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Abstract

High power proton accelerators (H.PPA.) projects are
being proposed in fundamental and applied physics
research: radioactive beam production, neutron sources,
neutrino factories and transmutation. Among the
parameters needed to be measured, the transverse beam
profiles are the most difficult to obtain. A very attractive
phenomenon is the production of visible light by the
proton beam-background or additional gas interaction.
Transverse beam profiles of the“S.I.L.H.I.” E.C.R. source
(95 keV, 100 mA) have been measured. The Doppler
effect has been brought into operation to determine the
energy and the gpatial extension of the different
components of the beam (H*, H,", Hs").

Wire scanners are also usable under low duty factor
pulsed beam operation. Experiments have been conducted
on tungsten, tantalum, titanium and carbon wires
intercepting a 5 MeV proton beam delivered by the
TANDEM accelerator of the Inditut de Physique
Nucléaire d’Orsay. Transverse beam profiles have been
deduced from: back-scattered protons, X and y emission;
and electric current collected in the wires.

1 INTRODUCTION

The I.PH.I. (high intensity proton injector) project
(C.E.A. / CN.R.S. collaboration ), which could be the
front end of a High Energy Proton Accelerator (H.PPA.)
is based on a E.C.R. proton source “S.I.L.H.I." (95 keV,
current = 100 mA. A Radio Frequency Quadrupole
(RFQ.) will follow to accelerate protons at 5 MeV.
Finally the beam energy will be increased up to 10 MeV
by a drift tube LINAC (D.T.L.). I.RPH.I. is able to work
under pulsed mode operation for machine commissioning
and experimental operation and under C.W. operation.
The beam average power reaches 10 kW at the entrance
of the RFEQ. and 500 kW a the exit. Accurate
measurement of the transverse beam profiles are strongly
required for beam monitoring, halo formation prevention
and minimisation of beam losses.

2PROFILE MEASUREMENT METHODS

2.1 Sow Wire Scanner (SW.S)

In this method, a wire is stepped in small increments
through the beam. The profiles are obtained over many
pulses by measuring the current flowing in the wire
resulting from the secondary electrons emitted from this
wire, subtracted from the protons collected by this wire.
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The heating of the wire is the major problem because of
the large energy deposited by the beam in any intrusive
sensor. A crude estimation of the attained temperature is
given by the resolution of the heat equation: The pulse
duration must remain below 300 us and the repetition rate
above 1 sin order to maintain the peak temperature of a
carbon fiber (diameter: 30um) below 1200 °K. in a 5
MeV, 100 mA, 320 mA/cm? proton beam. SW.S. are only
usable under low duty factor operation.

In the case of dightly higher beam average powers, the
amplitudes of the mechanical deformations increase and
thermo-ionic emission of eectrons occurs which distorts
the measurements of the true profiles. At higher beam
average power and under C.W. mode operation any kind
of fiber is destroyed.

2.2 Fast Wire Scanner (FW.S)

At high average power pulsed beam and under C.W.
operation, the wire must go very quickly through the
beam. It was found that the speed of the wire must then
exceed 60 m/s to withgtand the power of a CW.; 5 MeV,
100mA; 320 mA/cm?® proton beam. Because of this high
speed, a FW.S.is very difficult to design.

2.3 Optical Based Profiles Measurements

Moderately relativisic protons lose energy by
ionisation caused by inelagtic callisionsin the residual gas
(mainly hydrogen) present in the vacuum. The gas
fluoresces and light is emitted in the visible range from
excited atoms. Therefore, a profile may be measured by
sensing this light with a C.C.D. camera. For high average
power beam, a very attractive profile monitor, specially
because of its non destructive nature with respect to the
beam, can be thought out.

3 EXPERIMENTSWITH WIRE SCANNER

Even under low duty-factor pul sed-beam, the heating of
the wire of a SW.S. may bring out errors in the profile
measurements in particular because of the thermo-ionic
emission of eectrons. In order to design our SW.S. for
I.PH.l., and to crosscheck the measurements of the
current traditionally used in SW.S.,, we looked for
physical processes, the characteristics of which does not
depend on the temperature.

Valid candidates are:
 The production of back scattered protons due to

elagtic collisions between the protons of the beam
and the atoms of the wire.
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» Theproduction of y (and X) ray due to the excitation
or nuclear reaction of the nucleus caused by inelastic
collisions between the accelerated protons with the
atoms of the wire.

3.1 Experimental Setup

The tests were carried out on the TANDEM accel erator
of the “Ingitut de Physique Nucléaire d'Orsay” in a 5
MeV and 1pA proton beam (Fig 2). A frame on which
different samples of wire were fixed can be trandated
through the vacuum vessel. The current flowing in the
wire was measured by a current to voltage converter, the
current of the beam with a Faraday cup.
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Figure 2: Top view of the experimental set up

The amplitude of the pulse delivered by the charge
amplifier associated with the S junction is proportional to
the energy deposited by the back scattered protons. The
transverse beam profiles are deduced by integrating the
whole spectrum for each position of thewire. The sameis
done for the detection of the y ray after detection with a
Nal scintillator associated with a photo-multiplier. At last
a specific software was used to fit the measured profiles.

