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ABSTRACT

Along gas cell, filled with noble gas, is typically positioned between the undulator and the first mirror in the free-electron laser (FEL) beamline
to attenuate the laser power as required by the end-stations. In addition to attenuation, the gas cell also serves important functions in various
applications, such as spectrometer calibration, resolving power evaluation during beamline commissioning, and filtering of third harmonic in
FEL operations. These functions of the gas cell have been successfully tested and implemented at the Dalian Coherent Light Source, a vacuum
ultraviolet FEL facility located in Dalian, China. The resolving power of higher than 5000 has been obtained, and accurate calibration has been
completed using the gas cell. During operation, the third harmonic of the FEL was attenuated by approximately one order of magnitude with

almost the same power of the fundamental. This greatly improved the signal-to-noise ratio at the end-stations.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0202267

I. INTRODUCTION

Free-electron Lasers (FELs) exhibit high peak power, narrow
bandwidth, and full coherence, making them invaluable in various
research domains, including material science, chemical engineer-
ing, and biopharmaceutics." The Dalian Coherent Light Source
(DCLS),”* a vacuum ultraviolet (VUV) FEL user facility with
an electron beam energy of 300 MeV and a FEL wavelength of
50-150 nm, has been serving the scientific community for more than
seven years. At DCLS, the high-gain harmonic generation (HGHG)
lasing mode” is adopted to generate fully coherent FEL pulses with a
typical repetition rate of 10 Hz, a pulse duration of 1 ps, and a pulse
energy of about 100 pJ. This new light source enables researchers
to explore unknown scientific laws. However, it is imperative to
elucidate the power-dependent effects before data acquisition to pre-
vent misinterpretation of the results. Manipulating the undulator to
adjust the power is not a feasible solution. Therefore, it is essential to
integrate an attenuation device in the FEL beamline. All FEL facil-
ities are equipped with a gas cell,”'" which serves as an attenuator
when filled with noble gases. In addition to attenuators, we have also

utilized the gas cell for spectrometer calibration, resolving power
evaluation,'”" and third harmonic filtering.

Online calibration and resolving power evaluation of a
spectrometer are essential in beamline commissioning and
experiments'*'” that require precise spectral data. Typically,
spectrometer calibration employs emission lines from mercury'
and deuterium lamps,'” as well as transmission lines from holmium
oxide in neodymium filters and 4% holmium oxide in 10% per-
chloric acid.'® However, these methods are performed offline, and
the intensity of these light sources is insufficient to yield a usable
signal for the online spectrometer designed for FEL with high pulse
power. Therefore, they are not suitable for online calibration of the
spectrometer at DCLS. The absorption lines of noble gases, such
as He, Ar, and Kr,'” can be a suitable method for the calibration
of the online spectrometer at DCLS. We can introduce noble gases
into the gas cell to produce absorption lines, which allows for
simultaneous calibration and resolving power evaluation of the
spectrometer.

FEL mixed with third harmonic is catastrophic for many
experiments. Although the components of the third harmonics are
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approximately one order of magnitude lower than that of the fun-
damental, their large interaction cross section can still introduce
significant noise into the experimental data. To mitigate this issue,
various strategies for the filtering of the third harmonic are imple-
mented on the beamline, including solid film filtering’’ and front
mirror cutoff frequency filtering. However, the database’’ indicates
that there is currently no appropriate material for filtering the third
harmonics while maintaining the FEL in the 50-150 nm range using
the first two methods. Therefore, the gas cell’”*’ with noble gases
provides an exclusive solution for third harmonic filtering in the
VUV band at DCLS. The third harmonic can be suppressed by more
than one order of magnitude due to the significant difference in
absorption of the FEL and third harmonic. A gas cell uses gas as the
working medium instead of a solid filter, making it less susceptible
to damage and allowing for long-term operation. This ensures the
accuracy and reliability of the data at end-stations. We utilize the
multifunctional gas cell to realize the calibration, resolving power
test of the spectrometer, and high harmonic filtering at the same
time, which provides an important reference for the commission and
operation of the beamline.

