Chinese Physics C  Vol. 47, No. 12 (2023) 124001

Jieming Xue (F#i%H)!

Measurement and analysis of the neutron-induced total cross-sections of **’Bi

from 0.3 eV to 20 MeV on the Back-n at CSNS*
Song Feng (IG#3)"®  Yonghao Chen (7kif)** Han Yi (5 #5)>?
Min Xiao (M )" Pinjing Cheng (F£f:/%)' Rong Liu (XI58)*®  Yiwei Yang (£2546)*  Zijie Han (5 F/4%)*
Dajun Zhao (X K18)' Haoqiang Wang (F5£5%)' Baoqian Li (=5 4k)" Jirong Zhao (X 4k5%)"
Zijun Liu (XI#%%)"  Chaomin Chen (##1%0)' Wen Luo (¥ )" Bo Zheng ()"
'School of Nuclear Science and Technology, University of South China, Hengyang 421001, China
’Institute of High Energy Physics, Chinese Academy of Sciences (CAS), Beijing 100049, China

3Spallation Neutron Source Science Center, Dongguan 523803, China
“Institute of Nuclear Physics and Chemistry, China Academy of Engineering Physics, Mianyang 621900, China

Abstract: The neutron-induced total cross-section of **Bi is crucial for the physical design and safety assessment
of lead-based fast reactors, and the quality of experimental data should be improved for evaluation and application.
A recent experiment was conducted on the back-streaming white neutron beamline (Back-n) at the China Spallation
Neutron Source (CSNS) using the neutron total cross-section spectrometer (NTOX). The neutron energy was de-
termined using a fast multi-cell fission chamber and the time-of-flight technique. Two high-purity bismuth samples,
6 mm and 20 mm in thickness, were chosen for neutron transmission measurements and comparisons. The neutron
total cross-sections of **Bi, ranging from 0.3 eV to 20 MeV, were derived considering neutron flight time determin-
ation, flight path calibration, and background subtraction. A comparison of the experimental results with the data in
the ENDF/B-VIIL.O library showed fair agreement, and the point-wise cross-sections were found to be consistent
with existing experimental data. Special attention was given to the determination of resonance parameters, which
were analyzed using the R-matrix code SAMMY and Bayesian method in the 0.5 keV to 20 keV energy range. The
extracted resonance parameters were compared to previously reported results and evaluated data. This study is re-
cognized as the first one where the neutron total cross-section of bismuth across such a broad energy spectrum is
measured in a single measurement or experiment, and it provides valuable data for the assessment of related reaction
information for evaluated libraries and the advancement of lead-bismuth-based nuclear systems.
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I. INTRODUCTION

In recent years, the development of lead-based fast re-
actors (LFRs) and the accelerator-driven sub-critical sys-
tem (ADS) as novel nuclear power technologies has been
accelerated. Liquid lead-bismuth eutectic (LBE) is chosen
as the primary coolant for these advanced nuclear sys-
tems because of its superior thermo-hydraulic and safety
characteristics [1]. Therefore, the accuracy of nuclear
data for lead and bismuth has a direct impact on the reli-
ability of the physical design. Consequently, the demand
for precise neutron-induced reaction data for **’Bi has
been elevated to the high-priority request list (HPRL) by

the OECD-NEA [2]. The neutron total cross-section
forms the foundation for evaluating neutron-induced nuc-
lear reaction data, holding substantial importance in fun-
damental nuclear physics and nuclear technology. In the
energy region ranging from thermal to 20 MeV, relevant
to LFRs, current measurements of bismuth's neutron total
cross-sections derive from various spectrometers span-
ning different energy domains. Discrepancies remain not-
able across many energy sectors, posing challenges for
assessing pertinent nuclear reaction data in nuclear power
applications.

When comparing the neutron-induced total cross-sec-
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tion data for bismuth across major nuclear data libraries,
significant discrepancies emerge, particularly in the neut-
ron resonance energy range (1 keV—1 MeV). This can be
largely attributed to the limited number of measurements
available for bismuth's neutron-induced total cross-sec-
tion within the resonance region. [3], and the measure-
ment uncertainties in some energy regions are relatively
large (e.g., approximately 10%—30% in 260 keV to 860
keV energy reigon) [4, 5]. There has not been a single re-
ported measurement that covers the energy range of in-
terest for LFRs using one detector. This makes the extrac-
tion of resonance parameters and covariance analysis par-
ticularly challenging for applications. Hence, there is a
need for new, high-quality measurements of the 2*Bi
neutron total cross-sections across an extensive energy
range, using a sophisticated neutron source and spectro-
meter.

