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Abstract: We developed a highly sensitive double-grating interferometer using four probe
beams, which can measure one order of magnitude smaller phase shifts compared with other
conventional interferometers. To achieve the unprecedented sensitivity, a highly dynamic 16-bit
CCD camera was used and the balanced detection technique with four probe beams was employed
in the 2-dimensional (2-D) interferometry for the first time. By using this interferometer, we
could directly measure a low helium (He) gas density of n≃ 1× 1017 cm−3 in a capillary gas cell
for the laser-plasma acceleration research, which is almost impossible with other conventional
laser interferometers. This interferometer may provide a new tool for applications with extremely
small phase shifts in science.

© 2025 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Laser interferometry is a very powerful technique that is widely used in diverse areas. One of the
important applications is plasma diagnostics, where the plasma density can be measured using
the phase shift caused by the optical path difference in the plasma. In fact, several types of laser
interferometers are often used for plasma diagnostics. For example, the Michelson interferometer
[1], the Mach-Zehnder interferometer [2], and the Nomarski interferometer [3] have been utilized
so far for plasma density diagnostics in the laser-plasma acceleration research. However, those
conventional laser interferometers have a limitation in the measurement of very small phase
shifts.

In the laser plasma acceleration research for high energy electron generation [4], helium (He)
gas jets [5,6] and gas cells/capillary gas cells [7–9] are widely used as a plasma source up to now
and their plasma densities are generally on the order of 1018 cm−3. This plasma density range
can be easily measured using conventional interferometers, as the refractive index difference
between plasma and vacuum is greater than that between gas and vacuum. In order to obtain
higher electron energies in the laser-plasma acceleration, however, the plasma density should
be decreased down to the level of 1017 cm−3 [10], leading to a much smaller phase shift in the
interferogram. In this density range, however, the neutral helium gas has two orders of magnitude
smaller phase shift compared with the plasma. That is why the direct measurement of a helium
gas density using the transverse interferometry in a capillary gas cell has not been reported so far
although the plasma density down to ne ≃1017 cm−3 was measured in the discharge capillary
waveguide [2]. It implies that the direct measurement of helium gas density is extremely difficult.
Hence, conventional interferometers are not able to provide the gas density information directly,
for example, in capillary gas cells with only a few hundred µm hole size in the transverse direction.
However, it will be more advantageous if we can measure the neutral He gas density directly,
compared with the density measurement of the laser-produced plasma. This is because the
capillary structure with a tiny hole can be easily damaged by the focused high-power (>TW) laser
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pulse for high energy electron generation in the capillary gas cell. In addition, efforts to have
an indirect measurement of the neutral gas density from plasma diagnostics [11,12] inherently
require plasma generation, which causes the surface erosion and damage on the transparent
capillary material, for example, sapphire, leading to fundamental limitations on their applicability
for measurement of the longitudinal density profile. Therefore, it will be more beneficial if
one can measure the neutral He gas density and spatial density profile inside the capillary cell
before sending high power laser pulses into the capillary hole for experiments. That is why we
developed a novel interferometer with much higher sensitivity.

In this paper, we introduce our novel approach to significantly enhance the sensitivity of
interferometric measurements, making it possible to measure the low gas density of He with
unprecedented precision. This enhanced detection method incorporates three key advancements.
First, a novel concept of an interferometer based on double gratings (see our previous relevant
work in Ref. [13]) is utilized, which is highly resistant to mechanical vibrations. Second, the
balanced detection technique is employed in 2-D interferometery for the first time, leading to
doubling the signal-to-noise ratio (SNR). For this purpose, we used four probe beams instead
of two beams which are common in conventional interferometers. Third, the measurement
sensitivity is further improved by employing a 16-bit CCD camera with a highly dynamic range,
compared with commonly used 12-bit cameras. As a result of those features, the enhanced
interferometer was successfully demonstrated to provide much lower He gas density information
in a capillary gas cell, which is almost impossible with other conventional interferometers. In the
case of gas jets, helium gas density measurements of the order of 1 × 1018 cm−3 were reported
[14]. In our experiment, however, the lowest measured helium gas density inside the capillary
gas cell reached down to the level of 1 × 1017 cm−3. To the best of our knowledge, this is the
first report of a direct measurement of the helium density map in that range. Details of the
development and application of the highly sensitive interferometer are described in the following
sections.

