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Abstract: We demonstrate experimentally the quantum frequency down-
conversion of a bright amplitude-squeezed optical field via a high
efficiency difference frequency generation process. 532 nm amplitude-
squeezed light with squeezing of 1.0 dB is successfully translated to 810
nm amplitude-squeezed light with squeezing of 0.8 dB. The effects of
amplitude and phase fluctuations of the pump field on the frequency
conversion are investigated both theoretically and experimentally. It is
shown that the quantum frequency down-conversion is insensitive to small
amplitude fluctuations of the pump field at the optimal conversion point.
However, the phase fluctuations of the pump field can lead to increase of
noise in the phase quadrature of the down-converted field. To eliminate the
additive phase noise, a dual frequency down-converter which utilizing
common pump field is proposed and demonstrated.
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1. Introduction

Quantum interface capable of transferring quantum states between different central
frequencies is a necessary component for quantum information processing [1,2]. Such
quantum-state-preserving frequency conversion (QFC) enables seamless connection of
quantum devices that operate at different optical frequencies [3]. For instance, in a quantum
communication network, efficient mapping between quantum light fields at wavelengths ~0.8
um and ~1.5 pm is essential for the connection of a quantum memory device consists of
alkaline atoms and a quantum communication device where a low-loss telecom fiber is
employed as the quantum channel. QFC also allows for optimal single photon detection by
converting near infrared photons to visible or near visible range photons where high
efficiency and low noise silicon single photon detectors are commercially available. Such
single photon frequency up-conversion detector has found key applications in the
implementation of quantum key distribution systems and characterization of single photon
and entangled photon sources [4].

Nonlinear optical parametric process is one of the most efficient mechanisms for the
implementation of QFC. Single photon and entangled photon QFC have been achieved using
three-wave mixing in a nonlinear optical crystal [5-16], four-wave mixing in a photonic
crystal fiber [17], and in a cold Rb vapor [18]. Stimulated by the high efficiency in preparing
and manipulating the quantum states as well as the unconditionalness, continuous variables
(CV) regime utilizing continuous quadrature amplitudes of the quantized electromagnetic
field has emerged as an alternative way for developing novel quantum information
processing protocols [19-24]. Using sum-frequency process, the up-conversions of
nonclassical intensity correlations [25] and squeezed vacuum state [26] have been observed.
However, the complementary process, frequency down-conversion of nonclassical CV
quantum states which is essential in quantum information processing hasn’t been achieved so
far.

For QFC based on three-wave mixing, strong pump field is a prerequisite to ensure a high
fidelity QFC. In reality, the pump laser always suffers from amplitude and phase fluctuations
far above the quantum noise limit (QNL), especially at the low- frequency range. For
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instance, semiconductor lasers and fiber lasers are currently convenient approaches to
provide high power coherent emission for their compact size and versatility, but both suffer
from large excess noises. In CV regime, two approaches are currently utilized to measure the
quadratures of optical fields: balanced homodyne detection (BHD) and self-homodyne
measurements by a frequency-dependent reflection of the optical field [27-29]. Both
methods required that the signal field has a bright carrier. For the BHD, the bright carrier is
used to calibrate the relative phase between the signal field and the local oscillator (LO) by
two-beam interference. For the latter one, the bright carrier component plays the role of LO.
In both cases, the noisy pump field can modulate the signal field and transfer a portion of
signal carrier to the signal sideband modes on which CV quantum states are situated. This
process deteriorates the fidelity of CV QFC.

In this paper, we investigate the effects of excess pump noises on CV QFC of bright
quantum states, and experimentally demonstrate the first quantum frequency down-
conversion of a bright amplitude-squeezed state from 532 nm to 810 nm. The presented QFC
utilizes pump-enhanced difference frequency generation (DFG) process and features high
photon conversion efficiency (85%), low conversion noises, and wideband conversion
characteristics. The demonstrated scheme provides an effective way for faithful frequency
conversion of bright CV quantum states with noisy pump field. The ability of down-
conversion of CV quantum states demonstrated in our work combined with that of up-
conversion of CV quantum states demonstrated in previous works make a two-way CV QFC
possible which are critical in quantum communication. Our work also verifies that DFG can
transfer faithfully more complex quantum states between different frequencies besides single
photon state.

