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SPECIAL TOPIC — Fabrication and manipulation of the second-generation quantum systems

Up-conversion detection of mid-infrared light
carrying orbital angular momentum
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Frequency up-conversion is an effective method of mid-infrared (MIR) detection by converting long-wavelength pho-
tons to the visible domain, where efficient detectors are readily available. Here, we generate MIR light carrying orbital
angular momentum (OAM) from a difference frequency generation process and perform up-conversion on it via sum fre-
quency conversion in a bulk quasi-phase-matching crystal. The maximum quantum conversion efficiencies from MIR to
visible are 34.0%, 10.4%, and 3.5% for light with topological charges of 0, 1, and 2, respectively, achieved by utilizing
an optimized strong pump light. We also verify the OAM conservation with a specially designed interferometer, and the
results agree well with the numerical simulations. Our study opens up the possibilities for generating, manipulating, and
detecting MIR light that carries OAM, and will have great potential for optical communications and remote sensing in the

MIR regime.

Keywords: nonlinear optics, frequency up-conversion, mid-infrared detection

PACS: 42.65.-k, 52.70.Kz, 85.60.Gz, 42.65 Ky

1. Introduction

The mid-infrared (MIR) band covers the absorption spec-
tra of many molecules!!! and is closely related to the ther-
mal radiation of objects, which has been used in many as-

24

pects, such as environmental monitoring,>* geology for

mineral identification,! stand-off detection,[® and biomed-

[7-101° Among them, the 3-5 um band corre-

ical science.
sponds to one of the atmospheric communication windows,
which is of potential importance in remote sensing!'!! and
communications.!'>!31 On the other hand, light that carries
orbital angular momentum (OAM) has stimulated consider-
able research interest in both the classical and quantum op-
tical domains.['42!] This particular beam with an azimuthal
phase exp (il¢) is well known as possessing an exact OAM
(221 where I and ¢ refer to the topological
MIR light

that carries OAM is of great value in many specific applica-

of IA per photon,
charge (TC) and azimuthal angle, respectively.

tions, such as enhancing the information channel capacity in
communications!>>-2>! and helping the understanding and for-

26.27] 1 contrast, the detec-

mation of chiral microstructures.!
tion equipment in the MIR band is not mature at present, re-
flecting on the lower detection sensitivity, higher noise, and
narrower bandwidth compared with its visible or near-infrared
(NIR) counterpart. Consequently, it is more effective to detect
MIR light after converting it into visible/NIR light, utilizing

high-performance detectors based on wide bandgap materials
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like Si.?8! Due to the high effective nonlinear coefficient and
elimination of the walk-off effect, the quasi-phase-matching
(QPM) technique has been used extensively for frequency con-
version of light carrying OAM in previous works.?*=31l Up
to now, the effective up-conversion of MIR light has been re-

e.32331 However, compared with

alized by using a waveguid
traditional bulk crystals, the loss of spatial information makes
waveguide-based up-conversion unable to meet a wider range
of detection requirements. In addition, current waveguide-
based nonlinear transformation is mainly in the single-mode
case, while higher-order mode frequency conversion still faces
some difficulties. Bulk crystals have been widely used in many
practical applications of frequency conversion because they
can keep the phase and spatial information during the nonlin-

s.134401 13 this case, however, the beam waist radius

ear proces
in the center of the crystal is larger than that in a waveguide,
which requires a much higher pump power to improve the
quantum conversion efficiency (QCE). In previous works on
MIR up-conversion detection, cavity-enhanced!*!#! or pulsed
light pumped[*3#1 systems were employed, achieving satis-
factory QCE. However, a systematic study of the frequency
conversion of OAM modes in the MIR band has not been re-
ported to date.