2. Development of a highly sensitive interferometer

2.1. Novel concept of a double-grating interferometer using four beams

A novel interferometer concept was developed for the application of the balanced detection
technique to capillary gas cell diagnostics, based on the double-grating differential interferometer
we previously reported [13]. The main difference from the previous work is that its optical
scheme employs four probe beams instead of two beams used in the previous case. We used
this kind of special design to apply the balanced detection technique for capillary gas cell
diagnostics, which was not possible with the previous configuration or any other conventional
interferometers that use only two beams. Furthermore, this interferometer belongs to the category
of common-path interferometers such as the Nomarski interferometer, which offers greater
stability against environmental noise sources, including mechanical vibrations and temperature
changes [15]. Unlike gas jets, capillary gas cells have rather large structures, requiring a long
shear distance to obtain a reference beam that does not pass through the capillary gas cell. In
other shearing interferometers like the Nomarski interferometer, this long shear distance prevents
capturing two separate images of the capillary gas cell within a single frame, which is necessary
for balanced detection in our case. The double-grating interferometer is particularly important in
this experiment because it enables the simultaneous use of multiple diffraction orders, producing
two images with opposite phase signs. By using the double-grating interferometer, four images
can be used to form interference patterns, and among them, two images with opposite phases can
be brought close together as shown in Fig. 1(b). Those two images with opposite phase signs are
captured by a single CCD camera, and they can be used for balanced detection.

The double-grating interferometer employs two identical gratings with repeated light-blocking
patterns, and its optical configuration is shown in Fig. 1(a). In this scheme, the first grating G1 and
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Fig. 1. (a) Schematic of the double-grating differential interferometer for four beam imaging.
G1 and G2: gratings, D1 and D2: distances between the capillary gas cell and each grating,
L: an imaging lens, f: focal length of the imaging lens. Four first-order diffracted beams are
designed to pass through the spatial filter positioned at the focal plane of the lens L, while
the zero order beam is blocked by the spatial filter. The transmitted four beams form two
separate interferograms with opposite phase signs that are close to each other, and the two
interferograms of m = ±1 are captured by a single CCD camera. The details on the screen
are shown in (b).

the second grating G2 are positioned at distances D1 and D2 from the gas cell, respectively, and
they are tilted at angles θ1 and θ2 relative to the y-axis. Four diffraction orders [(m = +1, n = 0),
(m = 0, n = +1), (m = −1, n = 0) and (m = 0, n = −1)] are selected by the spatial filter in the
focal plane of the imaging lens, satisfying the diffraction order conditions m + n = +1 (positive
first-order) and m + n = −1 (negative first-order), where m and n represent the diffraction orders
of the first and second gratings, respectively. The intensity distribution in the gas cell object
plane, which is imaged onto the CCD camera, is deformed by the two gratings. The result can be
obtained by using the scalar diffraction theory [13]. The intensity distributions of the positive
first-order diffracted beam I+1 and the negative first-order diffracted beam I−1 are calculated as
follows:
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where d is the grating period, λ is the wavelength of the probe beam, and k = 2π/λ is the wave
number. In these equations, the two positive first-order diffracted beams [(m = +1, n = 0) and
(m = 0, n = +1)] shear to the +y and +z directions, while the two negative first-order diffracted
beams [(m = −1, n = 0) and (m = 0, n = −1)] shear to the −y and −z directions. The shear
distance induced by the first grating and the second grating are D1λ/d and D2λ/d, respectively.
Now it is evident why four beams are used in our interferometer. To form an interference pattern
with a reference beam that does not pass through the capillary gas cell, a long shear distance is
required. In conventional interferometers using only two beams, this large shear distance makes
it difficult to capture both images within a single frame. In our double-grating interferometer,
the distance between the two capillary images of m + n = 1 or m + n = −1 must be sufficiently
larger than the size of the capillary structure to obtain non-overlapping images. This can be
achieved by setting the angle θ2 to a relatively large value (e.g., θ2 ≈ 45◦) and appropriately
adjusting the distance D2. Furthermore, the two images diffracted by the first grating should
be close enough, so they can be captured by the single CCD camera. This can be achieved by
setting the angle θ1 to a small value (e.g., θ1 ≈ 0◦) and appropriately adjusting the distance D1.
The grating period d is not as critical as the other parameters since the shear distance can be
adjusted by changing the distances D1 and D2. As shown in Fig. 1, the two diffracted beams
[(m = 1, n = 0) and (m = −1, n = 0)] are formed closely with a separation distance 2D1λ/d and
the other two diffracted beams [(m = 0, n = 1) and (m = 0, n = −1)] provide reference beams to
generate interference patterns. Additionally, the phase shifts in these two images [(m = 1, n = 0)
and (m = −1, n = 0)] have opposite signs as shown in Eqs. (1) and (2), so we can use the balanced
detection technique, leading to a higher SNR signal.

