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We investigate the effect of single dressing and double dressing on fourth-order fluorescence (FL) and sponta-
neous four-wave mixing. The single dressing effect changes to a double dressing effect as we change the detuning
(power) of the input beam from off-resonant (low power) to resonant point (high power). We also demonstrate
the spectral and temporal nature of fourth-order FL and its Autler—Townes splitting caused by the competition
of the phonon effect (at different temperatures) with a single and double dressed state in Pr>*:Y,SiOs crystal.
To further explore the competition between the phonon and dressing effects, we investigated intensity-noise
correlation of spontaneous parametric four-wave mixing at 110 K. Our results demonstrate the dependency
of YSO crystal on temperature, detuning, and power, which can be controlled by the competition between a

phonon with single and double dressing.
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1. INTRODUCTION

Improvement of light sources to enhance their stability and
durability is the basic need of quantum optics. Lithium niobate
was recently proposed for entanglement of high dimensions [1].
Compared to the other nonlinear doped crystals, Pr>*:Y,SiOs
have distinctive properties. In PrP™:Y,SiOs crystal, most re-
search has been realized and conducted on enhanced four-wave
mixing [2], light coherent storage [3-5], electromagnetically
induced transparency (EIT) [6], and low- and higher-order
FL [7]. Intensity-noise correlation is a good technique to realize
entangled photon pairs [8]. Solid atom-like media such as rare-
earth ion P’ doped Y,SiOs(Pr?*:YSO) is mostly used to
demonstrate coherent effects owing to its long coherence time
(0.1-1.0 s) and narrow spectral width (~MHz) as compared
to atomic gases [9-11]. Recently, the study of correlation is
a good approach to know the response of Pr'*:Y,SiOs crystal.
By using an external laser beam, correlated photon pairs have
been achieved in Pr** :YSO crystal via spontaneous parametric
four-wave mixing (SP-FWM) [12]. Wang er al. reported that
by changing the polarization states of dressing fields and
generating fields, the FL baselines, suppression, and Autler—
Townes (AT) splitting of emission peaks can be controlled [13].
Lan ez al. used the dressing effect to control the competition
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between the spontaneous parametric four-wave mixing and FL
in a composite signal in Pr** :Y,SiOj5 crystal [14]. Jiang et al.
discussed that FL signal is a strong dressing due to the adiabatic
population transfer between the dressed states [15].

The main objective of this paper is to control the fourth-
order FL and intensity-noise correlation by interaction of a
phonon with single and double dressing using temperature
and laser parameters. Exploring competition between the dress-
ing effect and phonon intensity by varying temperature and
laser power is valuable for achieving quantum devices stability.
Our results demonstrate that the phonon effect can signifi-
cantly affect the nonlinear response of Pr** :Y,SiO5 crystal.
The dressing phonon interaction plays a vital role in determin-
ing the controlling parameters of quantum optical devices such
as temperature sensors and all-optical switching applications.
Hence, we can control the dressing effect by the competition
of a phonon with single and double dressing.

In this paper, we investigate the effects arising from the in-
teraction of a phonon with a single and double dressed state of
Pr?*+:Y,SiO5 crystal on output fourth-order FL and SP-FWM
correlation. To demonstrate this, we chose variable power and
detuning as intensive parameters of double dressing and the
variable temperature of cryostat as an extensive parameter; with
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such effects we are demonstrating AT-splitting of fourth-order
FL in both the spectral and the time domain. We also presented
the intensity-noise correlation between Stokes and anti-Stokes
to further investigate the effects of laser power (low and high)
with phonon interaction. In a V-type three level system, the
lineshape of a measured correlation function changes from
broad to sharp as the changing power of the inpurt laser is
changed from low to high, whereas the correlation is switched
to anticorrelation as the power is reduced to low in a A-type
three-level system.

