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Higher-order spatial laser modes have recently been investigated as candidates for reducing test-mass
thermal noise in ground-based gravitational-wave detectors such as advanced LIGO. In particular, higher-
order Hermite-Gauss (HG) modes have gained attention within the community for their more robust
behaviors against random test-mass surface deformations and stronger sensing and control capacities.
In this Letter we offer experimental investigations on various aspects of HG mode interferometry. We have
generated purified HG modes up to the twelfth order HG4 ¢ mode, with a power conversion efficiency of
38.8% and 27.7% for the HG; 3 and HG ¢ modes respectively. We demonstrate for the first time the
misalignment and mode mismatch-induced power coupling loss measurements for HG modes up to the
HGg ¢. We report an excellent agreement with the extended numerical power loss factors that in the “small
power loss” region converge to 2n + 1 or n> + n + 1 for a misaligned or mode mismatched HG,, ,, mode.
We also demonstrate the wavefront sensing (WES) signal measurement for HG modes up to the HG¢ . The

measurement result is accurately in accordance with theoretical WFS gain f8, ,,_;/n + f,,,+1Vn + 1 for an
HG, , mode, with §,,_, being the beat coefficient of the adjacent HG,,,, and HG,,_, , modes on a split

photodetector.
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Introduction.—Laser beams with higher-order spatial
transverse modes (HOMs) are actively investigated as a
beneficial alternative for the currently used fundamental
Gaussian laser beam to reduce the thermal noise of
interferometric gravitational-wave (GW) detectors [1-3].
This offers valuable improvements on the detector sensi-
tivities at frequency bands that are limited by the thermal
noise, such as at frequencies around 100 Hz for the current
GW detectors such as advanced LIGO (aLIGO) and
advanced Virgo [4-7], or at around 10 Hz for the next-
generation detectors such as Cosmic Explorer and Einstein
Telescope [8,9]. Beyond the thermal noise benefit in GW
detectors, higher-order laser modes are also a prominently
active area of study in a variety of applications, such as a
finer characterization of topologically complex electronic
matter [10], high-resolution imaging for object identifica-
tion [11], improved-precision small-displacement measure-
ments [12], and high-efficiency multimode quantum
communication and information processing [13].

Unlike the previously favored higher-order Laguerre-
Gauss modes with their susceptibilities against realistic
mirror surface imperfections [14-17], higher-order
Hermite-Gauss (HG) modes with their symmetry between
the tangential and sagittal components can be made
compatible with the current mirror polishing techniques
with the deliberate addition of astigmatism [18,19]. It has
also been demonstrated by the authors that higher-order
HG modes offer stronger alignment and mode-matching
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sensing capacities in different sensing schemes [20], which
helps maintain optimal alignment and mode-matching
working states in the interferometer and limits the power
coupling loss scattered to other nonresonant modes [21,22].
Higher-order HG modes have also been experimentally
investigated with their high-efficiency generation at higher
power [23] and the compatibility with the squeezed light
generation techniques for quantum noise reduction [24,25].

This Letter focuses on the experimental aspects of
higher-order HG mode interferometry, verifying the mis-
alignment and mode mismatch-induced power coupling
loss scaling relations, and the compatibility with the wave-
front sensing (WFS) and control techniques that are
currently implemented in alLIGO. We start with higher-
order HG mode generation that uses a computer-controlled
liquid-crystal-on-silicon spatial light modulator (SLM). A
Gaussian beam incident on the SLM screen picks up a
“checkerboard-shaped” phase profile that resembles the
phase front of higher-order HG,, ,, modes at the waist. The
converted beam is purified with a premode-cleaner (PMC)
cavity and is used to pump a downstream cavity. With the
mode matching to the PMC optimized for the HG; ; mode,
we report a power conversion efficiency of 38.8% for the
HGg; 3 mode that is limited by the diffraction and absorption
loss of the SLM.

Previously we showed through an analytical calculation
that higher-order HG modes suffer more power coupling
loss when, for example, coupling into the eigenmode of an

© 2024 American Physical Society
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optical cavity, due to the mode scattering induced by
misalignment and mode mismatch. Specifically, in the
“near-perfect” alignment and mode-matching states, an
HG, , mode suffers 2n + 1 times more power loss than
the fundamental HG, ; mode for the same alignment state,
and it suffers n> + n + 1 times more power loss with the
same mode-matching condition [22]. In this Letter, we
pushed beyond the near-perfect beam perturbation region,
and investigated the power loss behavior for HOMs with
increasing misalignment and mode mismatch. We found
that with a finite amount of misalignment and mode
mismatch, the power loss scaling relations start to deviate
from the analytical results that only take the nearest sets of
scattered modes into the power loss consideration. More
accurate and robust numerical results that use no modal
approximation for the misalignment and mode mismatch-
induced power loss for HOMs up to the HG¢ ¢ are shown
beside the experimental results, and we report excellent
agreements.