Il. METHODOLOGY

The gas cell situated in the front-end of DCLS is 2000 mm long
and has a maximum pressure of 30 Pa at its center. To maintain the

2.15m

2m
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vacuum level of the beamline, six difference pumps (DPs) are posi-
tioned on either side of the gas cell. These chambers improve the
vacuum level to 5 x 1077 Pa at the machine and the mirror side. The
vacuum pump in the first four chambers at each side are the Pfeiffer
Hipace 80 and Hipace 300 turbo pump, with pumping speeds from
70 to 250 I/s. In addition, the vacuum pump in the last two cham-
bers is the Agilent Plus 300 ionic pump, with the pumping speeds
of 300 1/s. Stainless steel tubes with a diameter of 20 mm are used
to control conductance between two differential pumping stations.
Limited by the space at the front-end of the beamline, the Beam-
defining Apertures (BDAs) and Beam Position Monitor (BPM) are
set in the difference pumps. The Intensity Monitor (IM) is a light
intensity detector based on gas ionization, and the nearby cham-
bers are also responsible for the vacuum differential in this region.
Figure 1 shows the schematic diagram of the gas cell. The pressure,
flow conduction, and pumping speed of the vacuum pump in each
part of the gas cell are shown in Table I.

A. Calibration and resolving power evaluation
of the online spectrometer

A 30 x 10 mm?” sized variable line spacing grating carved on the
center of an M2 plane mirror is the diffraction element of an online
spectrometer at DCLS, as shown in Fig. 2. In addition to this, the M2
mirror is also responsible for horizontally transmitting the incoming
beam from the M1 mirror in the photon beam transmission system.”

2.9m

DP22 DP23 To mirror

FIG. 1. Schematic diagram of the gas cell and differential system.

TABLE I. Absorption spectral lines selected for calibration.

8S:S-¥T 202 aunt ¥0

Pump Connecting Flow

Chamber speed/(1/s) tube size/cm conduction/(1/s) Pressure/Pa
BDA 300 9=2L=10 9.68 x 107" 5.00 x 1077
BPM1 300 ¢9=2L=15 6.45x 107 1.08 x 107°
IM 70 9=2L=25 3.87 x 107" 500 x 1072
DP13 250 ¢p=2L=15 6.45 x 107" 214 %107
DP12 250 ¢=2L=20 4.84x 107" 530 % 1072
DPI11 70 ¢9=2L=50 1.93 x 10 2.74

DP21 70 =2 L=50 1.93 x 10° 2.74

DP22 250 ¢=2;L=20 484 %107 530 x 107°
DP23 250 9=2L=15 6.45 % 107" 2.14x 107°
IM 70 ¢p=2L=25 3.87 x 107" 500 x 1072
BPM2 300 =2 L=50 1.94 x 107" 323x107°
DP 300 =2 L=50 1.94 x 107" 5.00 x 1077
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FIG. 2. Physical picture of the sampling grating at the online spectrometer.

When irradiating on the grating, FEL is split into two parts.
Over 90% of the zero-order diffraction beam still transports into
the end-station, while the first- and higher-order diffraction goes
downward at a certain angle into the detector. Based on the detec-
tor position, the FEL spectra can be accurately calculated.”* Figure 3
shows the schematic diagram of the relationship between the online
spectrometer and gas cell.

Polynomial methods,” including linear fitting, quadratic poly-
nomial fitting, and others, are the most commonly used calibration
methods for spectrometers. The objective functions for fitting are

Liner fitting: A = ap + aiN, (1)
Quadratic polynomial fitting: A = ap + a1 N + azNz, 2)

Cubic polynomial fitting: A = ag + aiN + azN2 + a3N3. 3)

Suitable polynomials can be selected, and coefficients such as ao,
a1, and a, can be obtained by comparing the wavelength of stan-
dard spectral lines with their corresponding pixel positions on the
spectrometer detector, measured by the linear encoder.

The DCLS wavelength ranges from 50 to 150 nm. To cali-
brate the spectrometer, seven absorption lines from four noble gases
were selected, which are evenly distributed within the 50-150 nm
range. Table IT shows the characteristic absorption wavelength of the
selected gases, according to the database of the National Institute of
Standards and Technology (NIST).*

Furthermore, the scanning of the wavelength can be achieved
by adjusting the electron beam energy and the undulator gap,””

uf,, K
A= A—Z 1+—|, (4)
2y 2
where A is the wavelength of FEL, A, is the undulator period, and
K is related to the undulator gap. The Lorentz factor y = m%z (Eis

the energy of the electron beam and moc? is the rest energy of the
electron).