This paper reports a new measurement of the neutron
total cross-sections of **Bi in the energy range from 0.3
eV to 20 MeV on the back-streaming neutron beamline
(Back-n [6]) at the China Spallation Neutron Source
(CSNS). Neutron energy was determined by the neutron
total cross-section spectrometer (NTOX) using the time-
of-flight (TOF) technique. Measured neutron total cross-
sections of *’Bi were compared with data extracted from
EXFOR and evaluated libraries. Neutron resonance para-
meters in the energy region of 0.5 keV to 20 keV were
extracted and discussed.

II. EXPERIMENTAL

A. Experimental setup

With respect to the Back-n white neutron source,
neutrons are produced via 1.6 GeV proton-induced spal-
lation reactions on a Tungsten target. Two endstations
(ES), which are approximately 55 m (ES#1) and 76 m
(ES#2) away from the spallation target, have been built
on the Back-n neutron source for neutron-induced nucle-
ar data measurements, irradiation tests, neutron imaging,
and detector calibrations [7].

The accelerator was operated with a proton beam
power of approximately 100 kW in this experiment. The
incident proton pulse was in two bunches, about 60 ns
(FWHM) wide and 410 ns apart, and was accelerated via
a Linac and synchrotron with a pulse repetition rate of 25
Hz. To obtain a relatively high neutron flux for measure-
ments, a beamline mode of ®50 — ®50 — ®40 mm was se-
lected. The three numbers in that beamline mode indicate
the apertures of the neutron shutter, first collimator, and
second collimator, respectively, as shown in Fig. 1.

High-purity bismuth samples were placed at (ES#1)
and the NTOX spectrometer was placed at (ES#2) for
scattering neutrons reduction [8]. The NTOX spectromet-
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Fig. 1. (color online) Schematic diagram of the experiment-

al setup.

er comprises a multi-cell fission chamber in which four
25U fission cells (P°U-1, 25U-2, #°U-4, 25U-5) are used
for low energy neutron detection and four ***U fission
cells (P8U-1, 28U-2, 28U-4, 2*8U-7) are used for fast neut-
ron detection [9]. Each cell corresponds to a readout
channel. The full waveform of each signal generated by
each cell was fed into the data acquisition system (DAQ)
[10] for offline data analysis. The signal was produced by
a neutron-induced fission fragment, which ionizes the
working gas in the ionization chamber.

B. The samples

As thin samples generate large uncertainties and thick
samples allow too many scattering/reaction processes,
samples for neutron transmission measurements should
not be too thick or too thin. Two high purity (>99.99%)
bismuth (**’Bi) samples, with a thickness of 6 mm and 20
mm, respectively, were selected for measurement. The
uncertainty of the sample thickness determination is with-
in 0.07%. The diameter of the **Bi samples was 70 mm
to cover the neutron beam. Table 1 shows the physical
parameters of the samples. The samples were aligned ho-
rizontally and vertically to make the samples perpendicu-
lar to the neutron beam to the maximum possible extent
to reduce the experimental uncertainty. The sample
changer can hold two samples at the same time and move
them in and out of the beam remotely. The irradiation
time for a 6 mm thick sample was approximately 36.5 h,
and it was approximately 45 h for the 20 mm thick
sample. The measurement time with the empty target was
approximately 22.5 h.

Table 1. Physical parameters of *’Bi samples.
Purity  Diameter/  Thickness/  Mass/  Density/
Sample ID
(%) mm mm g g/em?
I 99.99 70 6 230.5 9.98
11 99.99 70 20 758.6 9.86
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III. DATA ANALYSIS AND RESULT

The energy-dependent neutron total cross-section can
be determined by the transmission measurement [11].
The relationship between the total cross-section and
transmission rate can be expressed as Eq. (1).

1
U(Ei):—%lnT(E,-), )

where n denotes the number of atoms per unit volume of
the sample, d denotes the thickness of the sample, and T
denotes the transmission rate. The transmission rate was
calculated using the neutron counting rate of the sample-
in divided by that of the sample-out using Eq. (2). Trans-
mission measurement exhibits high accuracy because the
ratio method eliminates the need to know the specific de-
tection efficiency of the detector and neutron flux.

