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Abstract

Non-destructive beam profile monitoring is very desira-
ble, essentially for any particle accelerator but particularly
for high-energy and high-intensity machines. Supersonic
gas jet-based monitors, detecting either the ionization or
fluorescence of a gas sheet interacting with the primary
beam to be characterized, allow for minimally invasive
measurements. They can also be used over a wide energy
range, from keV to TeV beams. This contribution gives an
overview of the jet-based ionization and fluorescence beam
profile monitors which have been developed, built and
tested at the Cockcroft Institute. It discusses gas sheet gen-
eration, vacuum considerations, choice of gas species and
detection methods.

INTRODUCTION

Beam diagnostics play a key role in the safe and reliable
operation of any particle accelerator. Especially for high
energy, high-intensity machines, it is of great importance
that proper diagnostics with non-invasive methods are in
place for continuous monitoring. Many methods can be
used to determine the beam profile. Scintillating screens
and SEM-Grids are used very frequently as invasive meth-
ods at proton accelerators. Synchrotron radiation provides
a convenient and non-invasive means of beam imaging, but
it is only applicable at the highest energy proton accelera-
tors like LHC. Historically, ionisation beam profile moni-
toring (IPM) [1] or beam induced fluorescence (BIF) [1],
based on the interaction between the primary beam and the
residual gas, have been considered the least-invasive meth-
ods of measuring beam profiles in one dimension. Their
application is often linked with specific locations where
gas injection is allowed and a typically some meter-long
pressure bump is acceptable; otherwise, a long integration
time will be expected. Addressing these issues using [PM
or BIF based on a supersonic gas jet curtain instead of the
residual gas would be appropriate, since the gas jet curtain
can be thin but with high density and can be pumped out
easily because of its directionality. This contribution will
discuss the development of such monitors based on expe-
rience of gas jet based IPM and BIF at the Cockcroft Insti-
tute (CI) in recent years.
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MEASUREMENT PRINCIPLE

A supersonic gas jet curtain tilted at 45 degrees gets gen-
erated in the interaction chamber, with its direction perpen-
dicular to that of the primary beam. The density of the gas
jet is normally more than 10 times higher than the sur-
rounding residual gas. In this way, the gas jet curtain re-
sembles a scintillating screen, but is inconsumable. When
the primary beam interacts with the gas jet curtain, ions,
electrons and photons are generated. These can be col-
lected to recover the profile information of the primary
beam. Normally, the cross-section depends on the species
of the jet and the energy and type of the primary beam.
While IPM collects all the ions generated, BIF collects
photons only in a certain solid angle. Hence BIF would re-
quire a much higher integration time than IPM to detect a
primary beam, for the same gas jet density. A diagram il-
lustrating this process can be seen in Fig. 1.
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Figure 1: The principle of a gas-jet based beam profile
monitor.
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Figure 2: Schematic of a prototype gas-jet based beam pro-
file monitor using BIF mode.

Using the setup at CI as an example, see Fig. 2, the su-
personic gas jet must reach an equivalent pressure of 10
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A
g mbar to make meaningful measurements with moderate ex-
éposure times. The supersonic gas jet is generated when a
% high-pressure gas expands through a 30 x#m nozzle into a
2 low-pressure region. In the nozzle chamber, the centreline
_z density scales as the distance increases, which can be de-
g scribed ideally as Eq. 1[2] with the assumption of isen-
2 tropic flow, ideal gas behaviour, constant heat capacity and
: continuum flow.

1
— P Y1 a2) vt
p_kBT0(1+ zM) (1)
here y is the heat capacity ratio and is p the number den-

sity, Po and Ty are pressure and temperature at nozzle
throat, and M is the Mach number which can be calculated

using Eq. 2 [2].
ly+1
e (20, 0

. £

M= A(x ’“°)y '

Here d is the nozzle throat size, A and X, are fitted param-
eters which are y-dependent as seen in Table 1.