2. EXPERIMENTAL SETUP AND BASIC THEORY

Our experiments are carried out in a rare-earth Pr’*-doped
Y,SiOs crystal; the concentration of the Pr** ion is about
0.05% atom. Figure 1(a) shows the energy levels diagram of
the A-type and V-type three-level system. Figure 1(b) shows
the schematic diagram of the experimental setup. In our experi-
ment, the sample was held in a cryostat (CFM-102) whose
temperature was controlled by flowing liquid nitrogen. To in-
vestigate the effect of temperature and ensure the required tem-
perature, liquid nitrogen flow was controlled precisely. We used
two tunable dye lasers (a narrow scan with a 0.04 cm™! line-
width) pumped by an injection-locked single-mode Nd:YAG
laser (Continuum Powerlite DLS 9010,10 Hz repetition rate,
5 ns pulse width) to generate the fields E;(w;,A;) and
E,(w,,A;) with the frequency detuning A, = w,,, - o;
(i=1,2); w,, is the corresponding atomic transition fre-
quency between levels |72) and |7), and w; (i = 1, 2) is the laser
frequency. In the V-type system, the SP-FWM process is
dressed by the E| field (generating field) and the E, field
(dressing fields), which satisfy the phase-matching condition
ky + ky = kg + kyg, where k| , is the wavevector of the input
fields and /g 4 is the wavevector of generated Stokes and anti-
Stokes fields. Hence the SP-FWM process produces one Stokes
and one anti-Stokes photon by absorption of two photons, ac-
companied by a FL signal. Similarly, Stokes and anti-Stokes
outputs were obtained under a similar phase matching condi-
tion of SP-FWM in the A-type system. Arrangements of three
photomultiplier tubes (PMT1-3) are used to detect the gener-
ated Eg, E g, and FL composite signals [Fig. 1(b)]. One near
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Fig. 1. (a) Three level A-type and V-type energy level.

(b) Experimental setup, where PBS shows polarized beam splitter;
PMT shows photomultiplier tube; and output Stokes, anti-Stokes
and FL are marked as E, Ejg, and FL, respectively.

and two far PMTs are placed at a distance of 11 cm
and 118 c¢m from the cryostat, respectively. By scanning laser
frequency, we obtained the spectral signals, and by fixing the
laser frequency we obtained time domain signals. Stokes Eg
and anti-Stokes E,g signals are reflected by polarized beam
splitters (PBSs), which are detected at PMT2 and PMT]1, re-
spectively, whereas PMT3 detects the composite (FL + Stokes)
signal.

A. A-Type System

In a A-type three-level system, by opening fields E| and E, the
Stokes E ¢ and anti-Stokes E g signals are generated with phase-
matching condition ks =k, + k] - kys and kyg = £y +
ki - kg, respectively. The perturbation chains for the Eg and
E s signals in the A-type system are written, respectively, as

0f mEs @F2 3), 3
P(u) _’/7(21) _’P((n) _’Pfs )(ﬂgl))’

O mf @fh 63, 6
P00 P20 —P10 —Pas (P12)-

The third-order nonlinear density matrix elements of Eg and
E x5 with the self-dressing effect of E| and the external-dressing
field E, can be written as

Gy

3 )
P(s )= -iGGys

(3) _ —iGzGS
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Where do = on + iAz, dl = F21 + iAI, dz = FZO + iAz, d3 = Fz] + iAz, d4 = Fll - iA/, and A’ = (AI - Az) By opening
both E| and E, simultaneously, the density matrix element of the fourth-order FL signal generated via perturbation chain
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B. V-Type System

For the V-type system, the density matrix elements for the output E and E g signal can be written via the dressed perturbation

. 0f mEs f 3 0f mE 2
chains /’(()0) —>p(()2) —>p(()0)—>p(5) and p(()o)—>pgo)—>p(()0) —>pgs) as
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. @ , @
(doo + |G/ (dro + |Ga* [ d20)) + |G1 1P /(g + |G [ d2)
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dy =Ty —iAy,

Ey (-Er (B (3)-F
Fourth-order FL, which can be generated via the pathway p((]%) —2>p§:)) —ipf)%)) —]>p%) —;p(ﬁ) , is given as
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where d{; =T, +iA" and 45, =T, - iA’.