C(E)

)= Co(E))’

2

where C(E;) denotes the neutron counting rate by the de-
tector of sample-in and Cy(E;) denotes the neutron count-
ing rate by the detector of open-beam.

To obtain the neutron energy, the TOF technique is
usually used [11, 12]. It determines the neutron energy by
measuring the time when the neutron flies over a fixed
distance. The neutron energy can be calculated by Eq. (3)
as follows:

Ei =m,C

- -1 |, (3)
1‘(@)

where m, denotes the mass of the neutron, ¢ denotes the
speed of light, L denotes the neutron flight path, and
TOF, denotes the neutron flight time. The relativistic ef-
fect was considered as the neutron energy was relatively
high.

The timing and amplitude of each signal were ana-
lyzed based on the ROOT framework [13]. Data analysis
was processed by analyzing the neutron flight time de-
termination, flight path calibration, and background de-
duction.

A. Neutron flight time determination

When the powerful 1.6 GeV proton beam strikes the
spallation target, it concurrently generates high-intensity
y-rays (y-flash) at the moment neutrons are produced.
Given that the y-flash travels at the speed of light and
reaches the detector before the neutrons, the time differ-
ence between the detected y-flash and the neutron signal

is utilized to ascertain the neutron's time-of-flight [8], as
shown in Eq. (4).

TOF,=T,-T, =T,-(T,-TOF,), @)

where T, denotes the neutron arrival time determined by
the fission signal, T,y denotes the generation time of
neutron, T, denotes the time when p-flash is detected,
TOF, denotes the flight time of y-flash from the target to
the fission chamber.

The y-flash signal exhibited a much smaller amp-
litude when compared with the fission signal and was ser-
iously affected by noise. Multiple p-flash signals were
counted in data analysis. Recorded signals were superim-
posed and then normalized to determine 7, for each fis-
sion cell. The results are listed in Table 2.

Table 2. Detected time of y-flash in each fission cell.

Fission cells T,/ns Fission cells T,/ns
25U-1 -1150 By-1 -1148
B5y-2 -1153 By-2 -1150
25U-4 -1151 By-4 -1154
»U-5 —1154 #y-7 -1155

B. Neutron flight path calibration

Three resonance peaks with lower energy (8.774 eV,
12.385 eV, and 19.288 eV) were chosen to calibrate the
neutron flight path between the neutron source and fis-
sion cells with fewer effects resulting from the time resol-
ution. Figure 2 shows the fission time distribution of the
signal obtained from the ***U-1 fission cell, and the three
resonance peaks are clearly visible. The resonance peaks
were fitted using the Gaussian function to find the neut-
ron fission time. The neutron flight path is then calib-
rated based on the relationship between the resonant peak
energy and fission time, as shown in Eq. (5).
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Fig. 2.  (color online) Diagram of the fission time distribu-
tion of the signal obtained from **U-1 fission cell.
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The fitting process for the flight path of *°U-1 fis-
sion cell is shown in Fig. 3. The calibration results of the
flight path for the four *°U fission cells are shown in
Table 3. The flight path of the four >**U cells was not cal-
ibrated due to the small response of the reaction in low-
energy regions. The distance between every two adjacent
cells was approximately 19 mm, and the result was veri-
fied for °U cells. Hence, the flight path of the **U fis-
sion cells was adjusted to increase by 19 mm.
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Fig. 3. (color online) Neutron flight path fitting of ***U-1 fis-
sion cell.

Table 3. Neutron flight path calibration of *°U fission cells.

Fission cells L/m
3U-1 77.0589
#5U-2 77.0787
B5U-4 77.0980
2U-5 77.1181

C. Background subtraction

The primary experimental background stems from
two sources, which can significantly influence the experi-
mental outcomes if not subtracted. Firstly, there is the
ambient room background, time-independent and inclus-
ive of the alpha decay from the fission cells. This can be
effectively measured by collecting data when the neutron
beam is off. A ten-hour beam-off measurement revealed a
very low signal amplitude suitable for pulse height ana-
lysis and background subtraction. Subsequent analysis in-
dicated a negligible influence of alpha particles at the
threshold, with alpha particles contributing only 0.0007%
to the neutron signal. The second source is associated

with the neutron beam's generation and transmission and
is time-variant. This can be assessed during operations
and is often concealed by the neutron spectrum [12].
Based on the measurement performed by Liu [14], the ra-
tio of the scattered neutrons to neutrons in the beamline is
known and corresponds to approximately 107, and the in-
beam background can be neglected.