Table 1: Centreline Mach Number for Axisymmetric Flow

4 Xo/d A (X/d) min
1.67 0.075 326 2.5
1.40 0.40 365 6

of this work must maintain attribution to the author(s), title o

In reality, with the skimmer inserted and the stationary
g wall around the skimmer introduced, the density will de-
"3 crease faster. A turbomolecular pump backing by a scroll
‘Epump is used to maintain a low pressure in the nozzle
& chamber, so that the gas jet generation process gets mini-
Zmally disturbed by the surrounding gas. The choice of
_. pumps depends on the mass flow and pressure to be main-
2 tained. The mass flow m can be calculated from Eq. 3 [3].

Y+1
= PA* ’ (1+Y 1) 2(y-1) (3)

£ where A* is the nozzle throat area, R is the gas constant, W
= is the molecular mass.
2- To match the required density and divergence of a jet, a
> series of conical skimmers is used. With the help of differ-
© ential pumping, the flow after the 1st skimmer may be con-
Y sidered to be molecular, therefore geometric expansion can
*'5 be safely assumed. The final density p will decrease from

the initial value pggimmer leaving the first skimmer with
g £ the transverse velocity spread Viean /Vier and distance from
» the skimmer x, according to Eq. 4 [2] and Eq. 5 [4].
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Viee = M |10 (14 22m7) 2 )
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P = Pskimmer (1 + r X Vmei?;, ) ®)
skimmer*Vjet

It is obvious that careful skimmer positioning and sizing
is key in reaching a given jet density and divergence. Note
that these theoretical considerations are for guidance only,
£ and accurate values should be validated by simulations and
£ experiments. Here, the first and second skimmers have
= conical shapes with orifices of 180 zm and 400 xm. To al-
£Zlow for a 2D measurement of the beam profile, the last
= skimmer with a 4 x 0.4 mm?2 slit opening will shape the jet

ork may be used under th
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into a curtain with a 45-degree tilt angle. The distances be-
tween the nozzle, each skimmer, and the interaction point
are indicated in Fig. 2.

Turbomolecular pumps also should be installed at the
chambers between all skimmers, to create differential
pumping stages and ensure that molecules collimated off
the gas jet will not enter the interaction chamber. Remain-
ing molecules in the gas jet will continue to flow until
dumped out by the turbomolecular pumps in the dumping
chamber.

An extra chamber can be added with a moveable gauge
system installed, for measuring the gas jet density. The sys-
tem includes a small cell with a hot-filament ionization
gauge, into which molecules can enter through a low-con-
ductivity channel [5] (either a hole or slit). Equilibrium
pressure will be reached when the gas jet flow is equal to
the effusive flow through the channel [2]. A typical meas-
urement of the gas jet at CI, using a 0.5 mm hole, is shown
in Fig. 3. With otherwise identical inlet pressure and geo-
metrical settings for nozzle and skimmers, a monoatomic
gas (e.g. neon) will have a higher density than a diatomic
gas (e.g. nitrogen) because of its higher heat capacity, see
Eq.1.
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Figure 3: Jet density measurement with the system de-
scribed in Fig. 2. The inlet pressure for both gases is 5 bar.
The density is measured 242 mm away from the interaction
point with the 3™ skimmer at a 90° angle.

From Fig. 1, the distribution of the secondaries generated
from the interaction will rely intrinsically on the distribu-
tion of the primary beam. Along the x-axis it will stay the
same, but along the y-axis it will blur, due to the thickness
of the gas jet. On the other hand, the number of interaction
events (related to the integration time) depends on the
thickness of the jet, leading to a trade-off between intrinsic
resolution and integration time.