We have also previously shown analytically and with
simulations using FINESSE [26—28] that despite the fact that
higher-order HG modes suffer more power loss from a
given amount of misalignment and mode mismatch, they
also provide stronger alignment and mode-mismatch sens-
ing signals [20]. This provides better sensing and control
capacities for higher-order HG modes over misalignment
and mode mismatch, which could be used to mitigate their
excessive power coupling losses. In particular, in the wave-
front alignment sensing scheme, an HG,, ,, mode generates
a sensing signal that is f,,_1v/n + f,,,.1vVn+ 1 times
stronger than for the HG,, , mode, where f3, ,,_; for instance
is the beat coefficient between the adjacent HG, , and
HG,_, , modes on a split photodetector [20]. In this Letter,
we report for the first time an experimental demonstration
of the wavefront alignment sensing signals for HOMs up to
the HG4 ¢ mode. We report an excellent agreement of the
WES gain measurement with the theoretical prediction.

Basic setup.—In order to generate higher-order HG
modes, we implemented the 1920 x 1152 XY phase series
of liquid crystal on silicon spatial light modulator from
Meadowlark Optics. The checkerboard-shaped phase maps
were applied to the SLM, with the accumulated phase being
either 0° or 180° to mimic the phase front of a higher-order
HG mode at its waist. The converted beam reflected off the
SLM was mode matched to a premode cleaner cavity,
labeled as “PMC” in Fig. 1. The laser was locked to a
particular HOM eigenmode of the PMC through the Pound-
Drever-Hall (PDH) technique by actuating the laser piezo
and the crystal temperature. The purified HOM beam
transmitted through the PMC was used to pump a sub-
sequent cavity, labeled as “Cav,” in Fig. 1. The mirrors in
both cavities are one inch in diameter, large enough for all
the HOMs with negligible clipping losses on the cavity
mirrors. The laser was then locked to the same HOM
eigenmode of “Cav,” by sending the PDH control signal

FIG. 1.

Experiment layout.

from the second control loop to the end mirror piezo of the
PMC, which “drags” the laser frequency along through the
first closed control loop to match the resonance frequency
of the second cavity. Cav, acts as a mode reference cavity
that was used to demonstrate the misalignment and mode-
mismatch power coupling losses, as well as the wavefront
alignment sensing for HOMs. The wavefront sensing
measurement was made by the quadrant photodetector
(QPD) in the reflection of Cav,. It detects and demodulates
the beat signal between the radio-frequency (RF) sideband
field generated from the second electro-optic phase modu-
lator, labeled as “EOM,,” and the misalignment-induced
carrier frequency offset modes.

We also have a separate beam path that bypasses the
SLM. This “HG o-path,” indicated as the dashed lines in
Fig. 1, functions as a reference for the impedance matching
condition of the PMC and was used to characterize the
conversion efficiency of the HOM generation.

HOM conversion efficiency.—We want to optimize the
HOM conversion process, generating as much purified
HOMs as possible from a given fundamental mode input
beam. The conversion efficiency is quantified by compar-
ing the transmitted power through the PMC in a particular
HOM to the maximum power coupling to the PMC for the
fundamental mode, measured by the HG-path. With
optimal alignment, the power mode mismatch for the
HG -path is 1.8%, by comparing the second-order modes
power to the fundamental mode. The power in the HG
mode transmitted through the PMC is 255 mW. This indi-
cates that with perfect mode matching, the maximum
coupling power for the PMC would be 255/(1-0.018) =
260 mW, which is used as a reference to estimate the HOM
conversion efficiency. In this HG-path, the incident
power on the PMC (the same as the power incident on
the SLM for the HOM path) is 299 mW, indicating that the
PMC is not 100% transmissive.
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TABLE I. The measured power transmitted through the PMC
P s and the resulting estimated conversion efficiencies 77; and 7,
for HOMs up to the HG¢ ¢ mode.

HOM HG,, HG,, HGs;; HG,,; HGss HGgg
Pune mW) 104 97 101 87 75 7

m (%) 400 373 388 335 288 277
1 (%) 546 510 530 457 394 378

The mode matching for the HOM path was optimized for
the HG; 3 mode. The optimal phase map size for generating
an HG; ;3 mode compared to the beam size on the SLM is
around 0.4 according to our numerical calculation.
Optimizing the mode matching between the converted
beam and the PMC, we were able to get 101 mW purified
HG;; mode, indicating the conversion efficiency for
generating the HGs; mode is 101/260 = 38.8%. The
coupling power and conversion efficiency for HOMs up
to HGg ¢ are listed as Py, and #; in Table. 1. The mode
matching was not reoptimized for the other HOMs, which
indicates a higher mode mismatch power loss for them.