The time and amplitude statistics of the signals from
each fission cell are performed, resulting in the sample-
out TOF-amplitude 2D distribution and amplitude distri-
bution of **U-1 cell and ***U-1 cell as shown in Fig 4. An
obvious demarcation region between the background sig-
nal of small amplitude and fission signal is shown. In this
study, the lowest value of the valley region was selected
from the amplitude distribution map as the signal screen-
ing threshold, and the background signal smaller than the
threshold was estimated in the subsequent analysis.
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Fig. 4. (color online) Sample-out TOF-amplitude 2D distri-
bution, and the amplitude distribution of ***U-1 cell and ***U-1
cell.

D. Neutron transmission analysis

The fission events as a function of neutron energy can
be derived from the TOF spectrum using Eq. (3). The
proton beam intensity, which was simultaneously mon-
itored by a Current Transformer (CT), was used for neut-
ron yield normalization using a normalization parameter
(P). The neutron transmission (7'(E;)) was then obtained
after considering the background counts (B(E;)) subtrac-
tion and proton beam normalization in Eq. (6).

(M(E) - B(E))) /P

T(E)= ;
(Mo (E;) — By (Ep)) [Py

(6)

where M(E;) denotes the signal count of the beam-on
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measurement with sample-in, and subscript 0 represents
the beam-on measurement without placing a sample.

To increase the neutron counts and reduce the statist-
ical error, the neutron-induced fission events counted by
each fission cell were added [14]. The normalized fission
events as a function of neutron energy and corresponding
transmission with and without samples of U fission
cells and #*U fission cells are shown in Fig. 5.
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Fig. 5. (color online) Normalized fission events as a func-

tion of neutron energy and the corresponding transmission
measured by U fission cells and ***U fission cells with and
without *Bi samples.

The neutron transmissions measured using samples of
two different thicknesses show broadly consistent trends.
For a 6 mm thick **’Bi sample, transmissions range from
0.8 to 0.95, while for a 20 mm thick sample, they range
from 0.6—0.8 in most energy areas. However, in the en-
ergy range of 1 eV to 1 keV, neutron counts differ signi-
ficantly due to the resonance effect of *°U, leading to
considerable uncertainty in this energy region. A compar-
ison is made between neutron transmissions obtained by
23U fission cells and ***U fission cells, as depicted in
Fig. 6. A good agreement was observed between the data
analysis and experiment.
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Fig. 6. (color online) Comparison of the neutron transmis-

sion obtained from **°U fission cells and **U fission cells.

E. Double-bunch unfolding

The proton beam operated in a double-bunch mode to
enhance beam power and neutron intensity, with a time
interval of approximately 410 ns between the two
bunches. Given the neutron flight path from the spalla-
tion target to the endstations (55 m and 76 m, respect-
ively), fast neutrons from the second bunch would over-
lap with the slower ones from the first bunch. This over-
lap complicates the neutron TOF spectrum, introducing
significant uncertainties in counting high-energy neut-
rons and subsequently affecting the accuracy of the total
cross-section measurement. To mitigate this, it is essen-
tial to unfold the experimentally obtained TOF spectrum
to retrieve the original spectrum associated with a single-
bunch mode. This step ensures a more precise comparis-
on between experimental and evaluation data, affirming
the credibility of the experimental results. The TOF spec-
trum linked to the fission events, based on neutron en-
ergy from the 2U and ***U fission cells in the experi-
ment, was processed using the DemoUnfolding v3.3
code [15] in the energy range from 10 keV to 20 MeV
and 1 MeV to 20 MeV, respectively. In the double-bunch
mode, the TOF spectrum was configured with a linear
uniform distribution of 20.5 ns per channel. Fission
events, based on neutron energy, were divided into 100
bins per decade, undergoing five iterations. This unfold-
ing procedure, rooted in the iterative Bayesian method,
can deconvolve the neutron energy spectrum, TOF spec-
trum, and the amplitude-energy 2D distribution. Detailed
principles and algorithm derivations are available in the
referenced literature. Following the unfolding process,
the neutron count in each channel is adjusted.