M2

Source Gas Cell

=

M1

4 Ce:YAG&CCD

FIG. 3. Schematic diagram of the relationship between the online spectrometer
and gas cell.
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TABLE II. Absorption spectral lines selected for calibration.

Gas type and energy level Energy/eV Wavelength/nm
He 1s2 — 1s2p 21.2742 58.4334
Ne 2522p6 — 2522p53s 16.8927 73.5896
Kr 4524p6 — 4524p56s 12.4181 100.1060
Kr 4s24p6 — 4s24p55s 10.6718 116.4867
Xe 5p6 — 5p55d 10.4286 119.2037
Xe 5p6 — 5p51/26s 9.5951 129.5588
Xe 5p6 — 5p53/26s 8.4589 146.9610

The bandwidth of FEL is narrower than that of synchrotron
radiation, requiring precise adjustment of the wavelength to the
absorption peak. The electron beam energy can be adjusted to scan
a wide range of wavelengths. When the wavelength coincides with
absorption lines, a depletion peak appears in the spectra. This wave-
length can be associated with the mechanical position of the detector
to calibrate the spectrometer.

The width of the depletion peak results from the resolving
power limit of the spectrometer and the convolution of inher-
ent broadening, which includes natural, Doppler, and collisional
broadening. Inherent broadening can be calculated, allowing for the
evaluation of the spectrometer resolving power.

B. Third harmonic filtering

The third harmonic component is about 1% of the funda-
mental, and the second harmonic is far less than that of the third
harmonic when the FEL is saturated. Therefore, our focus is on
filtering out the third harmonics while preserving the fundamen-
tal. To achieve this, we have selected two noble gases that satisfy
the requirements for third harmonic filtering in the wavelength of
DCLS. The transmittance of the fundamental and third harmonic
differs by more than one order of magnitude, as shown in Fig. 4.
Although Ne can cover a wider range of wavelengths, it requires
higher pressure and it is also more expensive. Therefore, the com-
bination of Ne and Ar as the third harmonic filter gases would be

Ne
Ar

Log,, (T)

-2 T T T T T T T T

T
0 15 30 45 60 75 90 105 120 135 150
Wavelength/nm

FIG. 4. Transmittance of noble gases at different wavelengths in logarithmic
scale.”!
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TABLE lIl. The gas required for third harmonic filtering.

Fundamental Third harmonic

(transparent)/nm (absorb)/nm Gas species  Pressure/pa
118-150 39.3-50 Ar 2
58-118 19.3-39.3 Ne 8

more appropriate. Table I1I shows the gases required for third har-
monic filtering at different wavelengths, obtained from the data in
Fig. 4 under the pressure conditions that the transmittance of the
fundamental and third harmonic differs by more than one order of
magnitude.

Ill. PRELIMINARY RESULTS

A. Calibration and resolving power evaluation
of online spectrometer

The pulse energy of FEL in the experiment is about 7 uJ
measured by SXUV100 photodiode manufactured by Opto-Diode
Corporation. The pressure in the gas cell was ~1.8 Pa measured by
using the Pfeiffer PKR251 vacuum gauge. The position of the detec-
tor was measured using the LIP481R optical encoder manufactured
by Dr. Johannes Heidenhain Gmbh. The dotted-dashed line in Fig. 5
represents the spectra detected by the spectrometer without filling
the gas cell. The spectra with the filled gas cell show clear depletion
from absorption, as shown in Fig. 5(a). To acquire the absorption
line, we divided the spectra after absorption by the spectra before
absorption, as shown in Fig. 5(b).

The online spectrometer calibration was completed after mea-
suring all absorption lines listed in Table II. The calibration result
obtained through cubic fitting from the calibration data is A = 81.849
+ 0.434X + 6.213e-4X” — 1.208e-7X°, as shown in Fig. 6(a). The

(a)
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fitting residual is shown in Fig. 6(b), and the correlation coeffi-
cient R* is 0.999 99, indicating a good fit to the objective function.
Therefore, this formula is the final calibration result for the online
spectrometer of DCLS.

