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Abstract: Large heterodyne receiver arrays (~100 pixel) allow astronomical instrumentations
to map more area within limited space mission lifetime. One challenge is to generate multiple
local oscillator (LO) beams. Here, we succeeded in generating 81 beams at 3.86 THz by
combining a reflective, metallic Fourier grating with an unidirectional antenna coupled 3rdorder distributed feedback (DFB) quantum cascade laser (QCL). We have measured the
diffracted 81 beams by scanning a single pyroelectric detector at a plane, which is in the far
field for the diffraction beams. The measured output beam pattern agrees well with a
simulated result from COMSOL Multiphysics, with respect to the angular distribution and
power distribution among the 81 beams. We also derived the diffraction efficiency to be 94 ±
3%, which is very close to what was simulated for a manufactured Fourier grating (97%). For
an array of equal superconducting hot electron bolometer mixers, 64 out of 81 beams can
pump the HEB mixers with similar power, resulting in receiver sensitivities within 10%. Such
a combination of a Fourier grating and a QCL can create an LO with 100 beams or more,
enabling a new generation of large heterodyne arrays for astronomical instrumentation.
© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction
Radiation at terahertz (THz) frequencies, broadly defined as the 0.3 THz – 10 THz range, has
attracted wide interest for applications in astronomical instrumentation, biomedicine, plasma
diagnostics and homeland security [1]. Compared to THz direct detection techniques,
heterodyne detection, combining a mixer with a local oscillator (LO) to convert a THz
frequency radiation line to a lower frequency ~GHz signal, has the advantages of extremely
high spectral resolution together with a quantum noise limited sensitivity. These
characteristics make heterodyne detection a powerful technique in astronomical
instrumentations to resolve the velocity information from molecular rotational lines and
atomic fine structure lines at THz frequencies in the interstellar medium (ISM). For examples,
velocity-resolved large-scale images in the fine-structure line of ionized carbon [CII] at 1.9
THz, observed by a 14-pixel heterodyne array receiver on the Stratospheric Observatory For
Infrared Astronomy (SOFIA) [2], provide an observational diagnostic for the radiative energy
input and the dynamics of the interstellar medium around massive stars [3]. The [CII] spectral
line from the Stratospheric THz Observatory 2 (STO2), which is equipped with a 2-pixel
heterodyne array, is compared with other fine structure lines to investigate the kinematics of
the Trumpler 14 region in the Carina Nebula Complex [4].
#374660
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In the applications for homeland security, heterodyne techniques can be useful for both
active imaging and passive imaging system [5]. A heterodyne imaging system is attractive
because such a system detects not only the intensity, but also the phase, making the detection
more decisive than the direct detection [6]. Both astronomical and homeland security
applications will benefit from a heterodyne array to increase the imaging speed or observation
efficiency [7]. Currently, due to the high power consumption in the backend of a heterodyne
receiver, including low noise amplifiers and spectrometers, and the needs of the local
oscillator (LO) array [8], the practical heterodyne receivers operating at supra-THz (> 1 THz)
are limited to an order of 10 pixels. With recent advances in backend technology, involving
low-noise-amplifiers [9] and CMOS digital spectrometers [10], both of which have
demonstrated impressively low power consumptions, one can envision large heterodyne
arrays, for example, 100 pixels or more, for future astronomical instrumentations in space.
This allows for mapping more regions of astronomical interest within a space mission lifetime
compared to current heterodyne arrays. Similar statements also apply to ground-based
telescopes especially at frequencies where suitable weather conditions are rare. The challenge
to develop large arrays now is to generate a large LO array with sufficient power and good
uniformity among individual beams [11]. In comparison with LO sources based on
multipliers [12], quantum cascade lasers (QCLs) are a more promising LO source in the
supra-THz region due to its high output power. Current QCLs working at supra-THz
frequencies have been demonstrated to cover the range from 1.2 THz to 4.9 THz, and their
output powers typically are milliwatts or more [13], which is sufficient as an LO for a
heterodyne array with more than 100 mixers. Besides, the distributed-feedback (DFB) laser
structures based on double metal waveguide designs allow single-mode emission and hightemperature operation [14]. Therefore, multiplexing a single beam from a QCL by a
diffraction grating to generate an LO array is an attractive approach for large heterodyne
arrays.