Typical interferograms from the double-grating interferometer are shown in Fig. 2. In this
figure, two images of the capillary gas cell are shown sheared almost in the vertical direction,
which is due to the small angle θ1. It should be noted that the phase shifts by gas in two gas cell
images have opposite signs. For example, if the fringes in the red line are shifted in the right
direction, fringes in the blue line will be shifted in the left direction. The area below the capillary
hole structure is used to obtain a reference phase shift, which helps elimination of the phase shifts
not induced by the gas, for instance, those caused by mechanical movements due to gas injection.

Fig. 2. Typical interferograms of the gas-filled capillary cell from the double-grating
interferometer. The red and blue lines indicate the two identical gas cell images with opposite
signs in phase shift. They are captured within a single frame by obtaining the reference beam
from outside the gas cell, where large shear distances are required to form the interference
fringes.
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2.2. Balanced detection in 2-D interferometry for doubling the signal amplitude

Balanced detection is a well-known technique in optoelectronics, which can effectively enhance
the signal-to-noise ratio. This technique uses two identical signals with opposite signs. When
these signals are subtracted, common noises in both signals are canceled out, and the resulting
signal amplitude is doubled. Balanced detection has been widely applied in one-dimensional
(1-D) interferometry using two balanced photodetectors [16,17]. However, this technique has not
been implemented in 2-D imaging interferometry as far as we know. In our work, the application
of balanced detection in 2-D interferometry is made possible by using the double-grating shearing
interferometer. In the obtained interferograms in our case, the two images have opposite phase
signs with the same amplitude and the phase shift amplitude can be doubled by subtracting the
two phase shifts, while common noises are effectively canceled. This method can significantly
improve the measurement sensitivity and precision in our 2-D interferometry. In Fig. 3, for
example, three phase shifts from the helium-filled capillary gas cell with a backing pressure of
300 mbar are compared to demonstrate the effectiveness of the balanced detection. In Fig. 3(a),
the images of positive and negative phase shifts are shown, which are obtained from the regions
enclosed by the red and blue lines in Fig. 2, respectively. Subsequently, the phase shifts with
opposite signs are subtracted from each other, and as a result, a signal with a doubled amplitude
can be obtained, as shown in Figs. 3(a) and 3(b).

Fig. 3. (a) 30-shot-averaged example phase shift maps with 300 mbar helium gas in the
capillary cell. The negative phase shift (top) and the positive phase shift (middle) are
subtracted for balanced detection (bottom). (b) The longitudinal line profiles of the negative
phase shift (blue), the positive phase shift (pink) and the subtracted phase shift (red). The
gray-shaded areas indicate the locations of the two gas injection feedlines in the capillary
cell, of which the detailed structure will be given in the next section.

