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In a Gaussian laser beam pumped single-photon frequency up-conversion system, the spatial distribution of the con-
version efficiency is calculated, which strongly depends on the intensity distribution of the pump beam and leads to a
spatial modulation of the output single photons. As a result, by simply varying the Gaussian pump beam intensity and
the beam size, the converted photons could be modulated spatially and exhibit a programmable distribution. This will
be meaningful for the researches on quantum communication and quantum manipulation based on frequency
up-conversion system.

Document code: A Article ID: 1673-1905(2015)06-0477-4

DOl 10.1007/s11801-015-5178-8

In the last decade, the technique of frequency up-conver-
sion in a single or a few photons level has been well de-
veloped and employed in various applications, such as
infrared single-photon detection'', spectral measure-
ment™), quantum transduction*®!, quantum key distribu-
tion'”, high resolution imaging®® and so on™'". Sin-
gle-photon frequency up-conversion can be described as
a nonlinear optical process in which signal single-photon
is combined with a strongly pumped laser beam in a
quadratic nonlinear medium to generate a sum-frequency
photon, which has been structured experimentally in
many schemes by using periodically poled lithium nio-
bate (PPLN) crystal!'"'*! or waveguide!"*'*! devices for
the large nonlinear coefficient. Cavity resonance en-
hancement and pulsed pump excitation are some other
solutions to realize the strong nonlinear interaction by
increasing the pump intensity!>"'". Usually, the spatial
modulation or imaging can only be realized by the struc-
tured frequency up-conversion system with a bulk crystal
because of the unchanged spatial phase information!'®'"),
In this letter, the spatial modulation of the converted
photon is numerically stimulated as a function of the
intensity distribution of the Gaussian pump beam in a
frequency up-conversion system. The quantum conver-
sion efficiencies are also investigated at different pump
intensities and pump beam sizes. It is proved to be an
efficient method to yield programmable spatial distribu-
tion of the converted photons by conveniently changing

the intensity and the profile of the pump beam in a sin-
gle-photon frequency up-conversion system.

The quantum physics of the single-photon frequency
up-conversion process in transparent nonlinear materials
can be described by the following effective Hamiltonian

H=ihpaa,a —aaa,), M

where E represents the effective Hamiltonian, 7 is the
reduced Plank constant, and ¥ is the coupling constant

which is determined by the second-order susceptibility of

the nonlinear medium. a,,,(a’,,) annihilates (cre-

ates) one photon at frequency @,_,,. According to the

experimental setup, the pump field is considered to be
strong enough to be regarded as non-depletion during the
interaction, so the amplitude of the pump field can be
treated classically as a constant £,. The interaction proc-
ess is given by

da n
El =-yE,a,, (2)
da N
d23 =—yE,a, 3)
The solutions can be described as
a,(L)=4a,(0)cos(yE,L)—a,(0)sin(yE,L), (4)
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a,(L)=a,(0)sin(yE,L)+a,(0)cos(yE,L), (5)

where L is the interaction length. The single-photon fre-
quency up-conversion can be treated as a sum-frequency
generation (SFG) process, where the input state of the

SFG photon is a vacuum state as |5”, )= |n1 0,) . When the

condition of yL ==n/2 is fulfilled, Eqs.(4) and (5) can
be rewritten as

a(yL=mn/2)=-a,(0), (6)
a,(yL=n/2)=a,(0). 7
The quantum conversion efficiency can be given as

_ WMWY _
17, (0)]#)

(¥al (L), (L) ¥) _
(1] (0)a, (0)] #)

sin® (YE,L). (8)

When y and L are normalized to be 1 in Eq.(8), the
quantum conversion efficiency is simplified as a function
of the pump power as follows,

n=sin’(JL,) . ©)

As shown in Fig.1, the conversion efficiency of the
SFG photon shows a periodic oscillation according to the
pump intensity, and could reach a peak value of 100%,
which means a complete quantum state transfer.
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Fig.1 Conversion efficiencies of SFG and signal pho-
tons as a function of the pump intensity

Experimentally, the spatial intensity of the pump laser
beam profile is always in Gaussian distribution, which
makes the spatial modulation of the SFG photon possible
due to the fact of the conversion efficiency in sin-
gle-photon frequency up-conversion system dependent
on the pump intensity. The intensity profile in the
cross-section of pump Gaussian beam can be written as
follows,

I=Eexp(-2r' /@), (10)

where £ and @, are the peak electric field amplitude
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and the radius size of the pump beam cross-section, re-
spectively. Together with Eq.(9), the spatial distributions
of the conversion efficiency are stimulated with different
values of E as /2, w and 31/2, respectively. Because the
conversion efficiency distribution is directly related to
the probability distribution of the SFG photon, in case of
single-photon frequency up-conversion, the stimulation
can show how the pump intensity varying leads to the
spatial modulation of the SFG photon.