2. Influence of amplitude and phase fluctuations of the pump field on QFC

The Hamiltonian of the DFG process in the interaction picture is described by
H =ihkAa,a" —ihk” 4,a'a, , here k is the nonlinear coupling constant, 4, is the strong
pump field and described by a ¢ number, @, and a_ stand for the input and down-converted

light fields, the angular frequencies of the pump, input, and down-converted fields satisfy the
energy conservation relationship: @ = ®, + @, . Under the undepleted pump approximation

the evolution of the system gives [30]

~ :&

c,out c,in

cos(kd, | 7)+ea, , sin(kd, | 7), (1)

A

4, =4, cos([kd, | 1) - ea, ,, sin((k4, | 1), 2)

i,out c,in

where e = k*Ap / |kAp| and 7 is the interaction time. When the pump field is treated as a
perfectly coherent monochromatic field with a stabilized amplitude and phase, one can obtain
a complete quantum state frequency conversion at |kAp|2'= /2 and ¢=0, because

A ~ A A
ac,aut - ai,in > ai,out - ac,in *

In the following we reconsider the QFC where a noisy pump laser is employed. The
pump offset is defined as A =|kAP|z’—ﬂ'/2, substitute 7 /2+ A for |kAp|2', Egs. (1) and (2)

can be rewritten as

A _ A . —ig A
a,,, =—a,,sinA+ea,, cosA, 3)

c,out

A — A . _ion
a; o =—a;,;,SinA—e“a,, cosA. “)

i,out
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To analyze the fluctuation of a the amplitudes of optical fields are expanded in terms

c,out >
of mean fields and small fluctuations. Consider the special case of A << /2 and keep only
the first-order terms, the fluctuation of @, can be obtained from Eq. (3)

c,out

oad,,, =—0a,,sinA-0A-a,, cosA
- (%)
+e [5&,’[,1 cosA—id¢-a,,, cosA—dA-a,, sin A].

To assure the same quadrature is being compared in all input and output fields, the
quadratures are defined as

X :l(&cei@ +ale’™) X, =l(a,. +a) X :l(A &) +A*e"<”’”>)

> D) p T\ P ©
N L o)~ —ils ' S WP | 1 -i(9, * gy ’
Yczz(acew—a:e <>) Y;:Z(ai_ai) Yp:Z(Ape < >_Ape< >)

where ¢ = 4, / |Ap| is the phase of the pump field, X(X)and ¥(¥)are the amplitude and

phase quadratures of the optical fields, respectively.
By using the definitions of ¢, ¢,, A, X, and Y, , one can obtain

a=20% 0p=00, =57, /|4, (7
2 |Ag|’ P p r|°

where A4 satisfies |kA2|T—ft/2=O. It follows from Egs. (5) and (6), the quadrature

fluctuations of the down-converted field can be given by

<<<<<<

N 1 )
oX , =—[oa e +sa ]
"2 ‘ (3)

= —sinA~§)A(’vm —§A~cosA~)2'm +cosA~§)A(m —5A~sinA~)A(m +0p, ~cosA~}A’lvm,

N 1
or,, =—|sa e ~sd e ]
g : 9)

= —sinA~5l?w —5A~cosA~);m +cosA~5l?m —OA-sinA- f -39, ~cosA~)A(m.
From Egs. (8) and (9), the quadrature variance can be determined as

Vi =((o%..))
= <(5f(c,m ) >sin2 (A)+ <(5 - )2>0052 (A)+cos (4)-((er)'): <( )2> (10)
+{(89,))-cos’ (). {1, )2>+ sin® (4)- <(5A)2>-<()‘g,.,, )2>,
v, =((67..))
- <(5ﬁ,,.n )2>Sin2 (A) +<(5y‘,.,m )y >cos2 (A)+cos? (A): <(§A)2>-<(fm )2> (11
+sin’ (4)-((@)7)- <(Y )2>+<(5¢p )2>~c052 (A)- <( - )2>
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We assume the initial down-converted field &, ,, is in a vacuum state, the input signal

n

A 2 A 2 A
field a,,, is relatively intense ( \/<(5X I.,m) >, \/<(5Yl.,m) ><< <X ,.J.n> ), and the strong pump

field satisfies \/<(5¢p)2> , \/<(§Ap)2> << <Ap>. By using these assumptions, the third and

fourth terms of Egs. (10) and (11) are much smaller than other terms and can be disregarded.
Inserting Eq. (7) into Egs. (10) and (11), we have