In the above equations G; = p;E;/h is the Rabi frequency
of field E;, with the electric dipole matrix elements y;; of levels
|7} and |j), and T';; is the transverse decay rate. Considering
the interaction between the sample and coupling fields, the
broadened linewidth of the measured FL signal can be de-
SCI‘ide as Fl] = Iﬂpop + Fion—spin + 1—‘ion—ion + thonon - Fdressing’
where 'y, = (2271)" represents population decay time,
which is associated with location of energy levels and the terms
Cion-spin + Tionion T Uphonon  are  components  of QrT3).
lon-spin coupling term [y, i, is related to the effect of the
individual ions, and T, o, is determined by the interactions
among the ions of rare earth. Hence, this term can be con-
trolled by the power of external field impurity concentrations.
The phonon term I'yponop is associated with the sample temper-
ature while the dressing term I'yyeqing is from dressing. In our
experiment, the starting points of the pulse laser and measuring
process are triggered simultaneously; the factor affecting the
measured linewidth should include a coherence process be-
tween levels |7) and |j), which can be described as decoherence
rate I'yg, where I';; = (I'; + 1) /2.

The second-order correlation function Gl(-»z) () between in-
tensity fluctuations of two optical beams (7, 7, 7 # /) as a func-
tion of time delay 7 can be used to calculate the correlation
between the generated outputs of SP-FWM, which is given as

(6)

(615(25)81 15(2,5))10(7)|? .
VAIBIs(t5)P)([81 45 (2,5)F)

Here, Ap = @5 - ¢, represents the relative nonlinear phase
between Stokes and anti-Stokes.

G (1) = os(Ap). (7)

3. RESULTS AND DISCUSSION

Figures 2(al)-2(a5) and 2(b1)-2(b5) show the spectral inten-
sity of FL at different detuning A, (off-resonant and resonant)
of E; when A is scanned from 604 to 607 nm in a V-type and
A-type system, respectively. In a V-type system, one can predict
the effects of the E, and E| dressing by looking at the FL den-
sity matrix defined in Eq. (6). From Eq. (6), the dressing terms
|G, |>/T 15 + iA| - iA; and |G,]* /Ty, + iA, - iA; incorpo-
rate effects of both detuning (A; and A;) and I'jjop0, related
terms (I"yg, T'11, T2, o1, T and Tyg). In the V-type system,
as we change the detuning A, while scanning A}, the effect of
the dressing terms from Eq. (6) is not very prominent, whereas
the phonon effect is strong at 160 K. Phonon terms contribute
more at high temperatures as I'jj,5n0, terms are related with the
measured linewidth I'; ;, and the I'; ; term increases with tem-
perature as predicted by I';;; = I'op + Dionspin + Dioneion +

pop
r

phonon — [ dressing- 1 herefore, by changing detuning A, of



1998 Vol. 36, No. 8 / August 2019 / Journal of the Optical Society of America B

Research Article

0}
& [(al) (a2) (a3) (ad) (a5)
z
‘D
=
3
=
L=l
607nm 607.5nm  607.7nm  607.9nm  608.2nm
Wavelength (nm)
=
8|(b1) (b2) (b3) (b4) (b3)
>
‘D
=
&
=
= 607nm 607.5nm  607.7nm  607.9nm 608.2nm

Wavelength (nm)

Fig. 2. (al)—(a5) and (b1)—(b5) show spectral intensity of FL signal
obtained at different detuning of E, when E| is scanned from 604 to
607 nm at fixed temperature of 160 K in V-type and A-type system
energy levels, respectively.