A phase grating has played a crucial role in optics-related science and applications,
including orbital angular momentum beams for optical communications, chromatic broadband
nulling, UV and terahertz beam multiplexing, and complex beam shaping [15–19]. A phase
grating is a periodic structure converting a single coherent radiation beam into multi-beams in
different directions by manipulating the phase of the input beam. In [20], Dammann and
Görtler proposed gratings with binary groove shapes, called Dammann gratings, and also
structures with continuous phase-only groove shapes. Compared to a Dammann grating, a
grating with a continuous phase-only groove shape achieves a higher diffraction efficiency,
which is defined as the ratio between the power diffracted into the desired orders and the
power of the input beam. The use of a Fourier synthesis technique to achieve the continuous
phase-only groove shapes was proposed by Schmahl [21], and gratings having a fundamental
and a finite number of harmonics are called Fourier gratings [22]. Better milling tool permits
fabrication of Fourier gratings with finer features, thus higher diffraction efficiency. In
essence, such a structure can also be viewed as a metasurface, manipulating the phase of the
incoming beam [23]. Lanigan et al. fabricated a 3-pixel Fourier grating at 0.1 THz [24]. Graf
and Heyminck [25] demonstrated an 8 beams grating operated at 490 GHz with a measured
diffraction efficiency ~84%. A 7 pixel grating operated at 1.1 THz with diffraction efficiency
~80% has also been realized in [26]. Recently, Mirzaei et al in [27] have pushed the
frequency further to 1.4 THz, and even to the 4.7 THz with a 2 × 4 Fourier grating with a
diffraction efficiency of 74% in [18]. A 4.7 THz grating of 2 × 4 will be used as an LO
multiplexer for mapping [OI] line emission in Galactic/extragalactic Ultra long duration
balloon Spectroscopic Stratospheric THz Observatory (GUSTO), which will be launched in
2021 [28]. Fourier gratings have good performance in terms of diffraction efficiency and
uniformity among the image beams when the number of output beams is less than 10. In this
case, about 20 – 30% of the incoming beam power is diffracted into unwanted higher
diffraction order modes. Interestingly, a Fourier grating aiming for more diffraction orders (or
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a large number of diffracted beams) can offer a higher diffraction efficiency according to
simulation shown below.
From the manufacturing point of view, accurately duplicating the surface profile of a
Fourier grating is crucial [29], especially for large-pixel gratings working at supra-THz
regions, since the performance of the grating is dominated by the surface profile. A Fourier
grating operated at a higher frequency is more difficult to fabricate since the accuracy is more
demanding. In this paper, we present a Fourier grating that generates 81 beams at 3.86 THz,
where the incoming beam is provided by an unidirectional antenna coupled 3rd-order
distributed feedback (DFB) QCL [30].
2. Fourier grating
2.1. Diffraction theory
Based on the diffraction theory [31], the diffracted far field beam distribution from a phase
grating is mathematically represented by

U ( x, y ) =
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where the term U (ξ ,η ) exp(( jk / 2 z )(ξ 2 + η 2 )) describes the field distribution in the
grating plane. Based on Eq. (1), the far field distribution is the Fourier transform of the field
distribution in the grating plane. Since a phase grating manipulates the phase component of
the incoming coherent beam, the field distribution in the phase grating plane is
exp( j Δφ (ξ ,η )) , where Δφ (ξ ,η ) is called a phase modulation function and is expanded in a
Fourier series with a set of Fourier coefficients an. Using the Fast Fourier Transform
algorithm in Matlab, we define the far field multi-beams distribution. Then a set of an is found
for the desired number of diffraction orders with high diffraction efficiency and good
uniformity using the Standard multidimensional minimization algorithm in Matlab.