Wi ={(8) i ) (85, o () v’ () T2 (5, Y. (12

Plo,
Ny = <(5fc,m )2 > sin’ <A> + <(5)A’i,in )2 > cos’ <A> +cos’ (A)%«ﬁ/p )2 > , (13)

where £, and P, are input signal and pump power, P; is the pump power at the point of

complete conversion, @, and @, are angular frequencies of the signal and pump fields. It is
convenient to express the parameters A in terms of the ones that are accessible

experimentally A = (7/2) (|4, | /43| -1) = (/2)({/F, / B -1).
The added amplitude quadrature and phase quadrature noise variances of the down-
converted field can be given by

v =N {(65.))

=i’ () {88 ) (65, ) i (A)%<(5Xp)2>,

N =N, —<(53},-,,~n )2>
A

_ sin? (A)[<(§ﬁ,’m )2>_<(52,m )2>j+cos2 (A)%<(5Yp F).

From Egs. (14) and (15), it is evident that excess amplitude and phase noises can be
added to the down-converted quantum state, and the induced excess noises depend on the

experimental parameters A, P, / P,? , <(§X » )2>, and <( oY, )2> However, when the pump

(14)

(15)

field intensity is adjusted at the point of complete conversion (A =0), the QFC is insensitive
to the small amplitude noises of the pump field, while it is not the case for the phase noises.
The QFC is more sensitive to phase fluctuations than to amplitude fluctuations of the pump
field in the region of A << /2. The carrier power of the signal field also affects the excess
noises in the down-converted field where lower signal carrier power leads to less excess
noises.

3. QFC of 532 nm bright amplitude-squeezed state and its dependence on the pump
power

The schematic diagram of the experimental setup is shown in Fig. 1. The quantum states
(squeezing state and coherent state) are prepared via the second harmonic generation process
driven with a single-frequency continuous wave Nd:YVO4/KTP laser. Bright amplitude
squeezed green light at 532 nm was generated by an external cavity-enhanced singly resonant
frequency doubler where a 10-mm MgO doped periodically poled lithium niobate
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(MgOPPLN) was utilized, and 1.0 dB of amplitude squeezing was observed at a broadband
sideband frequency. The coherent state is prepared by strong attenuation of the generated
green light.

The quantum state frequency down-conversion system consists of two identical pump-
enhanced DFG devices in which a 1550 nm single frequency fiber laser is used as the pump
source. Each DFG device consists of two concave mirrors with 30 mm radii of curvature and
a 30-mm-long MgOPPLN nonlinear medium. The input coupler was coated for high
transmission at 532 and 810 nm and partial transmission (~4%) at 1550 nm. The output
coupler was coated for high reflectivity at 1550 nm and high transmission at 532 and 8§10 nm.
Such cavity designs ensure broadband quantum frequency conversion as well as high
circulating intracavity pump power, which is crucial for the transfer of wide-band input
quantum states. The bandwidth of the QFC is determined in principle by the phase-matching
bandwidth of the nonlinear crystal which is on the order of 1 nm. After the frequency down-
conversion, the generated 810 nm fields are separated from the residual 532 nm and 1550 nm
light fields by a series of optical filters.

Laser 1550nm

Fig. 1. Schematic of the experimental setup. SHG, second harmonic generation; BS,
beamsplitter; DBS, dichroic beamsplitter; DFG1, DFG2, difference frequency generation
device; HWP, half waveplate; PBS, polarizing beamsplitter; F, filters; PD, photodiode, PM1,
PM2, phase modulators.