E, when the cryostat temperature is fixed at 160 k, the
linewidth of the spectral signal shown in Figs. 2(al)-2(a3) sug-
gests that the resulting dressing effect can affect only the
linewidth of the FL signal but cannot split the energy levels
in the V-type system at 160 K. In the A-type system, by
changing detuning A, of E, at the crystal temperature of
160 k, the linewidth of the spectral signal changes along with
the splitting as detuning approaches resonance (A, = 0); that
can be seen in Figs. 2(b1)-2(b3). Here, one can predict that
AT-splitting is caused by the double dressing effect of
E, and E;| on the same energy level |2) suggested by the
three dressing terms, |G,|?/Ty; + i(A, - Ay), |G1*/T+
i(A; - Ay), and |G,|* /Ty, - i, from Eq. (3). Interestingly,
one can conclude that the contribution of the phonon effect
on the lifetime of FL in the A-type system is less as compared
to the V-type system. This difference is completely based on the
dressing term derived in their respective density matrix from
energy levels.

At resonance point (A, = 0), strong AT-splitting is ob-
served in the A-type system. Here, the phonon and dressing
compete with each other as predicted by I'; =T, +
l—‘ion»spin +Fi0n»ion + thonon _Fdressing' MOI'COVCF, in the A—type
system the strong dressing effect observed at resonant detuning
[Fig. 2(b3)] does not change the lineshape of the FL signal
as significantly as it effects the lineshape of the FL signal
[Fig. 2(a3)] in the V-type system. As we change detuning
from resonant to off-resonant, it can be observed that AT-
splitting disappears again, and the linewidth of the FL curve
increases due to the phonon broadening effect as shown in
Figs. 2(b3)-2(b5).

Comparatively, at off-resonant detuning [Figs. 2(al), 2(b1),
2(b1), and 2(b5)], the lineshape of the FL signal is broad, and
the dressing effect is reduced due to the single dressing term
(|G, |*), involving phonon terms I'y,, ', I'y; for the A-type
system [mentioned in Eq. (3)] and Iy, '}y for the V-type sys-
tem [mentioned in Eq. (6)]. While at A, = 0 [Figs. 2(a3) and
2(b3)], the linewidth of the FL signal changes from broad to

sharp involving phonon terms I'yg, Iy, I'12, T1, 'y, Tz, Torps
'y for the A-type system and I'yg, T'jg, 11, [y, ['y2, Tay, for
the V-type system described by Eq. (3) and Eq. (6), respec-
tively. The A-type system is more sensitive to dressing as com-
pared to the V-type system, hence results in strong AT-splitting
in the A-type system. The change in the signal linewidth and
AT-splitting is attributed to competition between the phonon
and dressing effect as predicted by I'; ;. The effect of the dress-
ing and phonon competition on the measured lifetime I';; is
discussed in Fig. 4.

Figures 3(al)-3(a5) and 3(b1)-3(b5) show the spectral
intensity of FL by different detuning A, (off-resonant and
resonant) of E, when A, is scanned from 604 to 607 nm when
the temperature is fixed at 120 K in a V-type and A-type three-
level system, respectively. At off-resonant points [Figs. 3(al),
3(a5), 3(bl), and 3(b5)], the FL signal shows low AT-splitting
due to the single dressing effect |G| |* competing with phonon
terms ('}, I'jy, T'yg) for the A-type system and (T, ') for
the V-type system at a lower temperature than Fig. 2. At the
resonant point [Figs. 3(a3) and 3(b3)], the signal shows strong
AT-splitting involving phonon terms I'gg, "o, I'12, Ty, 'y,
Loz, Tops Top in the A-type system and g, T'yg, Ty, Togs T,
I';;, for the V-type system. The A-type system is more sensitive
to double dressing |G,|* and |G,|?, which results in stronger
AT-splitting as compared to the V-type system. It should be
noted that the contribution of the phonon effect in comparison
to single and double dressing is less at 120 K as compared
to 160 K. The phonon effect I'jjon0n decreases, and the
double dressing effect is dominant, which result in obvious
AT-splitting.