There is also a substantial amount of power lost on the
SLM itself from the absorption and diffraction, due to the
fill factor. Eight diffraction orders are visible in each
direction, with the total diffraction power loss being
21 mW. With 299 mW of light incident on the SLM, there
is only 219 mW of power in the main diffraction order that
incident on the PMC. This suggests that if we do not factor
the SLM loss into our consideration of the HOM con-
version efficiency, and only consider our method of using
the checkerboard-shaped phase profiles and purifying with
a PMC, the conversion efficiency for the HG;; mode
would be 101/260-(299/219) = 53.0%. This is rather
close to the theoretical maximum conversion efficiency of
56% for the HG;3; mode according to our numerical
calculation. The corresponding efficiency for HOMs up
to HGg ¢ is shown as 7, in Table L.

Misalignment induced power coupling loss.—With both
cavities locked to the same HOM, the piezo mirror before
Cav, (labeled as “PZT”) was actuated with a sinusoid at
f =10 Hz. When the amplitude of the drive signal is
small, and it is centered around the ideal alignment, the
transmitted photodiode (PD) signal should also be a
sinusoid, at twice the drive frequency (20 Hz), an example
of which is shown in the later section Wavefront alignment
sensing gain. This is because when the misalignment is
small, only the scattered modes that are separated from the
original mode by one mode order contribute to the power
loss, which scales as sin?(27z - ft) = [1 — cos(2x - 2f1)]/2.
As the misalignment gets larger, the scattered modes that
are separated from the original mode by more than one
mode order must be considered for the total power loss.
This produces a 2f PD signal that is no longer a pure
sinusoid, due to the high-frequency contributions from the
large offset modes.

We can then infer the misalignment-induced power loss
from the 2 f signal, by normalizing the peak-to-peak ampli-
tude of the signal with respect to its peak value. The two
cavities were locked to the HGy o, HG, ;, ..., HGg ¢ modes.
The power loss for each HOM normalized by the power loss
for the HG, ; mode (the power loss factor for HOMs) was
measured with three different alignment states, correspond-
ingto 1.8%, 5.1%, and 9.6% power loss for the HG, , mode.
They are shown in the green dots, the blue dots, and the red
dots, respectively, in Fig. 2. The x and y error bars from
the figures were obtained from a repeat measurement of
five times.

We have also numerically calculated the misalignment-
induced power loss factor for HOMs beyond the
“near-perfect” alignment region. This was achieved by
calculating the overlap of the 2D beam amplitude arrays of
the unperturbed beam and the offset beam. The numerical
results are shown in the lines in Fig. 2 for different HOMs.
We see that at near-perfect alignment, the power loss
factors for HOMs scale as 2n + 1, with n being the mode
index [22]. However, the power loss factors decrease as the
amount of misalignment increases, due to the convergence
of the mode overlap coefficients at large beam perturba-
tions, meaning that the contributions from the scattered
modes that are offset from the original mode by more than
one mode order become more and more significant. The
numerical results agree excellently with the measurement,
for all three different alignment states.

Mode mismatch induced power coupling loss.—The
mode mismatch-induced power loss factor for HOMs
was measured by comparing the power in the mode
resonances scattered from the original mode by even mode
orders to the summation of the scattered power and the
power in the original mode. Examples of the even scattered
mode resonances from a mode mismatched HG; ; mode are

Power Loss Factor

4 51 g 9 12 16
Power Misalignment for HGg ¢ (%)

0 1.8

FIG. 2. Misalignment induced power loss factors, namely the
power loss for HOMs normalized relative to the loss for the HGy
mode, with an increasing amount of misalignment.
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Top: measured intensity images for the five mode-mismatch scattered modes for the HG; ; mode (3% power loss for HG ),

with their relative power in each scattered mode; Bottom: corresponding modal estimation for the scattered modes.

shown in Fig. 3. Three different mode matching states were
obtained, at 1.2%, 2.2%, and 3.0% power mode mismatch
for the HGy, mode. The corresponding measured power
loss factors are shown in green dots, blue dots, and red dots,
respectively, in Fig. 4.