In this work, the cascaded frequency conversion of light
carrying OAM from 792 nm to 3100 nm and back to 792 nm

was demonstrated, pumped by high power continuous-wave

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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(CW) light. The laser light at 3100 nm was generated from
a difference frequency generation (DFG) process, serving as
the MIR source. Two identical MgO-doped periodically poled
lithium niobate (MgO:PPLN from Covesion Ltd.) bulk crys-
tals were utilized in the nonlinear processes above, each of
which has a length of 40 mm and has nine poling periods
ranging from 20.9 um to 23.3 um in steps of 0.3 um. With
the temperature of the crystals controlled, the nonlinear pro-
cesses satisfied the type-0 QPM condition. Here we used a
channel with a poled period of 20.6 um and an aperture of
0.5 mm by 0.5 mm. For the convenience of discussion, in both
three-wave mixing processes, the respective wavelengths were
defined as A, = 792 nm, A, = 1063.8 nm, and A4; = 3100 nm,
satisfying the relation 1/A; = 1/A, 4+ 1/A;. Based on the non-
linear coupling equations, we proposed an analytical expres-
sion in the un-depleted approximation, which described the
up-conversion efficiencies for various OAM values. Mean-
while, in the case of the depleted condition, the results given
by numerical calculations were presented and compared with
the experimental results. The final power efficiencies real-
ized for conversion from MIR to visible are 133.1%, 40.7%,
and 13.6% for TC of [ =0, 1, and 2, respectively, and the
corresponding maximum QCEs are 34.0%, 10.4%, and 3.5%.
We also showed that the OAM is conserved in the conversion
process. The high conversion efficiency and well-preserved
phase information indicated that our primary study for MIR
up-conversion is both reliable and useful, and will pave the
way for further applications in remote sensing, high capacity
optical communications, and image detection.

2. Theoretical model

The theoretical analysis for sum frequency generation
(SFG), which is based on a second-order nonlinearity, is
shown as follows. The nonlinear process involves the mixing
of three waves, including a strong pump wave at frequency
@p, an idler wave to be converted at frequency @j, and the
up-converted beam at frequency @s. In our experiment, the
pump light is a normal Gaussian beam, while the idler light
is in the OAM mode with a TC of /. In the un-depleted pump

(1+ix)!(1—iy) el

approximation, the nonlinear coupled equations can be simpli-
fied as!4°!

2injw; dA; degr®? _

Uz dzl VA =— ngczl AjAsexp(—iAkz),

. ey
2ingwy dA defr @7 .
% d; +V3A =~ e ApAjexp(iAkz),

where d¢ is the effective nonlinear efficiency of the crystal;
€ is the permittivity of a vacuum; n; (j =p,i,s) are the re-
fractive indexes inside the crystal and the subscripts corre-
spond to the pump, the idler, and the signal light, respec-
tively; Ak = ks —k; —k, + 27 /A is the phase mismatch in the
SFG process and A is the poling period of the crystal; and A
(j =p,i,s) are the electrical fields of the pump, the idler and
the signal beams, respectively, which can be expressed as!4”!

Ai(rz) = Pj (\ﬁ")l
i\nz mleonjc [0)0'(1-1—&)}”]
j Zo;
P2 .
X exp { e } exp(il¢), )
2 -
a)oj(1+zoj

where n; (j =p,1,s) are the refractive indexes of the pump, the
idler, and the signal beams inside the crystal; wy; (j = p,i,s)
are the beam waists; Zy; = nnja)gj/lj (j = p,i,s) are the
Rayleigh ranges of these beams; / refers to the value of TC
and is equal to zero in Gaussian mode; and ¢ = tan~!(y/x).
We have directly omitted the term containing Gouy phase shift
here, which can be ignored since the two input beams have
approximately matching phases according to our experimen-
tal conditions. When considering the slowly varying ampli-
tude approximation and the un-depleted pump approximation,
an analytical expression of the SFG power can be obtained as
follows: 48]

 16m%d%;P,PL2

gocnsmiA2 Ay h(L,8), )

where L is the length of the crystal; P; (j =p,i,s) are the
pump, the idler, and the signal power of these beams, respec-
tively; and A(l, &) is the focusing function defined as

