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Beam experiments with a non-intercepting beam induced fluorescence

profile monitor for the ADS LINAC
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Abstract: An accelerator-driven subcritical system (ADS) project was launched in China in 2011, aiming to design
and build an ADS demonstration facility with the capability of more than 1000 MW thermal power. The driver linac
is defined to be a 10 mA current of high energy protons at 1.5 GeV in continuous wave operation mode. To meet the
extremely high power and intense beam accelerator requirements, non-interceptive monitors for the beam transverse
profile are required for this proton linac. Taking advantage of the residual gas as active material, the Beam Induced
Fluorescence (BIF) monitor exploits gas-excited fluorescence in the visible spectrum region for transverse profile
measurements. The advantages of this non-intercepting method are that nothing is installed in the vacuum pipe,
component design is compact and there is no need for expensive signal processing electronics. Beam experiments
have been performed under constant beam conditions. The helium spectrum has been verified with different optical
filters, showing that a proper optical band-pass filter covering 400-500 nm is necessary for fluorescence experiments
with helium. By changing gas pressure, it is shown that gas pressure is proportional to the signal amplitude but
has no influence on detected profile width. Finally, a comparison experiment between the BIF monitor and a wire

scanner shows that the detected profile width results of both methods agree well.
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1 Introduction

The linac for the Accelerator-Driven subcritical Sys-
tem in Lanzhou, China (ADS-LINAC) [1] presents signif-
icant challenges for beam instrumentation. Conventional
intercepting beam profile diagnostics such as wire scan-
ners, secondary emission grids and scintillation screens
are no longer suitable. Any intercepting materials are
at risk of being melted or evaporated when dealing with
such intense beams. Therefore, as it has the advantages
of non-destructive features, compact installation design,
and no expensive electronics for signal processing, it is
proposed to investigated a Beam Induced Fluorescence
(BIF) detector [2] for the ADS-LINAC profile measure-
ment. The general scheme of the BIF detector is shown
in Fig. 1. Commonly, nitrogen is the most prominent
vacuum constituent in linacs, although in areas close
to the superconducting cavities the major component is
expected to be hydrogen. After collisions between the
beam particles and these residual gases, not only can the
gas molecules be ionized, but the excitation of internal
energy levels can also occur. The excitation decays elec-
tromagnetically by fluorescence. The fluorescence light

Received 16 January 2015, Revised 25 May 2015

ADS, BIF, beam profile, non-interceptive monitor, intense beam

DOI: 10.1088/1674-1137/39/11/117004

gets captured by an image-amplified CCD camera in sin-
gle photon counting mode and the beam profile can be
determined by image processing [3]. If the photon yield
is not large enough, working gases can be injected into
the vacuum tube with the help of a gas inlet valve. Usu-
ally the gases injected into the target chamber are rare

-~ N,-fluorescent gas
equally distributed

lens, image-intensifier
and CCD FireWire-camera

Fig. 1. (color online) Scheme of a BIF monitor
for horizontal beam profile determination, as in-
stalled at GSI. From Ref. [2].
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Fig. 2. (color online) Normalized fluorescence spec-

tra under the condition of DC beam S%* with pa-
rameters 3.75 MeV /u, 200 nA. From Ref. [4].

Fig. 3. (color online) The HIRFL-TR2 target
chamber with vacuum valve.

gases such as helium, nitrogen, argon and so on. Differ-
ent types of working gas, or even different gas pressures
with the same gas can both influence the radiated flu-
orescence spectra [4], examples of which are shown in
Fig. 2.

2 Experimental setup

HIRFL-TR2, which is a gas-filled separator for stud-
ies of super-heavy nuclei, is one of the experimental ter-
minals of the Heavy Ion Research Facility in Lanzhou

(HIRFL) [5]. The target chamber is shown in Fig. 3.
The beam experiments were done in this gas filled cham-
ber. The filling gas for these experiments was helium and
the pressure in the target chamber was around 1 mbar.
A commercial Basler CCD camera (acA1300-30gm) was
mounted at the side of the target chamber, as shown in
Fig. 4. The viewing axis and the beam direction were
at an angle of 30°. Because of the relatively high gas
pressure, the image intensifier was not installed for the
experiments. To verify the measurement accuracy of the
BIF method, a wire scanner was installed inside the tar-
get chamber. The experiments were done for a 2°Ne™
beam, with energy of 6.17 MeV/u and mean current of
3.5 uA.

camera with filtes
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-

Fig. 4.

(color online) Layout of view window and
optical capture systems.

3 Experimental contents and data anal-
ysis

1) Calibration

As the viewing direction was not orthogonal to the
beam direction, the acquired images needed to be trans-
posed to the right size. A coordinate paper with black
dots spaced 5 mm apart, used as a calibration target,
was fixed at the beam position inside the target cham-
ber. The calibration image was corrected to a suitable
angle with LabView image processing module, as shown
in Fig 5. Recording the pixel number and corresponding
dark dot length by the LabView image processing mod-
ule, the original calibration data was obtained. A linear
fit of the calibration data was then performed by Origin
software, as shown in Fig. 6. The calibration fit equation
obtained is Y =0.11459X —15.489, where X is the pixel
number and Y corresponds to the length in mm. Thus
the resolution of this whole optical acquisition system is
about 115 um per pixel. The effective area in pixels of
the sensor is 1284 x961 whereas the field of view is about
147 mmx110 mm. Of course, this resolution can be op-
timized by adjusting the settings of the optics system.
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Fig. 5.  Angle correction process using coordinate paper.
60 o
= original data .
linear fit
¥=0.11459X—15.489 -
-
40 y
£ o
£ .
3 -
Z20 ¢ .
el /.
e
-
0 F -
0 200 400 600
pixel
Fig. 6. (color online) Linear fitting of acquired cal-

ibration data.