F. Result and uncertainty analysis

With the neutron transmission spectrum of sample-in
and sample-out, the neutron total cross-sections were ob-
tained according to Eq. (1). Figure 7 shows the neutron
total cross-sections measured by U fission cells and the
28U fission cells. From Eq. (2), it can be observed that
the uncertainty of the total cross-section mainly comes
from the uncertainty of the atomic density of the sample
and uncertainty of the transmission, and the latter is re-
lated to the statistical uncertainty of the neutron counts.
The uncertainty of the neutron total cross-section can be

obtained via Eq. (7).
(G| o

2
Ao _ -1 (Al) +(InT)?

o InT T

Measurements performed with two samples of differ-
ent thicknesses are in general consistent and show good
agreement with previous measurements and ENDF/B-
VIIL.O data. A relatively large fluctuation of approxim-
ately 4 eV was found due to the low statistical counts in
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Fig. 7.
the energy range from 0.3 eV to 20 MeV.

that energy region. Measured neutron total cross-sections
were found lower than the evaluated data at resonance
peak energies. This is because the proton beam operated
in a mode resembling a Gaussian distribution with a
width of approximately 60 ns. The time broadening was
not factored into the neutron energy determination, mak-
ing it challenging to accurately measure the resonance
peaks within the energy range of 30 keV to 1 MeV.

When measuring the neutron total cross-section, the
20 mm thick sample yielded a smaller statistical uncer-
tainty when compared to the 6 mm thick sample. Uncer-
tainty can also be introduced during the double-bunch un-
folding process. The unfolding code employs an iterative
method to compute the error for each channel, encom-
passing both the TOF and energy spectrum errors. For the
6 mm thick sample, there were 785 energy bins with the
35U fission cells and 91 with the ?*U fission cells. The
total uncertainties in the measured total cross-sections us-
ing the 2*U fission cells were below 20% for 90% of the
energy points (bins) and under 10% for 45% energy
points. For the 20 mm thick sample, there were 790 en-
ergy bins with the 2U fission cells and 94 with the **U
fission cells. At 98% of these energy bins, uncertainties
were less than 10%, with 80% of them being below 5%.
Furthermore, 12% of the energy bins had uncertainties of
less than 2%.
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(color online) Neutron total cross-sections of *’Bi compared with previous experimental data and ENDF/B-VIILO0 library in

IV. R-MATRIX ANALYSIS AND DISCUSSIONS

To extract the resonance parameters for practical ap-
plications, the measured neutron total cross-sections were
analyzed using the R-matrix theory. The SAMMY code,
which is a program for multi-level R-matrix fitting of
neutron reaction data based on the Bayesian technique, is
applied for fitting the resonance peaks in the energy range
from 0.5 keV to 20 keV, as shown in Fig. 8.

To improve the fitting process, abnormal data remov-
al and input document editing, including the experiment-

10

experimental data
—— SAMMY fitting
08| ﬁ
Eoe
£
g
Z 04|
<
ot
H
02}
0.0 -
1 1
10° 10"
Energy (keV)
Fig. 8.  (color online) Comparison of experimental data

measured with 20 mm thick sample and SAMMY fitting.
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al conditions (sample thickness, laboratory temperature,
etc.) for the SAMMY code, were applied for analyzing
the experimental data. To ensure that the fitting results
were more in line with the experimental data, we in-
creased the number of experimental data points. The
neutron energy points were set to 500 per decade. The
initial parameters were from the JEFF-3.3 library, and the
correction of experimental conditions (Doppler broaden-
ing, resolution broadening, etc.) was considered. The free
gas model was used to widen the Doppler effect. Finally,
the resonance parameters in the 0.5-20 keV resonance
energy region were obtained by fitting the transmission
data of the 20 mm thick sample.

Extracted resonance parameters in the energy range of

Table 4. Extracted neutron resonance parameters of **Bi.