L
h(l,&) 5/,5(1 /4: dy{(]Jri)c)(l_iy)[zJr

& = L/b, is defined as the focusing parameter of the pump
beam, where b, = 2Z, is the confocal parameter; o =
Wos/Wop and B = bi/by are determined by the waist ratio of
the two beams; and ¢ = Akb,/2 is the phase-mismatching
parameter. Obviously, the loss of both pump light and input

i<xﬁ_y)} +a(1 +i—x) (1 —il)[zjti(x—y)]}lw

“

B B

idler light is ignored when obtaining the analytical expres-
sions, which may produce deviations in specific experiments.
More discussion will be presented in the subsequent analysis
of the experimental results. Therefore, numerical simulation
was also conducted based on the coupled wave equations, uti-
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lizing a technique called the split-step Fourier method.!*%-0]

The basic assumption here is that spatial evolution and nonlin-
ear effects can act separately for each small distance traveled
by the light field during transmission. In this case, the transfer
process from z to z+ dz can be carried out in two steps. In
the first step, only non-linear effects are considered in Eq. (1),
which gives

. Osdef
A dz) =
s(a+dg) =i 2¢&pnsc

AiAp e dz Al (2). &)

In the second step, there is only space evolution, and the
Fourier transform term of the light field satisfies the follow-
ing relation:

F{As(z+d2)} = F{As(z) }exp (—iM> . (6)

Normalized efficiency
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With this method, we obtained a series of discrete points
after setting the initial conditions, showing the intensity vari-
ations of the idler and signal light at different positions in the
crystal for Gauss mode, as shown in Fig. 1. Obviously, the
accuracy of the simulation depends on the choice of step size,
which also affects the speed of the calculation. An important
advantage of the split-step Fourier method is that it simulates
the beam mode field evolution process, which is useful for an-
alyzing the effect of beams overlapping on the non-linear effi-
ciency. Taking the signal light in Gauss mode and OAM mode
with [ = 2 as examples, we showed in Figs. 1(b) and 1(c) the
predicted normalized efficiency at different beam waists, help-
ing to find the best focusing parameters for subsequent exper-

iments.

Normalized efficiency
1.0

wp (pm)

100 200 0 100 200
wi (pm)

Fig. 1. (a) Dependence of the powers of the idler and signal beams on the propagation distance inside the nonlinear crystal. (b) and (c) Normalized

efficiency with different beam waists for / = 0 and 2.

3. Experimental setup

The schematic of the experimental setup is illustrated in
Fig. 2. The signal beam for the down-conversion came from
a diode laser (TOPTICA pro, Graefelfing); its spatial mode
was later optimized by passing through a single-mode opti-
cal fiber. The pump beam was provided by an Yb-doped fiber
laser working at 1064 nm, enhanced by a fiber amplifier, and
then separated into two channels, pumping the DFG and SFG

modules, respectively. Each laser beam was set to vertical

Laser 1

/« 1064 nm C

/\ '—-/‘—((((G i

PPLN DM VPP

polarization by the wave plates before the nonlinear crystal,
satisfying the restriction of the phase-matching condition. A
vortex phase plate (VPP) was placed before the focusing lens,
imprinting OAM on the signal beam.

In the first crystal, the waist sizes for the pump and the
signal beams were 43 um and 37 um at the focus, respec-
tively. The temperature of each crystal was controlled using a
homemade semiconductor Peltier temperature cooler, the tem-
perature stability of which is £2 mK. At the end of the DFG
module, a long-pass filter removed the pump and signal beam,

O-@u0.C.

HWP QWP Lens Mirror

Filter
{ 4
b - ) we t
DM PPLN

Fig. 2. Experimental setup. VPP: vortex phase plate; DM: dichromatic mirror; BPF: band-pass filter; PPLN: periodically poled lithium niobate crystal;

Filter

HWP (QWP): half-wave plate (quarter-wave plate); PBS (BS): polarization beam splitter (beam splitter); CCD: charge-coupled device camera.
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before the idler beam was measured by a mercury telluride de-
tector (MCT). In the second frequency conversion process, the
pump and idler beam overlapped after a dichromatic mirror,
focused by the lens with beam waists of 65 pm and 110 pm,
respectively. The filter after the SFG crystal removed all the
off-target beams except the up-converted beam at 792 nm be-
fore it entered the interference module. The input light with an
OAM state of |I) was converted into the form of |I) + e!?|—I)
by a specially designed balanced interferometer, as discussed
in our previous work.’!l The result of the interference pre-
sented a petal-like pattern and was captured by a charge-
coupled device camera placed on the output side. The petals
had a count of exactly 2/, which signified that the value of
the TC carried by the generated beam can be found by simply
analyzing the patterns.