According to the relation between phase difference and groove depth of the surface structure
on the grating d = λΔφ / 4π cos θi , where λ is the wavelength of the input radiation, ∆φ the
phase difference, and θi the incident angle with respect to the normal direction of the grating,
we can define the groove profile of the grating based on the phase modulation function.
2.2. Grating design and fabrication

We generate a two-dimensional (2D) grating by superposition of two 1D gratings
orthogonally. Thus its beam pattern is orthogonally distributed. In order to maintain the
symmetry, gratings with an even number of employed diffraction-orders (pixels) are added
with a half-wave phase step in one half of the unit cell to suppress all the even orders [25],
making their surface structure finer than odd-pixel gratings. Besides, even-pixel gratings have
lower diffraction efficiency than odd-pixel gratings since the intensities in even diffractionorders cannot be fully suppressed in most cases. Table 1 shows the diffraction efficiency of
1D gratings with different number of beams and their minimum radius of curvature (MRC) by
assuming that the input beam is normally incident to the grating and by assuming a 1.2 mm
unit cell. MRC is a crucial parameter for the manufacturer because the designed fine structure
of the grating surface can only be reproduced when MRC of the grating is larger than the
radius of the ball end mill used in a micro-milling machine. Our initial goal was to
demonstrate a 100 beam grating. However, we chose to start with a grating for 81 beams
because our simulation shows that a 9 × 9 pixel grating can achieve 98% diffraction
efficiency and also a relatively uniform power distribution among the diffracted beams.
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Table 1. The diffraction efficiency and minimum radius of curvature of gratings with
different number of beams.*
Pixel number
2
3
4
5
6
7
8
9
10
11
Diffraction
efficiency
80.6
92.5
90.8
92.3
86.6
96.9
91.9
99
87.0
97.5
(%)
MRC(μm)
102
1167
94
513
84
312
62
267
54
153
*All the gratings are illuminated with a normal incident beam and their unit cell sizes are fixed to 1.2 mm.
Generally speaking, odd-pixel gratings have higher diffraction efficiency and larger MRC than what those
from even-pixel gratings because even-pixel gratings are added a half-wave phase step in one half of the
unit cell.

Fig. 1. (a) 81 pixel Fourier grating machined on a 5 mm thick aluminum plate. Gating contains
16 × 16 unit cells, each of them is 1.2 mm × 1.2 mm in size, thus the entire grating is 2 cm × 2
cm. (b) The surface topology of the 81 pixel grating taken by a 3D optical microscope. The
color indicates the height. (c), (d) The comparison between the designed profile in red (dashed)
and the manufactured profile in blue.

Based on the equation for a 1D reflection grating, D(sin θ m − sin θ i ) = mλ , where D is the
periodicity, θm is the angle of the m’th diffraction order, and θi is the incident angle with
respect to the normal of the grating, the angular separation of the image beams is calculated to
be ~3.8° (in our case, D = 1.2 mm, θi = 12°, and λ = 78 μm). The grating is machined on an
aluminum plate (Alcoa QC-10 Mold Alloy, of 5 mm thick) using an KERN EVO micromilling machine. The MRC for this design is 357 μm, which is about 4 times the radius (90
μm) of the smallest ball end mill currently available for the micro-milling machine used. In
this case, this machine is capable of patterning all the fine surface features. A photo of the
manufactured grating and its 3D optical microscope image are shown in Fig. 1(a) and (b),
respectively. The entire grating contains 16 × 16 unit cells and is 2 cm × 2 cm in size. We also
measured the surface profile of a unit cell in two orthogonal directions using a Dektak XT30
stylus profiler. We found good agreement between the measured profile and the designed one
with a deviation less than 1 μm in height (1/78 of the working wavelength). The effect of such
a difference on the grating performance will be discussed in the results section.
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3. Measurement setup

We apply an unidirectional antenna-coupled 3rd order distributed feedback (DFB) quantum
cascade laser (QCL) at 3.86 THz as the input source for the grating. This laser can provide
more than 10 mW output power. The unidirectionality, resulting from the reflector shown in
Fig. 2(a), enhances the power level of the forward beam by a factor of ~2. In our
measurement, we used one of the lasers out of an array of 20 DFB lasers as the input source.