The normalized probability distributions of the SFG
photon and unconverted photon are shown in Fig.2(a) and
(b) with the plane coordinate of the pump beam cross-sec-
tion, respectively. Since the electric field amplitude E is
fixed to be 1t/2, the overall quantum conversion efficiency is
close to the peak value, which means most of the signal
photons are converted to the SFG photons. As the radius
increases from the center of the plane coordinate, the prob-
ability of the SFG photon decreases due to the decline of the
pump field amplitude. After the frequency up-conversion
interaction, the proportion of the SFG photons converted
from the signal single-photon can be weighted by the over-
all quantum conversion efficiency. In experimental point of
view, the conversion efficiency can be determined by meas-
uring the intensity of the SFG photons. The proportion of the
SFG photons is calculated to be 86.0%, while the proportion
of the unconverted photons is 14.0% due to the unity of the
input and output quantum states in Eqgs.(4) and (5).
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Fig.2 When the peak electric field amplitude E is fixed
to be n/2, the two-dimensional spatial probability dis-
tributions of the (a) SFG and (b) unconverted photons,
respectively
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When the electric field amplitude is &, the probability
distribution of the SFG photon shows a donut shape as
shown in Fig.3(a). Although the pump intensity increases,
the conversion efficiency at the center of the pump beam
decreases to zero due to the oscillation of the conversion
efficiency. As the pump intensity varying, the SFG pho-
ton and the signal photon switches to each other in a
modulated spatial profile. The overall quantum conver-
sion efficiency is calculated to be 28.5%.
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Fig.3 When the peak electric field amplitude E is fixed
to be =, the two-dimensional spatial probability dis-
tributions of the (a) SFG and (b) unconverted photons,
respectively

When the electric field amplitude E increases to 37m/2,
as shown in Fig.4, the spatial modulated probability dis-
tribution of the SFG photon exhibits a pattern as a peak
at the center together with bright and dark rings around.
The quantum conversion efficiency increases to 67.9% in
this case.

The overall quantum conversion efficiency is further
investigated as a function of the electric field amplitude
whose value changes from 0 to 21 with intervals of 7/20.
As shown in Fig.5(a), the quantum conversion efficiency
reaches the first maximum value 88.8% when E equals
0.55m. It can be predicted that the quantum conversion
efficiency varies periodically with the increase of pump
intensity, and then the oscillation recedes gradually and
finally tends to be a constant. Considering the nonlinear
crystal in frequency up-conversion system cannot sur-
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vive in over strong pump electric field, the variation of
quantum conversion efficiency is only simulated with £

lower than 2.
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Fig.4 When the peak electric field amplitude E is fixed
to be 3m/2, the two-dimensional spatial probability
distributions of the (a) SFG and (b) unconverted
photons, respectively

Additionally, the spatial mode overlap between the
pump beam and the signal photon is significant for con-
structing a single-photon up-conversion system, where
the beam size of the pump laser has to be optimized for
improving the conversion efficiency. By fixing the pump
electric field amplitude at the center of the beam
cross-section to be 0.55m, the variation of the quantum
conversion efficiency is calculated in Fig.5(b) by changing

100

80 -

60

40 |

20 +

Quantum conversion efficiency (%)

<

1§ 1 1
0.0 0.5 1.0 1.5 2.0
Pump amplitude £

(a)




* 0480 °

100

80 |

70

Quantum conversion efficiency (%)

60 1 1 Il
0.0 0.5 1.0 1:5 2.0

Cross-section radius of pump beam

(b)

Fig.5 Quantum conversion efficiency as a function of
(a) the pump electric field amplitude and (b) pump
beam cross-section radius

the size of the pump beam cross-section radius w, from
0.5 to 2, while the radius of the signal beam is sustained
to be 1. The quantum conversion efficiency increases
sharply and approaches 98.0% as a saturation value after
pump beam radius larger than 2. The simulation results
can be used as references in the design of the experi-
mental setup.

The spatial modulation of the converted single-photon
is theoretically analyzed by means of frequency up-con-

version technique in single-photon or a few photons level.

The intensity distribution of the pump beam cross-sec-
tion is in Gaussian profile. The results indicate that the
spatial distribution of the quantum conversion efficiency
as well as the output SFG photons strongly depend on

the intensity and the cross-section size of the pump beam.

By simply and conveniently manipulating the pump laser
beam, a programmable spatial modulation in sin-
gle-photon level could be executed, which will lead to
some further important applications in quantum commu-
nication and quantum manipulating system, such as op-
tical tweezers, quantum routing and encoding.
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