2) Impact with and without optical band-pass filter

Mounting different optical band-pass filters before
the camera can not only verify the helium spectrum, but
also identify the image background contribution. Based
on the features of the helium spectrum, two different
optical filters, 400 nm=+7 nm and 500 nm=+7 nm (Thor-
laps) were alternately installed during the time gap of
the beam being blocked by an upstream Faraday cup de-
tector. Fig. 7 shows the experiment results with and
without different optical filters installed before the cam-
era. As shown in Fig. 2, there are two peaks in the
fluorescence spectrum of helium, at 400 nm and 500 nm
respectively. Fig. 7(a) shows the image without any opti-
cal filter. The background noise is huge because of much
stray light occurring, which gives a bad SNR. Fig. 7(b)
shows the effect with a filter of 400 nm=£7 nm, but the
peak value at 400 nm is much smaller than that at 500
nm, which is also clearly shown in Fig. 2. Therefore the
photon yield after 400 nm filter was too low to be cap-
tured without an image intensifier. An optical band-pass
filter of 500 nm=+7 nm was applied in Fig. 7(c), which

indeed increased the SNR and gave better image qual-
ity. All the following profile images of the experiments
were therefore acquired with a 500 nm=+7 nm optical
filter mounted before the camera. The best option for
the optical filter is to choose a larger bandwidth filter
covering both 400 and 500 nm wavelength. Usually, to
minimize light reflection and decrease the image back-
ground, the inner vacuum chamber walls are blackened
with vacuum-suitable graphite lacquer (graphite grains
dissolved in isopropanol) [6].
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Fig. 7. Images detected with and without different
filters in beam condition of 2°Ne™* particles with
energy 6.17 MeV /u and current 3.5 pA.

3) Profile signal dependence on gas pressure

The relationship between the obtained profile image
signal and the gas pressure was studied under the avail-
able conditions. Three different gas pressures, 0.6 mbar,
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0.8 mbar and 1 mbar were alternately applied in exper-
iments with the help of the vacuum pump and gas inlet
valve. Each change of gas pressure took about 30 min-
utes. Meantime, maintaining the beam stability was very
crucial. Fig. 8 gives the experiment results for the sig-
nal amplitude under different vacuum pressures around
1 mbar. The total signal amplitude increases almost lin-
early with the gas pressure. This result confirms the
conclusion of the photon yield formula [7] that the pro-
ton yield Nyioton is proportional to the gas pressure p:

dE f Q Ibeam
NphotonoCEAs-H-H-?- (1)

where (dE/ds). As is the energy loss of ions current
Iieam with charge state g for an observation length As
and pressure p, f ~1% the fraction of the light conversion
to hv and {2 is the solid angle.

As shown in Fig. 9, the experiment results also show
that the profile width actually changes slightly with gas
pressure. The reason is that when the pressure p is
around 1 mbar higher, a two-step excitation process be-
comes more important with a probability scaling o p?.
In the first step, the ionizing collisions between helium
molecules and beam ions produce free electrons. In the
second step, these electrons can excite helium molecules
from ground-state to excited-state leading to fluores-
cence. As the mean free path of electrons at 1 mbar gas
pressure is of the order of 1 mm, these electrons could
travel a certain distance prior to molecular excitation.
Therefore the measured beam profile will be enlarged
[8]. For low gas pressures, however, studies have testified
that the detected profile widths actually are independent
of the vacuum pressures.
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Fig. 8. (color online) Change of signal amplitude
with gas pressure from 0.6-1.0 mbar, camera set
at 600 gain and 1 s exposure time, beam of 2°Ne”*
particles with energy 6.17 MeV/u and current
3.5 HA.
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Fig. 9. (color online) Change of vertical profile
with gas pressure from 0.6-1.0 mbar, camera set
at 600 gain and 1 s exposure time, beam of 2°Ne”™*
particles with energy 6.17 MeV/u and current
3.5 pA.
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Fig. 10. (color online) Profile normalized fitting of

wire scanner and BIF methods in beam condition
of °Ne™ particles with energy 6.17 MeV /u and
current 3.5 pA.

4) Comparison between wire scanner and BIF

To check the measurement accuracy of the BIF mon-
itor, a wire scanner was installed inside the target cham-
ber and the measurement results of these two methods
are compared in Fig. 10. The single wire was 30 pm
in diameter and controlled by a step motor with cali-
bration of 20 um per step. Every time the step mo-
tor moved 5 steps, a pA-meter connected to the scan-
ning wire recorded the corresponding current value. As
shown in Fig. 10, the beam width measured from the BIF
method is (0.659+0.020) mm, and from the wire scanner
it is (0.5354+0.041) mm. The value given by the BIF de-
tector is a little bit bigger than that of the wire scanner.

117004-4



Chinese Physics C  Vol. 39, No. 11 (2015) 117004

Referring to the other experiment results [9], the profile
widths detected with helium are also a little larger than
those with other gases such as nitrogen, argon and so
on. This is because the helium atom has a large cross
section for electron excitation. Thus the slight deviation
between the wire scanner and BIF values is actually rea-
sonable and acceptable. The profile results of the two
methods agree well. Using other gas-species like nitro-
gen, BIF monitors have been found to give similar profile
results and are also in good agreement with a SEM-Grid
method [10]. The most appropriate residual gas for BIF
applications is nitrogen, not only because of its fluores-
cence spectrum being densely concentrated between 390
and 470 nm, but also because nitrogen shows the highest
integral intensity [11].

4 Conclusions and outlook

Depending on the beam parameters and the vac-
uum constraints, BIF monitors can be operated at base-
pressure or in dedicated local pressure increments up to
the mbar range. Compared with an Ionization Profile
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