Figure 2(b) shows the laser array chip mounted on a carrier.
Figure 3 shows our measurement setup schematically. The QCL was mounted in a pulse
tube cooler working at ~10 K. We measured the far field beam pattern of the laser at a
distance of about 3.5 cm from the laser, which is shown in Fig. 2(c). The beam has a size ~25
mm in the vertical direction and ~15 mm in the horizontal direction, implying the full width at
half-maximum (FWHM) divergence angles to be 23° and 14° in the vertical and horizontal
directions, respectively. Obviously the beam has considerable deviation from a fundamental
Gaussian beam profile. Since the Fourier grating duplicates the beam pattern of the input
beam in its output, directly applying the beam in Fig. 2(c) to the grating requires a large
distance to image the output beams with sufficient angular separation to be spatially resolved.
However, taking into account the absorption by water vapor in the air at this frequency, we
have to choose a short optical path that is within 30 cm in practice. To overcome this issue,
we have to make a smaller and collimated incident beam to the grating. We introduced a
high-density polyethylene plano-convex lens with a 20 mm focal length to collimate the QCL
beam first and then we filtered it with a 5 mm iris aperture. The resulting beam is symmetric
and Gaussian-like, shown in Fig. 2(d). This beam is nearly collimated with its FWHM
divergence angle to be < 1°. It is also important to notice that the incoming beam at the
position of the grating has a diameter of 7 mm and covering more than 5 unit cells on the
grating. Although the power of the modified beam is lower than the output power of the QCL
(5-10% powers), there is still sufficient power to map output beams of the gratings with a
good signal-to-noise ratio.
The incident angles of the incoming beam are 12 ± 2° and ± 2° with respect to the normal
of the grating plane in the horizontal and vertical directions, respectively (see Fig. 3). A pyroelectric room temperature detector mounted on a 2D scanner is used to map the image beam
pattern at a distance of 12 cm from the grating surface. The detector has a 2-mm diameter
aperture and is mounted inside an aluminum housing. The latter together with the planar
mapping makes the measured power direction dependent with the maximum if the radiation is
incident normally. The detector is read out by a lock-in amplifier. An arbitrary waveform
generator is used to modulate the power supplier of the QCL and provides a reference to the
lock-in amplifier with a 70 Hz sinusoidal function. A PC is used to control the 2D scanner
and record the data from the lock-in amplifier.
To compare the total power of the image beams of the desired modes with that of the
input beam, we measured the input beam power in the following way, where the grating is
replaced by a gold coated mirror, which reflects nearly 100% power. The reflected single
beam is also mapped by the pyro-electric detector at the same distance as measuring the
grating imaging beam (12 cm). In this way, we can compare the relative power values
accurately since the effect of water absorption due to the optical path is canceled out even
though we do not know the absolute power. Caution has been taken to reduce stray light by
introducing THz blackbody absorbers to cover the outside area of the circular aperture and the
unilluminated area of the grating.
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Fig. 2. (a) The SEM of the 3rd-order DFB QCL [30]. (b) Array of DFB lasers gold-wire
bonded to an electronic chip [30]. (c) Beam pattern of the QCL measured at a distance ~3.5 cm
from the laser. It deviates from Gaussian profile and has large divergence angles in both
vertical and horizontal directions. (d) Pattern of the QCL beam collimated by a lens and
filtered by an iris aperture, measured after reflection from a flat gold-coated mirror in place of
the grating in the setup.
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Fig. 3. Schematic diagraam of the measureement setup to test the performance oof the grating. Thee
QCL is cooled to ~10
0 K by a pulse tu
ube cooler and itts bias voltage iss modulated by a
sinuso
oidal function at 70
7 Hz using an arrbitrary waveform
m generator. The Q
QCL beam is firstt
collim
mated by a high-deensity polyethylen
ne lens and filteredd by an iris apertuure, then reflectedd
by an aluminum mirrorr to illuminate the grating plane. A ppyro-electric detecctor mounted on a
m pattern. The receeived signal is reaad out by a lock-inn
2D sccanner stage is useed to map the beam
amplifier with a 70 Hzz sinusoidal functtion reference. Thhe computer contrrols the stage andd
reads out the signal receeived from the lock
k-in amplifier.

