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Gas-filled multi-pass cell (MPC) has been widely used in physics and optics studies.
An important issue that cannot be ignored is the instability of beam propagation, which will
destroy the optical elements and weaken the experimental performance. In this paper, the
authors propose a theoretical investigation of MPC, not only the analytical solution of the
eigenmode, but also the beam evolution in gas-filled MPC. Based on the symmetrical
configuration of MPC, the model is established using the ABCD matrix method and the
beam transmission evolution in MPC. The analytical eigenmode solution is derived by
solving the functions of g-parameter transformation. The beam size and wavefront radius
verify the correctness of the eigenmode. Then, the transfer matrix calculates the beam
evolution of 100 passes in MPC. Compared to the traditional eigenmode calculation, the
method proposed in this paper has higher stability. Starting from a theoretical perspective,
this paper addresses the issue of an unstable beam transmission in MPC, which is significant

for designing and evaluating MPC configuration in frontier scientific research.

1. Introduction

Driven by the needs of frontier research, a gas-filled multi-
pass cell (MPC) technique has rapidly developed [1]. MPC
has been widely used in studies and applications, including
quantum physics [2, 3], spectroscopy [4—6], ultrafast optics
[7-9], and interferometry [10-12]. An MPC structure
contains two concave reflective mirrors, resembling
aresonant cavity. Based on this structure, the beam can
transmit back and forth multiple times in the MPC cavity.
By increasing the optical path length, several advantages
can be achieved, such as obtaining optical delay, enhancing
quantum effects, and strengthening nonlinear effects
[13, 14]. At the same time, based on the symmetry
configuration as a resonator, with the eigenmode condition,
the beam propagates stably in the MPC and the laser output
from the MPC has high beam quality [15]. Therefore, the
two main advantages of the MPC are increasing the optical
path length of the laser and maintaining beam quality.

*Corresponding author at: xywang phy@163.com

https://doi.org/10.24425/opelre.2025.154201

MPC has a portable structure that can effectively extend
the optical path length while maintaining beam quality,
making it widely used in research. In spectroscopy and gas
detection, Yang et al. proposed a miniaturized MPC to
measure O, concentration [16]. A miniaturized MPC was
developed to suppress the interference of ambient O, and
a minimum detection sensitivity was 0.05% in an integration
time of 141 s. Based on an MPC compact spherical mirror,
Fang et al. proposed a portable formaldehyde sensor for
laser spectroscopy [17]. It has a high fill factor, providing
a 350 mL sampling volume and a 50.6 m optical
path length, providing a minimum detection absorption
coefficient of 2.3 x 10 cm™!. In quantum physics, aiming
to measure weak fields, Liu et al. provided a high-
sensitivity atomic vector magnetometer based on orthogonal
MPCs [18]. The magnetic field sensitivities at three axes
were all better than 85 fT/Hz"? at a bandwidth of 0.1 Hz.
Its stability was better than 1.5 pT during a long integration
time of 10* s. Based on MPC techniques, this magnetometer
made an attractive step for a long-term stable detection of
weak fields. Yi et al. proposed an MPC-assisted free-
induction-decay “He magnetometer [19]. Based on the
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MPC structure, it not only had the advantages of a high
bandwidth of 5 kHz, but also maintained high sensitivity
with a magnetic field floor of 0.34 pT/Hz'?. In the field of
ultra-fast and ultra-intense optics, Kaumanns et al. proposed
an MPC configuration for spectral broadening and the
pulse width was compressed from 1.3 ps to 37 fs [20]. It
also conserved an excellent spatial spectral homogeneity of
~98%. Milller et al. proposed a 2-stage MPCs configuration
and a dispersion compensation system was used between
two MPCs. The pulse width was compressed to 6.9 fs from
a 200 fs initial width. This work demonstrated a helpful
method to obtain high-power and few-cycle laser pulses.

Thanks to the advantages of MPC, research in several
cutting-edge disciplines has yielded significant results.
However, in actual experiments, an urgent issue exists
regarding the instability of beam propagation during the
MPC transmission [13, 21-26]. It can be observed that the
beam size varies each time it travels at a certain location in
the MPC. Due to the resonator theory, similar to the
resonator cavity, the MPC also has a symmetrical
configuration. Thus, an eigenmode can propagate stably in
the MPC [27, 28]. The unstable propagation is caused by
mode-mismatching between the input beam mode and the
MPC eigenmode. The eigenmode calculation does not
consider the refractive index. It can be noticed that the
refractive index of the gas changes with the gas pressure
[29]. Substituting the MPC eigenmode with a traditional
resonator eigenmode calculation will cause severe errors.
A mismatching mode will cause unstable transmission
during tens or hundreds of propagations in MPC. A small
beam size may cause a high intensity that exceeds the
damage threshold, destroying the optical components in
MPC. A large beam size will shorten quantum effects,
nonlinear effects, or spectral absorption which weaken the
experimental performance. Thus, obtaining the precise
eigenmode and the beam evolution in the MPC is crucial.

