon
antibunching is maximum.
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FIG. 10. Second-order correlation function g2(0) or ¢?(0)’ versus |a|” in the pump field up to first-
order or second-order Hamiltonian interaction of sixth harmonic generation respectively (when |3 = 5
(arbitrarily value) and | gt|2 =10"19

It is evident that, in general, higher-order antibunching is a phenomenon that reduces the probability of detecting
multiple photons simultaneously compared to a classical light source. This effect extends the concept of antibunching
beyond pairs of photons to encompass higher-order correlations. Mathematically, the depth of non-classicality in higher-
order antibunching can be defined using correlation functions, or g° (n) functions, where n represents the order of the
correlation. These functions measure the probability of detecting n photons simultaneously at different times. The depth
of non-classicality provides a quantitative measure of the extent to which the observed higher-order photon correlations
deviate from classical predictions, indicating the degree of non-classical behaviour exhibited by the light source beyond
first-order (normal) antibunching effects.

6. Summary and conclusions

The present manuscript investigates photon antibunching in the sixth harmonic generation. We demonstrate that the
number of pump photons, the field coupling between the modes, and the interaction time closely influence the first-,
second-, and third-order photon antibunching. Therefore, the interaction time, limited by short interaction times, governs
the highest degree of antibunching achievable. It is worth noting that as the interaction time becomes shorter, the effect of
photon antibunching increases.

The number of photons present in pump mode appears to be a good way to regulate the depth of nonclassicality. We
conclude that the photon-antibunched states are associated with a large number of pump photons. We also demonstrate
that the photon numbers of the fundamental mode and the harmonic mode directly influence the photon antibunching.
We found that the third-order antibunching, with the same number of pump photons, has the most nonclassical features,
followed by the second- and the first-order antibunching. We observe that the higher-order antibunching (second and
third-order) achieves nonclassicality depth more effectively than ordinary (normal) antibunching.

We found that the first-order Hamiltonian interaction, which stimulates both pump and harmonic fields, is more
nonclassical than the second-order Hamiltonian interaction. A powerful pump field creates a stronger interaction and is
useful for achieving stronger photon antibunching.

It was found that there is no evidence of photon antibunching in the harmonic mode over pump mode up to the first-
and second-order Hamiltonian interactions in the sixth harmonic generation process. In contrast, the coherent state of
a pump field with a nonzero harmonic field generates photon clusters. This is due to the fact that the coherent state of
the pump field causes interaction, resulting in bunching effects. On the other hand, the vacuum state of a pump field
with a nonzero harmonic field results in photon bunching. This is due to the fact that the vacuum state of the pump field
stimulates interaction, producing bunching effects.
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We observe that in the sixth harmonic generation, as the number of photons in the pump mode increases, the second-
order correlation function with zero time delay, or photon number correlation, declines, and the depth of nonclassicality
increases. Consequently, we argued that the second correlation function becomes minimal in locations where photon
antibunching is at its highest. We revealed photon antibunching as conclusive evidence of the quantum character of light.
Overall, higher-order antibunching is a phenomenon that diminishes the likelihood of concurrently detecting multiple
particles in comparison with the standard light source. This phenomenon broadens the definition of antibunching to
include higher-order correlations as well as pairs of particles. Beyond normal antibunching effects, the depth of non-
classicality quantifies the degree to which observed higher-order photon correlations deviate from classical predictions,
thereby indicating the light source’s degree of non-classical behaviour.

The results of this paper are simple and easy to reproduce in most physical systems labs. This opens the door for
the experimental observation of higher-order antibunching and the development of probabilistic single-photon sources for
quantum teleportation and quantum cryptography. More than these basic and abstract ideas, making larger and better
nonclassical multiphoton states possible could help in creation of new devices like quantum dots, nanolasers, and on-chip
integrated photonic circuits. These devices leverage the quantum properties of light and enable advancements in areas
like on-chip quantum information processing and quantum communication.
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