4. Experime
ent results an
nd discussio
ons
Figure 4(a) sh
hows our meassured beam paattern in a planne with an areaa of 84 × 84 m
mm2, at a
distance of 12
20 mm from the
t grating surrface. The intennsity is expresssed in units oof voltage
since the pyro-electric deteector converts the detected iintensity to vooltage. We obsserved 81
beams, which
h are well sepaarated, and hav
ve angular dirrections matchiing to the 1D grating’s
equation. We do notice som
me distortions from
f
a perfect rectangular beeam distributioon, which
most column off the beams. Thhe distortions come from thee fact that
is most visible in the rightm
we recorded the beam patttern from a plaane, but the aappropriate waay is to map thhe beams
across a spheerical surface since the difffracted beams propagate sppherically in sspace. To
visualize the power distribu
ution of the diiffracted beam
ms, a 3D plot iis also includeed in Fig.
nd that the pow
wer distribution
n in the verticaal direction off the measured beams is
4(b). We foun
slightly more uniform than the power disstribution in thhe horizontal ddirection, exceppt for the
umn, where th
he beams are both non-uniforrm and weakerr. This is caused by the
rightmost colu
incident anglee of 12° in the horizontal
h
direection, but norm
mal in the vertiical direction.
To compaare the measureement with the prediction, Figg. 4(d) shows tthe simulated ddiffracted
beam pattern of the grating
g using COMS
SOL Multiphyysics [32]. Thee result is simuulated by
gned unit cell of the gratingg and by repeaating it in
importing thee surface profile of the desig
both orthogon
nal directions, while
w
taking th
he input as a G
Gaussian beam. The simulatedd far field
beam pattern is also plotteed along the plane,
p
which hhas the same distance to thhe grating
nt. We can cleaarly see 81 recctangularly disstributed beam
ms, similar
surface as in our experimen
mulated 81 beaams well reprooduce the
to the measurrement in Fig. 4(a). In other words, the sim
measured 81 beams.
b
The detailed compariison between m
measurement annd simulation rregarding
to diffraction efficiency and
d power uniform
mity will be g iven later. It iss worth mentiooning that
n shows the difffracted individ
dual beams haave the same beeam profile as the input
the simulation
beam. Howev
ver, we notice that
t the uniform
mity of the sim
mulated 81 beam
ms is better thaan what is
seen in the measurement,
m
especially for th
he beams in thhe rightmost coolumn. In this analysis,
we applied COMSOL
C
beccause the Fastt Fourier Trannsform algorithhm in Matlabb used to
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generate the surface profile is not suitable for generating spatially distributed diffracted
beams.
For the non-uniformity in the measured beams, there are a few practical factors in the
measurement that can affect the uniformity in the beam distribution: (1) There were humidity
changes in the laboratory during the beam mapping, which took roughly 20 hours. During this
period, the relative humidity varies between 25% and 45%, which in turn changes the
absorption and influences the image beam intensity distribution. (2) Power coupling between
the pyro-electric detector and the image beams. During the mapping of the image beams, the
measured power is angle-dependent, with more power for the beams in the center, but less
power for the outer beams. (3) There are possible errors to determine the exact incident angle.
The grating is designed for an incident angle of 12° in one direction and 0° in the orthogonal
direction. However, in our experiment, it is problematic to determine the incident angle since
THz radiation is invisible. We estimate an error of ± 2° on the incident angles, which can also
influence the intensity distribution of the image beams. (4) Different distances between the
grating and individual image beams. Since we scan the detector along a plane, the distance
between the grating and scanning position for each beam varies and it is larger for the outer
beams. A longer distance means more loss due to the air absorption. All these experimental
errors can influence the measurement of the grating with regard to the diffraction efficiency
and uniformity.