4. Results and discussion

In the first DFG module, both the input beams we used
had a power of 1 W, preparing a 3100 nm Gaussian beam
with a power of 2.36 mW. For ease of comparison, the idler
power was adjusted to 0.2 mW with an optical attenuator
for different OAM. The final power of the wave to be con-
verted was 0.118 mW at the incident face of the crystal, suf-
fering a total loss of 41.1% during the transmitting procedure,
which was mainly introduced by the dichromatic mirror be-
cause of the mismatch of the center wavelength. For vary-
ing up-conversion pump power (while the idler power was
maintained at 0.118 mW), the results of the generated sig-
nal power for each OAM are illustrated in Fig. 3(a). Notice
that the results given by the analytical calculations agree well

with the experimental values initially, but gradually deviate
as the pumping power increases. This deviation is not a sur-
prise, as the small-signal approximation was used in obtaining
the analytical expressions, which requires a low conversion
efficiency. As the pump power increased, the consumption
of MIR photons intensified and deviations between theoreti-
cal and experimental results were inevitable. The numerical
calculation, on the other hand, avoided this problem and gave
theoretical predictions that are relatively close to the exper-
imental values. For both the /[ = 1 and 2 cases, there was
some deviation between the theoretical and experimental val-
ues. Because the Gaussian light passing through the VPP was
not in an exact Laguerre Gaussian mode,>>>3! aberration of
the MIR beams carrying OAM generated by the DFG progress
was unavoidable. Considering the 2.03% power loss caused by
the subsequent filter, the power efficiencies of the SFG system
determined using Npower = Pr92/P3100 Were 133.1%, 40.7%,
and 13.6% for TC [ values of 0, 1, and 2 respectively with a
pump power of 37 W, and the corresponding QCEs defined by
Nquantum = TMpowerA792/A3100 Were 34.0%, 10.4%, and 3.5%.
The conversion efficiency was satisfied in Gauss mode but re-
duced rapidly for increasing OAM orders. The main cause
was different overlaps between the idler and the pump beams,
as the OAM charge would affect the beam size and ampli-
tude vividly. Consequently, in the up-conversion of structured
beams with different OAM modes, the focusing parameters
can be adjusted utilizing the same method shown in Figs. 1(b)
and 1(c), which would optimize the efficiency of SFG to some
extent. To further eliminate the dependence of the conver-
sion efficiency on the TC, modulation methods such as flat-top
pump or imaging techniques can be considered.>*>°!

0.16 T r r
— 1 =0 simulation Pl 1.0pe, Th

> 0.14F — =1 simulation L7 30 ) eory (b)
= — [ =2 simulation (a) = e Experiment
£ 0.12} - -1=0 analysis 125 o 0.3
T 00f ZDiSg Anays SR
= 0. F--l= is S &=
R 0 £ o
3 0.08 SRk o
A 50 Q
— 0.06 % 5 04 :
= , 10 g
&0 0.04 £ 02
“oo2t A pep-mmo ? z 't

0 i w— . . . 0 0 x

0 5 10 15 20 25 30 3f 40 0 1 2 3 4

Pump power (W)

OAM index [

Fig. 3. Experimental results and theoretical predictions of the up-conversion process. (a) Relationships between the pump power and the SFG
output powers for / =0, 1, and 2. The dashed lines are the analytical projections based on Eq. (3), while the solid lines present the results of
numerical simulation. (b) Experimental results and predictions from numerical simulations of up-conversion efficiency for different OAM indexes.