2.3. Higher dynamic range detection for increased sensitivity

Using a high-dynamic-range 16-bit camera can significantly enhance the sensitivity of the
interferometer. This is because the sensitivity of 2-D interferometric measurements is directly
related not only to the spatial resolution of the camera capturing the interference patterns but
also to the intensity resolution of its pixels. A higher spatial resolution of the camera results in
greater measurement accuracy since the phase shift in the interference patterns is determined by
measuring the fringe shift. Additionally, as the fringes shift, the intensity at fixed positions in
the images varies. Accurate measurement of these intensity variations is also a crucial factor
for determining the phase shift. Therefore, a higher bit depth, which corresponds to the higher
intensity resolution, allows more precise measurements [18]. This effect was tested using three
cameras with different dynamic ranges (8-bit, 12-bit, and 16-bit) as shown in Fig. 4. To ensure
that the result is influenced only by the camera’s dynamic range, interferograms without the gas
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cell were acquired under the same conditions. For each camera, 30 signal-free interferograms
were captured with a 1-second exposure time and the same fringe width. The phase shifts were
extracted using the 1-D wavelet transform [19] and their standard deviations were compared.
The results indicate that the 16-bit camera gives a much higher dynamic range in the signal
compared with others, of course, as shown in Fig. 4(a). Furthermore, Fig. 4(b) shows that the
16-bit CCD camera provides the lowest standard deviation, demonstrating that the sensitivity
of the interferometer is significantly affected by the dynamic range of the camera. This effect
becomes particularly significant when the phase shifts to be measured are very small. The
estimated phase shift in our capillary gas cell filled with helium at an atomic density of 2.3 ×1018

cm−3 is approximately 20 mrad, which corresponds to a fringe shift of 0.16 pixels assuming one
fringe period is 50 pixels. In such cases, it is necessary to measure the intensity variations at each
pixel instead of measuring the phase shift by tracking the fringe movement. Therefore, the bit
depth of the camera plays a crucial role in sensitivity. For a phase shift of 20 mrad, the maximum
intensity variation is estimated to be 650 if the full dynamic range of a 16-bit camera is used.
This fact suggests that, by employing a 16-bit camera with minimized noises, it is possible to
accurately measure small phase shifts in the interferogram induced by low-density helium gas.

Fig. 4. (a) Comparison of line intensity profiles of the interference patterns captured by the
8-bit (blue), 12-bit (green) and 16-bit (red) cameras, and (b) their standard deviation maps
of the phase shift in each case. This result shows that the standard deviation in phase shift is
significantly smaller in the 16-bit CCD camera compared with others.

3. Experiments for diagnostics of the low density He gas in the capillary cell

3.1. Experimental setup

By using the developed interferometer, we performed experiments to measure the He gas density
directly in a capillary cell for laser-plasma acceleration. An optical scheme of the highly sensitive
interferometry system is shown in Fig. 5(a). In this experimental setup, a continuous-wave diode
laser (MDL-III-405, CNI) with a wavelength of 405 nm and an output power of 100 mW was
spatially filtered using an 8 µm pinhole to make a uniformly distributed beam profile, and then it
was sent to the gas-filled capillary as a probe beam for interferometry. Here, it should be noted
that the probe beam is expanded to a large beam so that it can cover the entire capillary size. In
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this experiment, the previously developed capillary gas cell [8] was used. After the probe beam
traverses the capillary gas cell across the capillary hole, an image is formed using the telescope
with two plano-convex lenses (f = 300 mm) and the image plane is imaged again using a bi-convex
lens (f = 300 mm) onto the cooled 16-bit CCD camera (MLx285, FLI). A specially designed
double-grating interferometer was employed to obtain the phase shift information induced by the
gas filled in the capillary cell. The double-grating interferometer consists of two Ronchi gratings
(30 lp/mm): one positioned close to the image plane, while the other was placed far from it.