GAS JET BASED IPM AND BIF

A major difference between IPM and BIF is the interac-
tion chamber. It is more complex for IPM as the chamber
needs to host the electrodes for guiding the charged parti-
cles towards the detector. As an example, the setup in CI
[6-8] is shown in Fig. 4. The ions generated from the cold
molecules of the gas jet will suffer less distortion from ther-
mal movement during the collecting process compared
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with residual gas based IPM in the special case of the CI
installation where a low energy electron beam of 5 keV al-
lows only for the application of a low electric field of 8.0
kV/m. Uniformity of the external field is essential for a
good resolution of this method. The MCP serves as a single
particle detector and converts each hit to visible light emit-
ted by a phosphor screen. Typical images recorded by a
CMOS camera from this setup with an electron beam can
be seen in Fig. 5. The gas jet image and the residual gas
image are separated because the ions from the gas jet pos-
sess a velocity which is normal to the collecting field and
is around 780 m/s (nitrogen jet). Clearly, the residual gas
image has a large distortion in the x-direction because of
the thermal motion of the background gas molecules. Other
gases were also tested, and their cross-section of electron
impact ionisation is listed in Table 2.

Figure 4: Interaction chamber for gas-jet based [IPM beam
profile monitor at CI.

Table 2: Cross Sections for Impact Ionization by 5 keV
Electrons [9-11]

Process 6 (cm?)
He* 7.6 x 10718
Ny* 1.9 x 1077
Ne* 6.5 x 10718

Figure 5: Image of the N2 gas-jet based IPM with a 5 keV
e-beam of 10 pA. Exposure time: 120 ms, inlet pressure: 5
bar, background pressure: 2.3 x 10 mbar.

For the gas jet-based BIF [12], the interaction chamber
is much simpler and smaller because only a viewport is
needed. The imaging system may be sophisticated, includ-
ing achromat lens, filter, image intensifier and CMOS cam-
era, but the implementation is outside the vacuum chamber.
Since photons are collected, the distribution won’t be af-
fected ambient electromagnetic fields in case the photons
are emitted from a neutral residual gas atom. For the emis-
sion from an ion, the effect of the beam’s space charge has
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to be taken into account as well as the fluorescence life-
time. For nitrogen molecular ions the strongest emission
in the optical range has a wavelength of 391.4 nm and a
lifetime of about 60 ns. For neutral neon fluorescence the
strongest optical line is at a wavelength of 585.4 nm and
has a 15 ns lifetime. A list of the gas species used at CI, and
their properties, are shown in Table 3. Although fluorescent
processes with higher cross sections exist, they are nor-
mally at UV wavelengths where non-standard optics must
be used.

Table 3: Induced Fluorescence Cross Sections by 5 keV
Electrons [13-15]

Emitter A [nm] c (cm?) 1 (ns)
Nyt 3914 1.6x 10718 60
Ne 585.4 2.7x 1020 15
Ar* 476.5 9.9x 102! 9

When using BIF, one challenge is stray light; for our test
setup using an electron beam, it is the radiation from the
thermionic cathode and filament which has components in
the spectral range of interest. These are relatively strong
close to the 585.4 nm. Ne line but have a significantly
lower contribution at the 391.4 nm N," line. For other
cases such as the LHC, stray light could be due to synchro-
tron radiation. Chamber inner wall blackening must there-
fore be considered [16]. A profile measurement demon-
strating this method at CI is shown in Fig. 6. 400 pictures
with a one second exposure time had been recorded, and
the fluorescence photons in each picture were then counted
and added up. The background pressure was 1.6 x 108
mbar and the residual gas image has a lower intensity than
the gas jet image. Recently, a first measurement with neon
has also been performed [17] and measurements with argon
gas jet is under testing.

Figure 6: Image of the N, gas-jet based BIF monitor with
a 5 keV e-beam of 0.6 mA. Integration time: 400 s, inlet
pressure: 5 bar, background pressure: 1.6 x 10 mbar.

CONCLUSION & OUTLOOK

In this contribution, the development of supersonic gas-
jet based beam profile monitors is presented. Two detection
methods are compared. The discussion is based on the
setup at the Cockcroft Institute, but the results can be
adapted to most charged particle beams given a proper gas
jet density, by modifying the nozzle-skimmer geometry
and weighting the properties of the working gas.
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