During the two-step frequency transformation, the OAM
should always be conserved as described in our previous study.
Take the SFG process as an example, assuming that the two in-
put beams carried TC of /; and I, respectively, the generated
SFG light would have OAM of (I; + L) 7.1 In the DFG pro-
cess, one of the input light carried the OAM with [, so the
resulting MIR and up-converted light should both carry OAM

with the same TC. Based on the above theoretical analysis,
the experiment result can be well explained now. The inten-
sity distributions of the signal beam with [ = 1 and 2, shown
in Figs. 4(a) and 4(c), were recorded by blocking one arm of
the interferometer, and the output images of the interferometer
in normal operation are shown in Figs. 4(b) and 4(d). Fig-

ures 4(e)—4(h) give the corresponding simulation results for
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Figs. 4(a)-4(d), exhibiting the same characteristics as the ex-
perimental results. The petal-like interference pattern shows
the mode indices of the generated beam, as discussed in the
preceding presentation. The numbers of petals in our experi-

The dependence of output power on the temperature of
the crystal for the DFG and SFG processes is shown in Fig. 5.
The phase-matching temperatures were 55 °C and 55.2 °C,
while the temperature bandwidths were 7.2 °C and 6.9 °C, re-
spectively. The experimental results of the power of the gen-
erated 3100 nm and 792 nm waves with different temperatures
are marked in the figure, and the measured data can be fitted by
solving the coupled wave equations. ! The insert in the upper
right corner of Fig. 4 shows how the phase mismatch affects
the efficiency of SFG by numerical simulation, displaying a
half peak width of 140 m~!, while the same parameter given
by the experimental conditions is 137 m~.

2.5 T T A 0.25
« DFQ data K S
o - - DFG fitting VNG - —~
% 2.0F ¢ SFQ data ,‘ 993‘ 2010 N - 10.20 =
= - -SFG fitting o + W 2 g
I b ' o005 " P
o 1.5F o ! vy s . [40.15 &
3 . ‘\‘; . . g
A ." ° LA [llil(l 0 100 200 B E—
g 1.0r ;! X3 : 10.10 4
: Y :
a I
S 0.5f oy & 10.05 &
)
o vep0 A“"o
o="* Lot s, . MhessS TNy 0
45 50 55 60 65 70

Temperature (°C)

Fig. 5. Output power of DFG and SFG depending on temperature.

5. Conclusion

Based on our present experimental conditions, the inten-
sity profile of the MIR beam could not be obtained directly.
The length of the crystals and the internal nonuniformity af-
fected the quality of generated beams to a certain extent, such

mental results indicated that the TCs of the up-converted light
were 1 and 2 respectively, equaling the TC of the original sig-
nal beam, which is in agreement with the theoretical prediction
and numerical simulations.

O
o

Fig. 4. Experimental results of the up-converted images. (a) and (c) Intensity distributions of up-converted light for / = 1 and 2. (b) and (d)
Interference patterns for / = 1 and 2. (e)—(h) Images of the corresponding simulation results for (a)—(d).

as the generation of distortions and vortex splitting caused by
aberration. Besides, the relatively small aperture of the crystal
puts a limit on the choice of the focusing parameter, especially
for a beam at a long wavelength. For up-conversion of image
or light carrying OAM with higher-order TC, a crystal with a
larger intersecting surface would perform better.

In summary, we have studied the frequency bridge be-
tween the visible and MIR bands for vortex light based on
QPM crystals. We generated the MIR beams through a DFG
process and then demonstrated OAM frequency up-conversion
experimentally for different OAM modes. The maximum
QCE:s that were achieved for OAM modes with TCs of 0, 1,
and 2 were 34.0%, 10.4%, and 3.5%, respectively. The ex-
perimental data were compared with the results of analytical
expression and numerical simulation, proving the feasibility
of theoretical prediction. We also verified the conservation of
OAM in cascaded processes and studied the dependence of the
output power on the temperature of the crystals. The present
work provides a reliable solution for up-conversion detection
of light carrying OAM in the MIR band, using a bulk crystal
that preserves phase information well. By adjusting the crys-
tal parameters and reducing the noise, this setup could poten-
tially be extended to general image up-conversion detection
and works at the single-photon level. This progress will be
beneficial and encouraging for numerous applications that use
MIR light as an information carrier and a means of detection,
for example in the fields of biological detection, astronomical

[56]

observation, environmental monitoring, and remote sens-

ing.
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