Figure 2(a) shows the classical DFG efficiency of a weak 532 nm input field (0.8 mW)
versus the pump power at 1550 nm. A maximum photon-number conversion efficiency of 85
+ 0.2% was achieved at a pump power of 348 mW and further increase of the pump intensity
results a strong back conversion from the generated 810 nm light to the original 532 nm light.
The high efficiency here is critical to a high fidelity QFC, because any imperfect conversion
will lead to the addition of vacuum noise and contaminate the down-converted quantum state.
The nonideal conversion efficiency comes from the losses of the cavity mirrors and nonlinear
crystal, also the finite beam size of the pump comparing with that of the signal. Figure 2(b)
shows the output power of the down-converted 810 nm light at different 532 nm powers from
15 to 1000 uW. The results verified that the DFG is linear versus the input power in a range
of 2 orders of magnitude.
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Fig. 2. (a) Frequency down-conversion efficiency of a weak 532 nm input field versus the
1550 nm pump power. The solid square is the experimental values and the solid line is the
theoretical fitting. (b) Output power of 810 nm light as a function of input 532 nm power. The
solid square is the experimental data and the solid line is a linear fit to the data.

To achieve the frequency down-conversion of 532 nm amplitude-squeezed state, only
DFG1 was participated (the pump field intensity is set at the maximum parametric
conversion efficiency point) where bright squeezed state with mean power of 14 mW is
injected. A self-homodyne detection was used to measure the amplitude noise spectrum of
the input and output quantum states. As shown in Figs. 3(a) and 3(b), the input 532 nm light
with ~1 dB squeezing is transferred to an 810 nm light with ~0.8 dB of squeezing. This
means that the DFG here unconditionally transfers the sub-Poissonian photon statistics of the
532 nm squeezed state to that of the 810 nm squeezed state. The frequency conversion of the
squeezed state can be modeled with a linearized Gaussian channel such that

X, a0 = \/ﬁf( s T ﬂf( « T D . Here D is independent noise on the channel with variance
Vo> 1 is the transmissivity with 7=77,.7,, where 7, =0.89 is the optical propagation
transmission, 77, =0.85 is the frequency-conversion efficiency, and 77, =0.84 is the
detection efficiency for the 810 nm optical field. Using the experimental values of Fig. 3(a)
and set V,, =0, we obtain the theoretical squeezing spectrum at 810 nm (the solid line of

Fig. 3(b)) which is in good agreement with the observed value. This means that the
degradation of the squeezing is mainly due to the linear loss coming from the optical
propagation transmission and imperfect frequency-conversion efficiency. Negligible amount
of excess noise was introduced during the QFC process.

-83
€82} £
q 03]
Z Z
O .83 ©
= =
[e] (o)
o o
B -84 3
© ©
z z
-85 1 L 1 1 L 1 -86 1 N 1 L 1 " 1
8 10 12 14 8 10 12 14
Frequency (MHz) Frequency (MHz)

Fig. 3. Amplitude quadrature noise spectrum for the input squeezed state at 532 nm (a) and for
the frequency down-converted quantum state at 810 nm (b), the solid line is the theoretical
fitting. (i) Quantum noise limit; (i) Amplitude quadrature noise. The resolution and video
bandwidths of the spectrum analyzer are 120 kHz and 30 Hz, respectively.

When the pump field intensity is detuned away from the maximum conversion efficiency
point, the excess amplitude noises of the pump will transfer to the down-converted field and
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contaminates the QFC process as we have shown theoretically in Section II. Figure 4 shows
the added amplitude noise to the 810 nm field as a function of the pump offset A at the
analysis frequency of 8 MHz. The solid square denotes the experimental data and the solid
line is the theoretical simulations by using Eq. (14) and the experimental parameters (the
amplitude noise of the 1550 nm pump field was measured to be 29.3 QNL units at 8§ MHz for
detected power of 6 mW). From Fig. 4, when the pump offset A increases from 0 to 0.1,

excess amplitude noise of the 810 nm field appears and increases accordingly. For |A| =0.1,

excess noise of around 0.8 QNL unit was added. The experimental values are in reasonable
agreement with the theoretical predictions.