Figures 3(c1)-3(c5) and 3(d1)-3(d5) correspond to
Figs. 3(al)-3(a5) and 3(b1)-3(b5), respectively, but in the
time domain. The sensitivity of the A-type system, with the
dressing effect in comparison to the V-type system, can be ob-
served by looking at the dip and delay of AT-splitting signals
in the spectral and time domain, respectively, throughout the
panels of Fig. 3. Comparing the results of Fig. 3 to the results
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Fig. 3. (al)-(a5) and (b1)—(b5) show spectral intensity of FL
signal obtained at different detuning of E, when E,| is scanned
from 604 to 607nm at fixed temperature of 120 for V-type and
A-type energy levels, respectively. (c1)-(c5) and (d1)-(d5) show
corresponding temporal intensity of FL (al)—(a5) and (b1)-(b5),

respectively.
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shown in Fig. 2, the effect of the phonon is less visible in Fig. 3
due to the low temperature (120 K) as compared to Fig. 2
(160 K). At the low temperature (120 K), the phonon term
[ phonon 18 reduced, contributions from the phonon term in
measured lifetime I';/; also decrease, and the reduced phonon
term competes with dressing terms to determine the lifetime
and lineshape of the FL signal.

In Fig. 4, we investigate the spectral and temporal intensity
of the FL signal by changing the power of the incident
beam and varying the temperature from high to low.
Figures 4(al)—4(a3) and 4(b1)—4(b3) show behavior of the
FL signal when the power of E; is decreased from high
(7 mW) to low (I mW) in both the V-type and A-type
system, respectively.

As we decrease power of E| from high to low, the intensity
of the FL signal also changes accordingly. When the power of
E | is high [Figs. 4(al) and 4(b1)], the dressing effect is strong
due to contributions from both |G, |? and |G,|? terms. While
at low power [Figs. 4(a3) and 4(b3)], the FL signal is dependent
on only single dressing |G|*. Therefore, one can say that by
changing power from high to low, the dressing effect also
becomes weak. Again AT-splitting in the A-type system
[Fig. 4(b1)] is more obvious as compared to the V-type sys-
tem [Fig. 4(al)]. Figures 4(d1)-4(d3) and 4(el)—4(e3) show
the time domain intensity signal of FL corresponding to
Figs. 4(al)—4(a3) and 4(b1)—4(b3) for the V-type and the
A-type system, respectively. One can see that AT-splitting is
more obvious with the deeper dip in the A-type system as com-
pared to the V-type system.

Figures 4(cl)—4(c4) and 4(f1)-4(f4) show the variation
of AT-splitting at different temperatures. The phonon
effect (Uphonon) is dominant at room temperature (300 K),
so the linewidth of the FL intensity signal is broad. Moreover,
the splitting distance of the dressed state level AL =

1G> +|Gy|*-T

phonon 15 low because of the phonon

V-type A-type V-otyvpe

= kalyj 37 b1y (¢1)<c-
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= €a3)
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Fig. 4. (al)—(a3) and (bl)-(b3) show the spectral intensity of

fourth-order FL spectral detected at high (7 mW), medium (4 mW),
and low (1 mW) power of E| beam at fixed temperature of 120 K for
V-type and A-type system, respectively. (c1)—(c4) and (f1)—(f4) show
the spectral intensity of FL spectral detected at 300 K, 160 K, 110 K,
and 77 K for V-type and A-type system, respectively. (d1)—(d3) and
(e1)—(e3) correspond to (al)—(a3) and (b1)—(b3), respectively, in time

domain.

broadening effect. At 300 K, the phonon dominates the com-
petition with dressing terms |G, |*/Too, |G11?/d 1, |G1|*/T oo,
|G,|?/d, of the V-type system [Eq. (6)] and dressing terms
|G\*/dvys |GolP [y, |G [Ty, |Gol?/dy, |G /T,
|G,|? /Ty of the A-type system [Eq. (3)], so weak AT-splitting
is observed in Figs. 4(cl) and 4(f1). When the input field is
scanned from 604 to 607 nm at fixed temperature of 77 K, the
FL peak evolves from AT-splitting to a pure suppression dip.
At 77 K, the dressing effect is strong whereas the phonon effect
(Tphonon) is almost negligible. Because of the satisfaction of
suppression condition A; + A, = 0 in the experiment, the
suppression effect and AT-splitting depth are increased as
shown in Figs. 4(c4) and 4(f4). Figures 4(f1)—4(f4) show the
spectral intensity of the FL signal at a different temperature for
V-type and A-type systems, respectively, since AT-splitting is
increased from left.