Fig. 5. (a) Schematic diagram of the experimental setup for He gas diagnostics in the
capillary cell. L: lens, PH: pinhole, G: grating, SF: spatial filter, OAP mirror: off-axis
parabolic mirror. (b) Detailed structure of the capillary gas cell consisting of four polished
sapphire plates. The capillary structure is transparent and features a rectangular cross-section
for interferometric measurements. Different backing pressures can be applied to the first and
second gas feedlines, respectively, through separate gas injection lines.

The capillary gas cell consists of four sapphire plates with polished surfaces that are optically
transparent, enabling interferometric measurements, as shown in Fig. 5(b). Two 500 µm thick
sapphire plates are positioned with a spacing of approximately 500 µm between two 2-mm thick
sapphire plates to form the capillary structure. One of the two thin sapphire plates with 500
µm in thickness was machined to have two gas feedlines with widths of 500 µm and 1000 µm
respectively. The two gas feedlines are independently connected to separate gas lines, allowing
different backing pressures to each feedline. All sapphire plates are fastened by a holding structure
connected to two high-speed solenoid valves (Parker Hannifin, model 009-0181-900). Helium
gas was filled in the capillary cell through the two gas injection feedlines by opening the pulsed
gas valves.

3.2. Longitudinal He gas density distribution in the capillary gas cell

In laser-plasma acceleration experiments for high energy electron generation, a high power laser
pulse should be focused into the small hole of the capillary gas cell and the laser pulse should
pass through the capillary hole, as shown in Fig. 5. In this process, the gas density along the
axial capillary hole is very important as it will severely affect the generated electron beam energy.
Therefore, the longitudinal gas density profile inside the capillary cell must be investigated
thoroughly before electron acceleration experiments with high-power laser pulses.

To study the longitudinal gas density distribution, the 405 nm probe beam was transmitted
transversely through the capillary gas cell hole, as shown in Fig. 5(a). Before capturing the
interferogram images with phase shifts induced by the He gas, a reference interferogram was
recorded without gas injection for every shot with 1-second exposure time. After acquiring the
reference images, the two gas valves were opened for 100 ms to reach the steady state, and then
the signal interferograms were captured, also with a 1-second exposure time. According to our
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previous research [8], the filling time of the gas cell is approximately 60 ms, indicating that a
steady-state condition is reached after this time duration. Once the interferograms were obtained,
their phase shifts were analyzed using the 1-D wavelet transform. The measured phase shifts
were used to calculate the gas density inside the capillary gas cell. The relation between phase
shift ∆φ and refractive index n is given by ∆φ = 2π (n − 1) L/λ, where λ is the wavelength of the
probe beam and L is the length of the medium which is the transverse size of the capillary hole
in our case. The Lorentz–Lorenz equation [20] was used for the calculation of the molecular
gas density N. As a result, the molecular gas density can be derived from the measured phase
shift using the equation given by N = (λ∆φ)/(4π2αL), where α is the polarizability of the gas
molecule. The polarizability α can be directly calculated from the refractive index with known
temperature, pressure and wavelength using the equation given by α = [RT(n − 1)]/(2πPNA),
where R = 8.314 J· K−1· mol−1 is the ideal gas constant, T is the temperature (K), P is the pressure
(Pa) and NA = 6.022 ×1023 mol−1 is the Avogadro constant. The calculated polarizability is α =
0.208 ×10−24 cm3 for the helium gas from the refractive index of 1.0000346 with 1 bar and 273
K for 405 nm wavelength. Using the calculated polarizability, the gas density map was obtained
from the retrieved phase shift map.