The mode mismatch-induced power loss factors for
HOMs, as we move away from the near-perfect mode-
matching state, have also been numerically calculated,
similar to the misalignment case. The numerical results
are shown in the lines in Fig. 4 for different HOMs. We see
that when we are near the perfect mode matching state, the
power loss factors for HOMs scale as n?+n+1, with n
being the mode index [22]. And the power loss factors with
finite mode mismatch decrease as the mode matching gets

43 — HG;,1 HGy,4
— HG;,5 HGs 5
iy HG3 3 —— HGe,6
S 2.2 %
8 314
5 o 3.0%
7
S =1
- 214 ]
o -
- )
E 13 iy
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7 - —jol= lol
Ok ok lol
0 112 022 3 4 5

Power Mode Mismatch for HGy, o (%)

FIG.4. Mode mismatch induced power loss factors, namely, the
power loss for HOMs normalized relative to the loss for the HG
mode, with an increasing amount of mode mismatch.

worse. The numerical results are also in good agreement
with the measurement.

We also noticed a slight discrepancy between the
measured mode mismatch-induced power loss factor and
the corresponding numerical result in Fig. 4, particularly
for higher-order HGs5 and HGg¢ modes at 3% mode
mismatch power loss for the HG,, mode. This is most
likely due to an undercounting of the scatter modes, since
the number of scattered modes gets large at large mode
mismatch, especially for higher-order modes. For instance,
for the HG; 3 mode at 3% mode mismatch, there were five
significant scattered modes identified for the total power
loss, as shown on the top row in Fig. 3, ranked by their
contribution to the total power loss. We were also able to
identify the modal contents for each scatter mode reso-
nance, shown on the bottom row in Fig. 3. For instance, we
see that for the HG; 3 mode at 3% mode mismatch, the
scattered mode resonance that contributes the most to the
total power loss is the odd eighth order modes and the odd
fourth order modes, which are two mode orders away from
the original sixth order HG; 3 mode. This is followed by the
even eighth order modes, tenth order modes, which are
separated by four mode order from the original HGj; 3
mode, and then the even sixth order modes.

Wavefront alignment sensing gain.—For the WES signal
measurement for HOMs, the PZT mirror before Cav, was
actuated with a sinusoid at f = 10 Hz, and the QPD in the
reflection was placed at the image plane of the PZT mirror
to reduce any residual radio-frequency amplitude modula-
tion (RFAM) effect caused by the beam spot movement on
the QPD.

The WES signal experiment was carried out with both
cavities locked to an HG mode from the HG( to HGg g
mode. For instance, the WFS measurement for the HGj 3
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FIG. 5. WFS measurement for the HG;; mode. Top: RF
demodulated output from each of the four QPD quadrants, and
the WES signal by subtracting the right quadrants to the left.
Bottom: the 2f transmitted PD signal.

mode is shown in Fig. 5. We obtain a sinelike RF
demodulated signal from each of the four quadrants of
the QPD. They have the same amplitude, with a 180° phase
difference between the left and right quadrants. The WFS
signal from a split photodetector was obtained by sub-
tracting the demodulated signals from the right quadrants
of the QPD to the left, which is also a sinusoid with
frequency f. The 2f transmitted PD signal is shown at the
bottom of Fig. 5. To get the WFS signal amplitude for each
HOM, we normalize the amplitude of the RF demodulated
signal from the split photodetector by the peak intensity of
the transmitted power. The WEFS signal amplitude for each
HOM, normalized by the amplitude for the HG,, mode
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FIG. 6. WEFS gain measurements for HOMs up to HGg.

(WES gain), is shown in Fig. 6. The error bars from the
repeated WEFS gain measurement are too small to be seen,
relative to the marker size.

We have an excellent agreement between the measured
WES gain for HOMs up to HGg ¢ with the theoretical result
VP, +vVn+1p, .., with B, for instance being
the beat coefficient between the HG,, ,, and HG,,_; ,, on the
split photodetector.

Conclusion.—With the checkerboard-shaped phase pro-
files applied to the SLM and mode purification with the
PMC, we were able to generate higher-order HG modes up
to the HGg ¢ with high purity and efficiencies. For instance,
the conversion efficiency for the HG; 5 and HG4 ¢ mode is
38.8% and 27.7% respectively, with the mode matching
designed for the optimal conversion for the HG; ;3 mode.
We then used the purified HOM to pump a subsequent
cavity to demonstrate their power coupling loss factors
induced by misalignment and mode mismatch, as well as
the wavefront alignment sensing signals. We extended the
numerical power coupling loss factors for HOMs beyond
the near-perfect alignment and mode-matching region [22].
We were also able to demonstrate excellent agreement
between the experimentally measured power loss factors
and the extended numerical results in three different
misalignment and mode mismatch states. Further, we
experimentally demonstrated the WFS signals for higher-
order HG modes for the first time, which were shown
accurately in accordance with the corresponding analytical
WES gains [20].
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