To correct the error due to the angle-dependent power measured by the pyro-electric
detector, we calibrated the dependence by changing the facing angle of the detector to the
beams in both vertical and horizontal directions. We then adjusted the measured intensity of
the beams. We also measured the power loss due to different distances between the grating
and individual image beams, and found a maximum loss of 0.8%, which is negligible. Other
errors are difficult to correct so the only correction is the angular dependence of the detector
power in our data analysis. However, we removed the noise floor caused by the pyro-electric
detector itself in the image beam data and in the input beam data. Figure 4(c) shows the
corrected measured beam pattern, which agrees better with the simulated one in Fig. 4(d). We
then calculated the diffraction efficiency based on the corrected data set. We found that the
diffraction efficiency is 94 ± 3%. This efficiency suggests that 94% of power has been
transferred from the input beam to the diffracted 81 beams by the grating. Clearly, it is a
highly efficient Fourier grating. The error bar accounts mainly for the following two sources:
the humidity changes in the laboratory and the ± 2° error in the incident angle.
In running COMSOL Multiphysics, we used the periodic port with periodic boundary
conditions in the RF (radio frequency) module to get the simulated diffraction efficiency. The
simulated diffraction efficiency of the designed grating is 98%, but as stated in section 3,
there is a small mismatch (~1 μm) between the manufactured and designed surface profile. So
we also imported the manufactured surface profile into COMSOL and found a diffraction
efficiency of 97%. It reduces the efficiency by 1%. This 97% value agrees with the measured
value of 94 ± 3% within the margin of error.
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Fig. 4.
4 (a) Measured beeam pattern. (b) 3D
D beam profile off the image beam pattern. (c) Imagee
beam pattern after calib
brated the effect of
o the coupling w
with detector and rremoved the noisee
n of the designed ggrating.
floor. (d) Simulated far field beam pattern

Another important perfo
formance indiccator of a gratting is its unifformity in beaam power
W
the gratiing is used to generate multi
tiple beams as a local oscillaator, each
distribution. When
beam will pu
ump a mixer, and
a thus the po
ower should bbe within certaain range of thhe desired
value, in wh
hich all the mixers
m
will perform optimallly. The detaiils can dependd on the
sensitivity of the mixers an
nd the optical components
c
beefore the mixerr. In supra-TH
Hz region,
superconductiing hot electrron bolometerr (HEB) mixeers are the deetectors of chhoice for
heterodyne in
nstrumentation due to their high
h
sensitivitiies and low L
LO power requuirements.
However, unllike supercondu
ucting–insulato
or–superconduuctor (SIS) mixxers, which aree operated
only below 1..4 THz, and Scchottky diode mixers, whichh are relatively insensitive to variation
of the LO pow
wer, the performance of HE
EB mixers is L
LO power depeendent [33]. Baased on a
set of pumped current-voltaage characterisstic data with a variable LO
O power in [344] and the
i the LO pow
wer changes wiithin ± 20% aaround its
isothermal tecchnique [35], we find that if
optimal poweer, the receiver noise temp
perature, whicch characterizees the sensitivvity of a
heterodyne reeceiver, remain
ns at a value wiithin 10% of thhe best sensitivvity [36].
From the data
d in Fig. 4(cc), we calculatee the relative ppower for each beam, and ploot them in
different colu
umns in Fig. 5((a), where we should expectt all the beamss to weight forr 1.2% of
the total poweer if the diffraccted beams are perfectly unifoorm.
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Fig. 5.
5 (a) The powerr distribution of the
t measured imaage beams distribbuted in differentt
colum
mns. (b) The powerr distribution of th
he image beams frrom the simulationn using a designedd
surfacce structure.