In this paper, the authors propose a theoretical
investigation of a gas-filled MPC, aiming to solve the
instability of beam propagation in MPC. First, the authors
organize and arrange the ABCD matrix of each optical
component and the whole optical system of MPC [30, 31].
Then, based on the symmetrical configuration,
a consistency relationship is established by changing the
g-parameter. The analytical solution of the MPC
eigenmode is derived by solving these formulas
considering the gas refractive index. The beam radius and
wavefront radius verify the correctness of the eigenmode in
the passes in the MPC. Then, the authors conduct numerical
simulations of the beam evolutions during 100 passes in the
gas-filled MPC. Compared to the input beam with the mode
calculated by the resonator eigenmode, the authors’ method
has higher transmission stability in the MPC. This paper
proposes a valuable theoretical insight into the gas-filled
MPC and provides the analytical solution of the
eigenmode, demonstrating helpful designs and evaluation
for the MPC configurations in various studies, including
quantum physics, spectroscopy, ultra-fast optics, and
interferometry.

2.  Theory

This section describes the gas-filled MPC model and its
eigenmode, as well as beam propagation characteristics.

First, based on the MPC structure, the ABCD matrix of
each optical element and the total optical system are
introduced. Then, using the properties of the g-parameter
during beam propagation, an analytical solution for the
eigenmode can be obtained. After obtaining the eigenmode,
the beam size and wavefront curvature radius at any
location within the MPC can be determined using the
ABCD matrix.

2.1. ABCD matrix method

Figure 1(a) shows the MPC configuration. Two planar
reflective mirrors (RM1 and RM2) are used to let the beam
inject in and get out from the MPC. It comprises two facing
concave reflective mirrors (CM1 and CM2) with the same
curvature as Rcum. The distance between CM1 and CM2 is
L filled with gas. Laser beams will transmit repetitively
between these two concave mirrors by reflections.
Figure 1(b) demonstrates the paraxial approximation of the
MPC. These two concave mirrors are substituted with
a series of thin lenses, with the focal length /= Rcw/2. The
distance between two adjacent thin lenses is L, with gas
between them.
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Fig. 1. (a) Schematic diagram of MPC. (b) Paraxial approxi-
mation of MPC.

With the paraxial approximation condition, the ABCD
matrix of a concave mirror is as follows:

M., = { 1 0} . (1)
M N2/Ry, 1
The ABCD matrix of the propagation distance of / in
gas is:
M {1 l}. o
o1

Based on (1) and (2), for a beam starting from the centre
of MPC, passing through L/2 in the gas, reflecting from
a concave mirror, and then passing through another /2 in
the gas, the ABCD matrix of this optical system is:
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For a beam starting from the mirror surface, passing
through L in the gas and reflecting from a concave mirror,
the ABCD matrix of such an optical system is:

Mz :MCMML

1 o1 L
= 4)
~2/R.,, 1][0 1

A2 BZ
- CZ D2 .

In (3) and (4), the determinant has the relation of:
detM = AD-BC =1. 5)
2.2. Gas-filled MPC model

In the paraxial approximation, the g-parameter is used to
describe a Gaussian beam which is expressed as:

1 1 A

=

qg R

; (6)

Tnw*

where R is the curvature of the wavefront, 4 is the
wavelength, n is the refractive index, w is the beam radius.

In Fig. 1(b), if a Gaussian beam propagates from the
centre of the MPC with a g-parameter equal to ¢; after
transmitting a single pass in the MPC, it has the
g-parameter equal to ¢g». The relation between ¢; and ¢ is
as follows:

Aqg, + B
q2 — 1q1 1 ) (7)
Ciq,+ D,

Due to the resonator theory, if the beam satisfies the
eigenmode condition, the beam will be stable during
transmission in the cavity, thus:

9, =4, (®)

By solving (6) to (8), for a gas-filled MPC, the
theoretical solution of the eigenmode in the centre of the
MPC is:

A i\
w, = %(L(zR—L)) . 9)

Using a similar method, the theoretical solution of the
eigenmode on the mirror surface is:

1/2

AR(2R "
S el B I

After getting the MPC eigenvalues, the beam evolution
of any position in the MPC can be calculated based on the
combination and arrangement of (1) and (2).