Reference E.J/eV r,/eV T,/eV
Present 800.5 0.0342 4.9883
ENDEF/B-VIILO 800.0 0.0387 4.6364
C. Domingo-Pardo [16] 801.6 0.0333(0.012) 4.309(0.145)
A.R. De [5] 800.0 - 4.655(0.05)
U. N. Singh [17] 800.0 - 4.6(0.4)
Present 2340.5 0.0349 27.325
ENDF/B-VIIL.O 2310.0 0.046 17.889
C. Domingo-Pardo 23238  0.0268(0.017)  17.888(0.333)
A.R.De 2312.0 - 18.1(0.3)
U. N. Singh 2312.0 - 19.5(1.0)
Present 5110.5 0.0666 3.6903
ENDEF/B-VIILO 5114.0 0.065 5.64
C. Domingo-Pardo 5114.0 0.065(0.002) 5.64(0.27)
A.R.De 5108.0 - 5.74(0.14)
U. N. Singh 5112.0 - 5.4(0.6)
R. Macklin [18] 5113.0 - 6.49(0.14)
J. Morgenstern [19] 5084.0 - 6.05
Present 12042 0.1191 280.98
ENDF/B-VIIL.O 12098 0.117 258.889
A.R.De 12123 - 259.0(6.0)
U. N. Singh 12150 - 270.0(45.0)
R. Macklin 12100 - 292.0(26.0)
J. Morgenstern 12100 - 267.0
Present 15476 0.1142 87.601
ENDEF/B-VIILO 15510 0.11 114.444
A.R.De 15548 - 129.0(2.0)
U. N. Singh 15540 - 118.0(20.0)
R. Macklin 15510 - 126.0(11.0)
J. Morgenstern 15470 - 118.0

0.5-20 keV are compared with the reported results and
evaluated data in ENDF/B-VIILO library, as listed in
Table 4. The uncertainty of the obtained resonance para-
meter E, is less than 0.02%, uncertainty of parameter I,
is less than 8%, and uncertainty of parameter I', is less
than 3%. The difference between the obtained resonance
parameter E,, and parameters in ENDF/B-VIILO library
is less than 1.3%. The obtained resonance parameters I,
and T, differ from the parameters in ENDF/B-VIIIL.O lib-
rary by 1.8% to 24% and 7.6% to 53%, respectively.
Some parameters exhibit significant differences. This can
be due to the fact that the proton beam broadening of ap-
proximately 60 ns is not considered. The experimental
results show similar differences for certain parameters.

V. CONCLUSIONS

A new measurement of the neutron total cross-sec-
tions of *”Bi with two samples of different thicknesses
was performed using the time-of-flight technique on the
Back-n beamline at CSNS. Neutron energy was determ-
ined by the NTOX spectrometer, and the neutron total
cross-sections were derived from the transmission in the
energy range from 0.3 eV to 20 MeV. As the double-
bunch proton beam was used, the neutron energy spec-
trum unfolding was applied.

There was a notable agreement when comparing our
measured data with prior measurements and evaluation
data from the ENDF/B-VIIL.O library. The experimental
uncertainty for neutron total cross-sections using the 20
mm thick sample was less than that of the 6 mm thick
sample. Most energy points exhibited uncertainties under
5%, underscoring the high quality of our measurements.
Based on this, the data were further analyzed using the R-
matrix theory. This yielded neutron resonance paramet-
ers for the energy range of 0.5-20 keV, which were then
compared with published data and the ENDF/B-VIII.O
library.

This measurement result represents the first measure-
ment of the neutron total cross-section of bismuth in such
a wide energy range (spanning eight orders of
magnitude), which is in favor of evaluating the related
nuclear reaction data. This is especially important when
different experimental data exhibit certain differences in
the overlapping energy regions. For example, the meas-
urement energy range of Wang Taofeng et al. [20] is
0.1-100 eV, while that of J. A. Harvey et al. (data from
the EXFOR library) is 1.8 eV—25 keV. Furthermore, the
data difference in the overlapping energy region is as
high as 15%, even exceeding the data uncertainty.

In the future, a °Li-containing scintillator-based de-
tector will be developed and applied for neutron total
cross-sections measurement as an update to the NTOX
spectrometer. A fast scintillator-based neutron total cross-
section (FAST) spectrometer is under construction, and
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the physical design has been completed [21, 22]. With the
FAST spectrometer, the experimental uncertainty of the
neutron-induced total cross-sections in the energy region
of eV to keV will be improved due to the smooth reac-
tion cross-section of °Li(n, «)T, and the statistical uncer-
tainty will also be improved for the high detection effi-

ciency of the FAST spectrometer.
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