We found
d that the relativ
ve power variees from 0.4 to 1.5% and the nnon-uniformityy happens
mainly on thee two rightmo
ost columns (co
olumns 8 & 99) in the measuured beam patttern. For
comparison, the
t simulated power
p
distributtion is plotted in Fig. 5(b), w
where the relatiive power
varies from 0.8 to 1.45%
%. So the sim
mulation gives a better unifformity. However, the
he non-uniform
mity contributeed largely by the rightmostt column.
simulation also suggests th
o 64 beams ou
ut of 81 are wiithin ± 20% raange, i.e., the 664 beams
From Fig. 5(aa) the power of
can be directlly used to pum
mp an uniform
m HEB mixer aarray, where eevery HEB reqquires the
same LO pow
wer. In contrastt, 78 beams ou
ut of 81 vary w
within this rangge from the sim
mulation.
The differencce is likely du
ue to the mism
match betweenn the designedd and the manuufactured
surface profile. By importting one unit cell of the m
manufactured surface topollogy into
ultiphysics and
d simulating th
he power distrribution of the output beamss, we find
COMSOL Mu
that 68 beamss out of 81 are within ± 20%
% around the noominal value. T
Therefore, the precision
in manufacturring seems to play a crucial role in the unniformity of thhe grating. Bessides, the
humidity chan
nge in the labo
oratory may alsso affect the unniformity. Desspite the non-unniformity
in the measurred beams, wee can still effecctively use all 81 beams by replacing the detectors
that require lower or higheer LO than thee nominal valuue instead of an ideal unifoorm HEB
array. It is relatively easy to
o control the req
quired LO pow
wer of a HEB m
mixer by controolling the
size of an HEB.
To realizee the simulated uniformity, we can improove the manufacturing accuuracy, for
example, to be as good as 0.5 μm. Howeveer, to improve the power uniformity of the LO array
beyond the cu
urrent simulation result, there are two posssible methods to proceed. Firrstly, one
can design a 2D grating by
y directly searcching for the F
D grating
Fourier coefficcients for a 2D
perimposing tw
wo 1D gratings orthogonallyy. It has been rrecently shownn that the
instead of sup
diffraction effficiency is im
mproved using this method [[37]. Potentiallly it may impprove the
uniformity, bu
ut it needs to be demonstratted in practicee. Alternativelyy, one can usee two 1D
gratings to geenerate a rectan
ngularly distrib
buted beam patttern. From thee beam pattern in Fig. 4,
the power disstribution in th
he vertical dirrection is obviiously more unniform than thhat in the
horizontal dirrection. That iss due to the diffferent incidentt angles in thesse two directioons, being
0° in verticaal direction an
nd 12° in horizontal directiion. Illuminatiing the grating with a
normally incident beam willl increase the uniformity off the grating, bbut in reality a non-zero
incident anglee is needed forr a reflection grating.
g
Since bboth the simullation and meaasurement
results demon
nstrate that the incident anglee in the horizo ntal direction hhas nearly no influence
on the powerr uniformity in
n the vertical direction,
d
one ccan generate 881 beams by uusing two
separate 1D gratings
g
of 9-pixels in series.
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5. Conclusion

We report a 81-beams supra-THz LO array generated by a Fourier grating with a
unidirectional 3rd-order DFB QCL emitting single mode radiation at 3.86 THz. We
succeeded in measuring 81 diffraction beams and, due to a high output power of the QCL, we
have achieved a good signal-to-noise ratio allowing us to determine the diffraction efficiency
of the grating, which is 94 ± 3%, and evaluate the power uniformity of the image beams. The
measured diffraction efficiency agrees well with the simulated result using the profile of the
manufactured Fourier grating. The latter gives 97% efficiency. Based on the measurements
and uniformity requirement of the LO power for superconducting HEB mixers, we find 64
beams out of 81 have their power varying within ± 20% around the nominal value and that
the 64 beams can be used to pump a 64 uniform array, maintaining the sensitivity degraded
less than 10%. Our results open a new route towards a large heterodyne array of order of 100
pixels for future space instruments. Our Fourier grating approach can improve the
functionalities of the phase gratings, such as the diffraction efficiency, for orbital angular
momentum beams for optical communications, UV beam splitting, and complex beam
shaping.
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