The correlation function of the Stokes and anti-Stokes
pair is calculated by time-dependent intensity fluctuations
using Eq. (7). Figures 5(al)-5(a3) and 5(b1)-5(b3) show the
two-mode noise correlation between Eg and E,g for the
V-type system and the A-type system, respectively. As we
change power from low to high, the lineshape of the calcu-
lated correlation changes to sharp from broad. This change
in the lineshape can be described by the interaction of nested
dressing terms and the phonon. At high power, the nested
double dressing terms cancel each other, and the phonon
terms (Iphonon) effects are more visible in the noise corre-
lation. The competition occurs due to dressing terms
(G /Ty + iy, |Gy P /Ty = iA' |Go*/Tor, |G /Tho,
|G,|?>/To0, |G1*/T11) incorporating phonon-related terms
(TCo1> 115 Ty Togs I'y1) as described by Egs. (1) and (2) for
the A-type system. Similar competition also occurs in the
V-type system’s dressing terms incorporating phonon-
related terms (I'y;, Ty, Togs I'yy) as described by Egs. (4)
and (5). The calculated noise correlation precisely follows
the intensity of the Stokes/anti-Stokes lifetime given by the
equation as

1| ,(al) (a2) (a3)
O
20
O,
-5 0 5 -5 0 5 -5 0 5
7(ms)
1| §(b1) (b2) b3)
&
220
o]
1
-5 0 5 -5 0 5 -5 0 5
7(ms)
Fig. 5. (al)—(a3) and (b1)-(b3) show two-mode intensity noise

correlation of Stokes and anti-Stokes versus delayed time 7 at medium
temperature (110 K), by varying power from low to high of E; for
V-type and A-type energy levels, respectively.
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Aspas = RilA Plexp(-(2T + Olz]) + exp(-(2I" + ) lz])
=2 cos(Q[z]) exp(-(I"" + I + OIz))],

where Tt =T'g Jas- As power increases, the lineshape of the
correlation function changes from broad to sharp, and this
trend is also obvious in all curves presented in Fig. 5.
Besides the lineshape, the switching phenomenon is observed
in the A-type system only at high power. Here, switching
is related to nonlinear phase Ag = g - a5 = 2(ksnS -
keasyS) | Eq|2e 2z/ n?/ A between the Stokes and anti-Stokes
signal modulated by the Kerr nonlinear gain at high power.
The Kerr nonlinearity is characterized by a refractive index
of ny + m|E;|?, where ny is the weak-field linear refractive
index term, and 7, = 3y'® /2, is a nonlinear refractive index
term proportional to the field strength | E;|?. Therefore, at high
power, the relative nonlinear phase between Stokes and anti-
Stokes is modulated to #(Agp = x) [16].

4. CONCLUSION

In summary, we presented the effects of single and double
dressing with phonon competition in fourth-order FL in both
the spectral and time domain by changing detuning and vary-
ing power under a different temperature state of YSO crystal in
a multiatomic system. At off-resonant (low power), FL experi-
enced single dressing and weak AT-splitting; however, by
changing detuning to resonance (high power), FL experienced
double dressing and strong AT-splitting. The dressing and
phonon effect are found to be competing with each other.
AT-splitting is gradually increasing as we decrease the temper-
ature from high to low, which is attributed to the low phonon
effect at a low temperature. We also performed the second-
order correlation of Stokes and anti-Stokes and observed the
effect of a phonon at low and high power. The change in
the lineshape of the correlation was consistent in both the
V-type and the A-type system. The phonon effect changes
the nonlinear relative phase of correlated outputs by cross-phase
modulation. However, the system demonstrated the switching
of the correlation at the A-type system.
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