The resolving power of the spectrometer can be evaluated by
utilizing Gaussian fitting to obtain the broadening of the absorption
line. Figure 7 shows the fitting results selected as examples.

The resolving power of all absorption lines is shown in
Table I'V. The resolving power is defined as A/AA.

The broadening of the absorption line consists of two fac-
tors: inherent broadening and the energy resolving power of the
spectrometer. Inherent broadening includes natural broadening,
Doppler broadening, and collisional broadening. To accurately eval-
uate the resolving power of the spectrometer, it is imperative to
consider the effects of these broadening mechanisms. The results of
the spectral line broadening calculations are shown in Table V under
300 K temperature and 2 Pa pressure conditions.

From the data in Table V, the effect of inherent broadening is
extremely small and negligible for wavelengths around 100 nm for
DCLS.

The simulation results of optical tracing software show that
the theoretical resolving power of the spectrometer is about
10000. The disparities between the measured and theoretical val-
ues of resolving power in Table I'V arise from two primary sources.
First, discrepancies between the actual and designed parameters,
such as source position, size, and beam divergence, result in the
resolving power not fully matching the theory. The second source
is that the detector is not precisely located on the focal plane of
the spectrometer. The position of the focal plane is theoretically
constrained by a trigonometric function, which is not feasible in
mechanical design. To align the detector with the focal point, it
is moved on a circular guide rail, which introduces defocus. This
defocus has a significant impact on resolving power, and actual defo-
cus may be greater due to mechanical installation errors. Future

(b)

1.2
i == w/o Kr — (w/Kr)/(w/o /Kr)
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FIG. 5. (a) Raw spectra with and without noble gas, respectively, at 100.106 nm. (b) Absorption line at 100.106 nm.
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FIG. 6. (a) The calibration curve of the spectrometer. (b) Fitting residual of the calibration curve.

optimization of the spectrometer resolving power can base on this
result.

B. Third harmonic filtering

The experiment was conducted using a wavelength of
118.746 nm, which is a commonly used wavelength for end-stations.
According to the database,”’ Ar is a proper gas with the least pres-
sure required for the third harmonic filter. The DCLS spectrometer
is designed for the range of 50-150 nm, but the third harmonic of
118.746 nm, which is 39.582 nm, falls out of this range. However,
according to grating diffraction theory, FEL at 39.582 nm can be
detected by observing its second-order diffraction, which is identi-
cal to the first-order diffraction angle for 79.164 nm, as shown in
formula (5). The pulse energy of the FEL is approximately 8 uJ. The
spectra were collected from 60 to 120 nm with an empty gas cell,

and the results are shown as the red line in Fig. 8. After filling the
gas cell with Ar at 2 Pa, it is observed that the fundamental (M = 1;
N = 1) remains almost constant. However, the second harmonic (at
59.373 nm, M = 2; N = 1) and the second-order diffraction of the
third harmonic (at 79.164 nm, M = 3; N = 2) have been absorbed, as
shown in Fig. 8. In this context, M represents the diffraction order
and N denotes the harmonic order,

sin a + sin = nMA, (5)

where A is the wavelength of FEL; & and f3 are the incidence angle
and diffraction angle; » is the grating line density; and M is the
diffraction order.

The third harmonic component in FEL is theoretically around
1% of the fundamental, while the second harmonic content is ~0.1%.
Figure 8 shows that the intensity of the third harmonic is slightly
lower than that of the second harmonic. This discrepancy can be