3. Results and discussions

In this section, the authors conduct a simulation with the
gas-filled MPC model proposed in this paper. The wavefront
radius in the MPC centre and on the concave mirror verifies
the correctness of the eigenmode. The beam evolution of
the gas-filled MPC model is compared with that of the
traditional resonator model.

The first part of the numerical calculation is the
eigenmode. A gas-filled MPC configuration of L =995 mm
and R =500 mm is used, with a gas refractive index of 1.05
and an input beam with a centre wavelength of 1064 nm.
Based on (9) and (10), the eigenmode sizes in the centre
and that on the mirror are calculated as w.=0.1067 mm and
n=1.5083 mm.

According to the resonator theory, these eigenvalues
with their theoretical wavefront radii of co and 500 mm are
put into the gas-filled MPC model to verify the correctness.
For each time, the beam propagates in the MPC centre, its
beam radius and wavefront radius are depicted as the red
curves in Fig. 2(a) and (b). The red curves in Fig. 2(c) and
(d) show its beam and wavefront radius evolution when it
travels on the mirror surface. It is observed that the
evolution of beam radii in the MPC centre and on the mirror
is stable. Furthermore, the curvature of the wavefront in
each pass is of the order of 10'* m or 10'> m. The wavefront
is a plane in the MPC centre and when it propagates on the
concave mirror, it matches the curvature of the mirror
surface. In summary, the authors analyse the beam size and
wavefront in the MPC, demonstrating the correctness of the
eigenvalue calculation method proposed in this paper.

Then, the authors compared the input beam with the
mode calculated by the traditional resonator method, with
we1=0.1067 mm and w,,1 = 1.5456 mm, shown as the blue
curves in Fig. 2(a) to (d). The beam radii are unstable in the
centre and on the mirror. The wavefronts are also distorted.
This phenomenon is due to the mode-mismatching of the
MPC configuration. The eigenmode calculation from the
traditional resonator model should be cautious in the
estimation of the input beam in the gas-filled MPC.

During each trip in the gas-filled MPC, with eigenmode
condition, the beam radius and wavefront evolutions are
shown as the red curves and green curves in Fig. 3. The
beam sizes on the two mirrors are the same, with a radius
of 1.5083 mm. The beam radius gets a minimum value of
0.1067 mm in the centre. The wavefront radius also has
a symmetry scheme where the plus or minus signs mean the
bending direction of the wavefront.

Furthermore, the authors simulate the evolutions of the
beam and wavefront radius during 100 passes in the
gas-filled MPC, with the input beam mode calculated by
the gas-filled MPC model proposed in this paper and the
traditional resonator model. The propagation step is 1 mm.
For the input beam with the mode calculated by the
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Fig. 2. In the MPC centre: (a) beam radius, (b) wavefront radius. On the concave mirror: (c) beam radius, (d) wavefront radius.
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Fig. 3. Beam radius and wavefront evolutions during a single characteristics of fluctuation and instability and the
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also demonstrate the correctness and reliability of the gas-
filled MPC model proposed in this paper and the beam
evolution in each position in the cavity can be obtained.

In this section, the authors calculate the eigenmode and
simulation of the beam evolution. They also verify the
correctness of this model by the radius and wavefront
radius in the MPC centre and on the mirror. The results
show that if the input beam has only a few micrometers or
tens of micrometers of difference from the eigenvalue,
heavy fluctuations will appear, which is harmful to the
experiment. Thus, the gas-filled MPC model proposed in
this paper is helpful in the design and evaluation of the
MPC configuration in various optical and quantum
physical experiments.

4. Conclusions

In this paper, the authors proposed a gas-filled MPC model
to obtain the analytical solution of eigenmodes and get the
beam evolution, aiming to solve the instability of beam
transmission within the gas-filled MPC in the field of
ultra-fast optics and quantum physics. The model is estab-
lished based on the ABCD matrix method and g-parameter
characteristics in the MPC. Then, the analytical
eigenmodes of the gas-filled MPC are derived. The
correctness of this method is verified by the values of beam
radius and wavefront radius in the MPC centre and on the
concave mirror. After that, the authors simulate beam
evolution during 100 passes transmitting in the MPC. The
stability of the eigenmode calculated by the method
proposed in this paper is much steadier than the mode with
the traditional method. As such, the gas-filled MPC model,
as well as the analytical solution of the eigenmode, can help
design and evaluate MPC configurations. It could also be
extended to enhance the nonlinear effects in ultrafast optics
and increase the detection precision in quantum precise
measurements.
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