4. Phase noise cancellation

In Section II it is proven that the phase fluctuations of the pump field can induce the
unwanted phase noise in the down-converted field. To verify this, two DFG devices are
employed to translate the signal field and the LO respectively. A 532 nm vacuum state which
lies in 8 MHz sideband around the carrier (the mean power of the carrier is 140 pyW) was
used as the input quantum state. The output quantum state at 810 nm was detected by a BHD.
The generated photocurrents were subtracted, preamplified, and further mixed with a
sinusoidal reference of 8 MHz, followed by a low pass filter with a bandwidth of 200 kHz.
The filtered signals which are proportional to the field quadrature values of the sideband
modes were sampled at different LO phases from 0 to 27 which are determined from the
interference fringe between the LO and the bright signal field.

5 -
w4t
£ '
S
=
Sr
2 ]
22t
1]
(7]
8
x 1
e ]
0+
1 1 1 1 1 1 1
-0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3

Pump Offset A

Fig. 4. The added amplitude noise to the 810 nm light field versus the pump offset A . The
solid square is the experimental data and the solid line is the theoretical simulations.

As before, the pump power of both DFGs is adjusted precisely to the point of the
maximum conversion efficiency, whereas the pump field of DFG1 was phase modulated by
white noises (PM2) with a bandwidth of 100 MHz and modulation depth of 45 mrad. This
simulates the situation that only the signal field is down-converted with a noisy pump, and
the non-modulated down-converted LO here is only for characterization of the quadratures of
the signal field. Figure 5(a) shows the Wigner functions of the down-converted 810 nm
quantum state reconstructed from a sample of 1000000 quadrature-phase pairs. The
amplitude quadrature variance of the 810 nm state is at the vacuum state level, while the
phase quadrature is enlarged significantly from the vacuum state with a normalized variance
of 13.6 dB (22.9 QNL on a linear scale) due to the phase noise of the pump beam (Fig. 5(c)).

If we utilize a dual DFG and translate the LO at the same time using the same noisy pump
field as that used for the QFC of input quantum state, in the new phase reference of the
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down-converted LO, the classical phase noise of the field a__, coming from the pump field

can be cancelled completely in principle. Such cancellation is valid over the whole frequency
range including very low frequency down to DC. As shown in Fig. 5(b), when the pump
fields of the two DFGs were phase modulated simultaneously by white noises using PM1
(the white noises here has the same parameters as that used for PM2 before), the added phase
noises from the pump field are effectively cancelled and the resulting 810 nm state has a high
fidelity to the initial vacuum state (Fig. 5(d)). The residual phase quadrature noise in Fig.
5(d) is less than 0.07 QNL and we attribute this noise mainly to the nonideal cavity locking
of the two DFGs. The different cavity length fluctuations will modulate the pump phases in
different ways and result in slightly different phase fluctuations for the two pump fields
which cannot be cancelled completely.

Above results verify that if one transforms only the signal field (in this case the self-
homodyne measurements by a frequency-dependent reflection of the optical field [27-29]
can be used to measure the field quadratures), the phase fluctuations of the pump field can
lead to increase of noise in the phase quadrature of the down-converted field. However, the
influence of the pump phase noise can be eliminated effectively by transforming both the
signal field and the corresponding LO where the same noisy pump field is adopted (in this
case BHD can be used to measure the field quadratures).

(a) (b)
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Fig. 5. Wigner functions of the frequency down-converted 810 nm quantum state when only
the pump field of the DFG1 is phase modulated (a), and the pump fields of the two DFGs are
phase modulated simultaneously (b). The corresponding quadrature noise power is displayed
in (c) and (d), (i) Quantum noise limit; (ii) Quadrature noise power.

5. Conclusion

In conclusion, high efficiency and low noise quantum frequency down-conversion of a bright
amplitude-squeezed state was achieved via a cavity-enhanced DFG process. The influence of
amplitude and phase fluctuations of the pump field on the frequency conversion of bright CV
quantum states is analyzed in depth, both theoretically and experimentally. It is shown that
by operating the DFG at exactly the optimal conversion point and employing a dual DFG in
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which common pump field is adopted the QFC is insensitive to the small amplitude and
phase noises of the pump field. The demonstrated scheme provides an effective way for
faithful frequency conversion of bright CV quantum state with noisy pump field, and can be
applied to the frequency conversion of Einstein-Podolsky-Rosen entangled states and other
complex quantum states which are useful in quantum communication and quantum
metrology.
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