The capillary gas cell was filled with helium gas using the first feedline (500 µm) and the
second feedline (1000 µm), both operated at the same backing pressure. Then, the molecular
helium gas densities were obtained with different backing pressures ranging from 0 to 500 mbar.
The result is shown in Fig. 6(a), where higher densities can be obtained for higher backing
pressures. Furthermore, it is shown that the longitudinal density profile inside the capillary
gas cell is quite uniform. This is a very important feature compared with gas jets which have
nonuniform density profiles in general. Furthermore, since the two gas feedlines are connected
to separate gas lines, different gas pressures can be applied to each gas line to form tapered gas
density profiles inside the capillary gas cell, which is intended to extend the dephasing length
for generation of higher electron beam energies [21,22]. The longitudinal density gradient in
the capillary can be controlled by adjusting the ratio between the two gas injection backing
pressures. This effect was clearly observed in our experiments, as shown in Fig. 6(b). The helium
gas densities were measured by keeping the backing pressure in the first feedline fixed at 100
mbar and varying the backing pressure in the second feedline from 100 to 300 mbar. The result
shows that tapered gas densities can be produced and the density gradient along the longitudinal
direction can be controlled, as shown in Fig. 6(b). This is an excellent feature of our capillary gas
cell for laser-plasma acceleration research.

In order to test the limitation of this interferometer, we diagnosed the helium density inside the
capillary gas cell at the lowest backing pressure that can be applied to the feedlines, which is
about 33 mbar in our gas valve system. To improve the measurement accuracy, the exposure time
for interferometry was increased from 1 second to 5 seconds, and then 30 measurements were
taken and averaged. As shown in Fig. 7, the helium gas density between the two feedlines with
an injection pressure of 33 mbar is around 6×1017 cm−3 and it drops sharply near the capillary
hole exits. This fact implies that the double-grating interferometer can be used for lower helium
gas densities. Finally, we closed both valves in the gas system to evaluate the noise level of the
measurements, and the result is shown in the orange color in Fig. 7. For this purpose, the 30-shot
averaged longitudinal helium density was used for the standard deviation calculation and it gave a
noise level of ≃ 1×1017 cm−3. Tens of measurements of the longitudinal density profile revealed
that the result of Fig. 7 was repeatable although the density profile fluctuated within the standard
deviation.

The most critical issue in this experiment is the random environmental noise. Since our double-
grating interferometer was designed as an in-situ diagnostic tool for high-power laser experiments,
it is inevitably exposed to a noisy environment, including thermal drift, air fluctuation, mechanical
movement, and laser source instability. These types of noise were suppressed using methods
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Fig. 6. (a) Helium gas density profiles inside the capillary gas cell at backing pressures
from 0 to 500 mbar. The shaded gray areas indicate two gas feedlines with 500 µm and 1000
µm in width, respectively. Here, the same gas pressure was applied to the two gas feedlines.
(b) Tapered helium density profiles by increasing the pressure in the second gas feedline,
which implies that the density slope can be controlled in the capillary gas cell.

Fig. 7. Helium gas density profiles at a backing pressure of 33 mbar (magenta), which is
the lowest achievable backing pressure in our gas system, and at a backing pressure of 0
mbar (orange) in both of the gas valves.

such as reference subtraction, balanced detection, and averaging. However, these methods
resulted in the long measurement duration of 5 seconds. This limitation could be solved by
introducing additional techniques. For instance, application of the multi-pass probing to our
interferometer will increase the signal amplitude, thereby enhancing the SNR, which implies that
the measurement time can be reduced.

4. Conclusions

It was demonstrated that the sensitivity of interferometry can be significantly enhanced by our
proposed method, which employs the four-beam-based double-grating interferometer with the 2-D
balanced detection technique and a highly dynamic CCD camera. The developed interferometer
showed that a low helium gas density down to n ≃ 1 × 1017 cm−3 can be directly diagnosed in a
capillary gas cell, which is impossible by other conventional interferometers. In addition, our
interferometer has the potential to enhance the sensitivity further by employing the multi-pass
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probing technique. The highly sensitive 2-D interferometry proposed in this paper may be useful
for many other areas where conventional interferometers cannot be used due to too small phase
shifts.
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