1.2
(w/Kr)/ (w/o /Kr) attributed to the lower second-order diffraction efficiency (0.0135%)
Gauss Fitting compared to the first-order diffraction efficiency (0.362%). After
7 1.0
=]
o
\; 0.8 TABLE IV. Resolving power measurement results.
+~
o Gas type and Absorption Fitting Measurement
S 0,61 energy level peak/nm  FWHM/nm value
o0
ﬁ He 1s* - 1s2p 58.4334 0.014 85 3935
00 Ne 2s%2p® — 2s%2p°3s  73.5896 0.01232 5973
: Kr 4s°4p® — 4s*4p°6s  100.1060 0.017 00 5889
o 01l o A Kr 4s%4p® — 4s%4p°5s  116.4867 0.025 54 4561
' W '1 th/ : Xe 5p® - 5p°5d 119.2037 0.02316 5147
NSRS Xe 5p° — 5p° 1265 129.5588  0.02718 4767
6 5
FIG. 7. Gaussian fitting of the absorption line at 100.106 nm. Xe 5p” = 5p7s26s 146.9610 0.032 55 4515
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TABLE V. Noble gases absorption line broadening calculation.?8
Gas type and Natural Doppler Collisional
energy level broadening/nm broadening/nm broadening/nm
He 1s* - 1s2p 33x107° 7.6x107"° 3.6x107*
Ne 25*2p°® — 2572p°3s 1.7x107°° 6.6x107'° 46x107*
Kr 4s%4p° — 4s’4p°6s 1.8x107°° 1.0x107° 6.2x107*
Kr 45%4p°® — 4s%4p°5s 22x107° 1.4x107° 7.2x107*
Xe 5p° — 5p°5d 47x107° 13x107° 74x107
Xe 5p° —5p°1/26s 2.2x107° 1.6x107° 8.0x107*
Xe 5p° — 5p°326s 3.2x107° 2.0x107° 9.1x107*

20000
spectra with filter on
spectra with filter off
N
. 15000 A
]
©
N
) 4
73 10000
o
%)
[
)
+ 5000
—
0_
58 118 119 120

Wavelength/nm

FIG. 8. Comparison of the FEL and its higher harmonic intensity with filter on and
off.

considering the diffraction efficiency, the intensity of the third har-
monic is ~12.9 times greater than that of the second harmonic,
which is consistent with the theory.

The spectra show negligible attenuation of the fundamen-
tal. The intensity of the second harmonic is reduced to 3.97% of

its original value, and the third harmonic is reduced to 5.04%.
These results demonstrate the effectiveness of the gas cell in filter-
ing higher-order harmonics while preserving the intensity of the
fundamental.

The implementation of the filter has significantly improved
the signal-to-noise ratio at the end-station. For instance, the ion
imaging end-station uses time-slice ion imaging techniques to inves-
tigate chemical reaction mechanism.'”> Chemical reactions F + CH,
— HF + CH3 are used as an example. In this experiment, FEL was
set to 120 nm (10.33 eV) to ionize the CHj species while avoid-
ing ionization of the CH, reactant with ionization thresholds of
9.84 and 12.61 eV. This was done to ensure a good signal-to-noise
ratio of the CH; product. However, substantial noise from CH,*
was observed when injecting CHy into the chamber. It should be
noted that, from the perspective of ionization energies, the FEL
should be incapable of ionizing CH4. The noise in this experi-
ment arises from the ionization of the high concentration CHy
reactant by the third harmonic FEL (31 eV). Figure 9(a) shows
that the detector acquires substantial background signals, which
pose a significant risk of overwhelming the actual reaction sig-
nals. Therefore, it is imperative to mitigate the impact of back-
ground signals induced by the third harmonic components. When
the gas cell pressure was adjusted to 2 Pa, the background signal
reduced dramatically from 10698 to 548 photons/s, as shown in
Fig. 9(b). These findings demonstrate the significance of the gas
cell.

FIG. 9. Comparison of background signals with the filter off (a) and on (

Rev. Sci. Instrum. 95, 063101 (2024); doi: 10.1063/5.0202267
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IV. CONCLUSION

A gas cell used to attenuate laser power is the key equipment
for the photon beamline. In addition to the attenuation function,
we have explored various capacities. By utilizing atomic absorption
spectral lines, we have achieved precise calibration and obtained a
resolving power surpassing 5000. Taking into account the broaden-
ing of the absorption lines, this method is capable of accomplishing
high-precision measurements for spectrometers with a resolving
power of 100 000 and less. In terms of third harmonic filtering, the
gas cell has effectively mitigated the third harmonic of the FEL by
approximately one order of magnitude while preserving the inten-
sity of the fundamental. This improves the signal-to-noise ratio by
one order of magnitude according to the experiment. In addition,
we are also actively exploring the use of the pulse valve instead of
leak valve for more efficient high harmonic filtering, which will be
further tested in the future. We used the multifunctional gas cell
for spectrometer calibration, resolving power testing, and high har-
monic filtering simultaneously. It has been experimentally tested
and proved to be powerful in beamline commissioning and FEL
operation.
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