3.2 Experimental Results

Wires of different nature and diameters (q) were tested:
W (¢ = 100 um and 500 pum), Ta (@ = 100 um), Ti (¢ =
125 pm, 500 um), C (=1 mm).
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Figure 3: profiles measurements for a C wire (¢ = 1 mm)
and Ti wires. (¢ = 125 um, 500 pum).
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» |t was first checked that the profiles measured with
the different wires were similar and did not depend
on the diameter of the wire.

» For example, the profiles deduced from the back-
scattered protons, the y ray production and the current
measured with the Ti wire are very similar (Fig 3).

The first experiments show a very good agreement in
the profiles measured with the different wires
independently of the physical processes involved in the
measurements. The tota error in the measurement of the
width isin the order of 250 pum.

4 OPTICAL BASED MEASUREMENTS

Our experiments were carried out in a “diagnostics
box” located after the two solenoids which focus the
beam in the Low Energy Beam Transport line (L.E.B.T.)
following the E.C.R. source S.I.L.H.l. now on operation.

4.1 Fluorescence Beam Profile Measurements
(F.B.PM.)

This technique collects through an optical lens, and
integrates with a C.C.D. camera the photons resulting
from the beam-background residua or added gas
interaction. The residual gas is mainly hydrogen
(pressure; 2.10° Pa). Other gas such as N, Ne, Ar, Kr, Xe,
were aso injected into the diagnostics box at different
pressure. Two 16 hit C.C.D. intensfied camera were
installed perpendicular to the axis of propagation of the
proton beam in order to perform horizontal and vertica
profile measurements. Specific software alowing for
background signal subtraction to increase Signal/Noise,
vertical and horizontal projections (profiles calculation)
and peak fitting convolution were used to obtain the final
profiles. It has been found that:

»  Theproton beamiscylindrical inthe L.E.B.T.

e The intensity of the emitted light depends on the
nature of the gas and increases proportiondly to the
pressure of the gas.

e Same profiles are obtained (after normalisation with
respect to the amplitudes of the signals) for al gas at
identical pressure.

4.2 Spectroscopic Measurements

A photo-multiplier was coupled to a scanning mono-
chromator to analyse the emitted light spectrum. The
well-known lines of the Balmer series: H,, Hg, H, were
re-found. We also measured specific lines of the other
gases in the 200 nm-820 nm range.

4.3 F.B.PM. ( Pulsed Mode Operation)

In low duty factor operation, the width of the profiles
measured by FRGM. is aways greater than the one
deduced from a classical grid profiler [3] This is
attributed to the existence of a halo surrounding the
“core’ of the beam, the origin of which involves many
physical processes leading to the production of light by
the gas. Several processes may be pointed out:
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»  The back-scattered protons can excite atoms of the
gas thiswill produce light.

» Ineagtic collisons may produce also eectrons able
to excitein their turn atoms of gas.

e SI.L.H.I. produces, in addition to the protons, H,"
and Hs". Dissociation of these molecules may occur,
excited atoms are produced and can become source
of light.

4.4 Shifted Doppler Fluorescence Beam Profile
Measurements

The light produced does not result only from the
incoming protons, but aso from several secondary
processes which create excited atoms. We will focus now
on protons coming from the source at the nominal energy
and accelerated back-stream by the R.F.Q. At this energy,
their eectronic capture cross section is high. They may
then give birth to very specific excited atoms of Hydrogen
at 95 keV. The Doppler shift effect in the frequency (or
waveength) domain will discriminate the light produced
by de-excitation of these atoms among the overall light.

The experimental setup is based on the use of the same
C.C.D. intendfied camera ingtalled in the focal plane of a
monochromator equipped with a 900 gr/nm grating. The
resol ution was better than 0.1 nm at 500 nm.

Ha: 656.2nm

HB: 485.1nm

Hy: 434nm

Figure 4. Doppler effect on Hydrogen Balmer lines

The beam profiles, according to the dit orientation at
the entrance of the monochromator, are deduced from the
andysis of the image transported on the C.C.D. camera.

In addition, due to the possible discrimination of the
different components of the beam: H*, H,", and Hs'
because of their different Doppler shift wavelength, this
method alows for the identification, the measurement of
the relative intensity and the transverse profiles of the
different species of the beam. The width of each line is
proportional to their energy spread.

As an example, we measured the FW.H.M of the
profiles of the H, component and its corresponding
Doppler shift line (Fig 5) during the variation of the beam
focusing by varying the solenoid current. It must be
noticed that the size of the “halo” around the “core’ of the
beam remains constant.
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Figure 5: FW.H.M. of the profiles measured for Hy (R.G)
and its corresponding Doppler line (H") versus different
configuration of the beam focusing.

5 CONCLUSION

We devel oped specific tools for the measurement of the
transverse profiles of high power proton beam.

e Under low duty factor pulsed beam operation
traditional wire scanner work. Measurements of back
scattered protons or y ray production are powerful
tools to cross check the measurement of the current
in the wire in the temperature range of the wire below
thermo-ionic emission. Measurements by means of a
wire scanner may be also cross checked with Doppler
fluorescence beam profile measurements.

»  The fluorescence beam profile measurement is valid
for centroid beam position measurement and
gualitative measurement of the width of the beam
profiles.

» At high average power proton beam, the Doppler
fluorescence beam profile measurement is a very
promising method to identify the species in the beam,
to measure ther energy and hopefully their energy
spread. Beam profiles measurements are underway.
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