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Abstract
ESS proton source is in going to be soon delivered to

the ESS project. In order to qualify the source, a series of
beam instrumentation diagnostics have been designed and
produced. In particular, a specific spectrograph dedicated to
the fraction species measurement is currently commissioned.
This instrument not only is capable of measuring the fraction
species produced by the source, but also it can measure their
energy and energy spread, the mass of the different species,
and additional spectral rays coming from the gas species in
presence in the vacuum chamber. We present in this paper
the commissioning of this instrument, the Doppler Shift unit,
dedicated to the measurement of the fraction species.

INTRODUCTION
Understanding the characteristics of the low energy proton

beam delivered by the source is critical for optimizing the
injection into the next accelerator structure, the RFQ, and for
maximizing the current transmission. The CEA1 is taking
part in the ESS linac construction, by designing Emittance
Measurement Units (EMU) and Doppler Shift unit (DSu)
for the Low Energy Beam Transport (LEBT). The DSu is
designed to measure the fraction of the different species
produced by the ESS proton source constructed at INFN-
LNS[1].

The DSu is a non-interceptive diagnostic and is based on
the neutralization of part of the ion beam particles passing
through the residual gas[2–4]. It is used for the characteri-
zation of the high intensity beams like ATP and LEDA [5]
and in particular on the LEBT lines at SILHI, IFMIF and
ESS [6], but also for the characterization of neutral beams
in tokamaks [7].

The instrument is composed of a high sensitive and high
resolution spectrometer2, a 25m long fiber bundle in a round
to linear ends configuration, and an optimized lens coupling
assembly for the geometry imposed by the viewport of the
vacuum tank from where the luminescence of the beam can
be seen. The spectrograph acquires a spectrum at 14Hz, trig-
gered by the machine time system. Each spectra is analysed
to deliver a fraction species measurement.

∗ franck.senee@cea.fr
1 Commissariat à l’énergie atomique et aux énergies alternatives
2 Shamrock500i with cooled CCD camera Newton 920, from ANDOR

At INFN Catania where the system is installed for the
ESS proton source commissioning, there are two positions
for the DSu, one in the so-called Preliminary Tank (PTank),
directly coupled after the source, and the Commissioning
Tank (CTank), after the LEBT. The viewport in the PTank
has an angle of θ = 25◦ with respect to the beam axis, and
the distance to the beam is L = 349mm, and with a V =
118mm field of view . In the CTank, θ = 25◦, L = 416mm,
V = 90mm. Thus two fiber optics coupling assembly has
been made to optimize the instrument sensitivity in each
tanks (see Fig.1).

Figure 1: DSu fiber optics coupling assembly located on the
PTank, with an observation angle θ = 25◦.

Fraction Species Measurement
The measurement of the fraction species is based on the

separation of the spectral emission of the species due to
their different velocities related to their mass difference. The
Doppler shifted rays can be calculated with the expression:

λ

λ0
=

1
1 + βcos (θ)

(1)

where λ and λ0 are the Doppler shifted and non-shifted
wavelengths respectively; θ is the observation angle with
respect to the beam direction; β = v

c =
1
c

√
2E
mp

is the relative
speed of the observed particle of mass mp , c is the speed of
light, E the accelerating voltage of the extraction electrodes
of the source. The measured Doppler shift on the spectrum
identifies the specie and its energy.
In addition, the intensity of the rays on the spectrum are

assumed to be proportional to the number of particles of
each ion species and to their neutralization, which is given
by the electron capture cross-section [8]. For the ESS proton
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source, there are three main species in presence in the beam,
H+, H+2 and H+3 . The fraction of the species is then given by
the expression:

ηHi =
σ−1
n,Hi

IHi∑
j σ
−1
n,Hj

IHj

(2)

with σn,Hi the electron capture cross-section, IHi the in-
tensity of the ray associated with the Hi particle.

A typical spectrum is shown in the Fig. 2. It was acquired
during the commissioning of the instrument, with the beam
conditions: energy set to 75 keV, but not measured, beam
current approximately 70mA, asmeasuredwith the designed
Faraday Cup; emittance is not known, as the EMU was not
installed at the time of the measurement.
In this spectrum, one can identify the Balmer α ray at

656.3 nm coming from the light emission of the excited
residual gas. On the foot of the main ray appears a con-
tinuum, and four rays on the left. Using Eq. (1), one can
identify the species H, H2, and H3. The fourth ray is not
identified yet and we do not discuss it in this paper, but note
the additional information brought by the spectrum of the
DSu.

Figure 2: Typical spectrum from the DSu showing the
Balmer α ray and Doppler shifted rays of H, H2 and , H3.
The vertical lines are positioned using Eq. (1).

LIGHT COLLECTION EFFICIENCY
The essential point is to optimize the signal-to-noise ratio

of spectral measurement. It reduces the acquisition time,
and increases the precision of the measurement. For that, an
optical system is designed to collect the maximum of beam
light through an optical fiber up to the spectrograph. To
achieve this, we used photometry to define the fiber optics
coupling system using a numerical code (APILUX) to model
the fiber coupling. The results of the code is compared to
measurement with the system built for each of the two tanks
configurations.

The Fiber Optical Coupling by APILUX
A single lens system was designed with the optical and

photometrical software APILUX using sequential propaga-
tion. The pertinent calculated photometrical parameter is

irradiance, i.e. the radiant flux per unit area (W.m2) on a
receiver. To select lenses for the two tank designs, the light
transmission is calculated vs. the distance, d, between the
fiber bundle and the lens with 3 different focal lengths F
(Fig. 3): if d ≤ dA, observed area is larger than the beam;
if dA ≤ d ≤ dB, observed area is smaller; if dB ≤ d system
diaphragms cut optical rays. For the PTank, we selected
F = 50mm and d = 20mm, and for the CTank F = 75mm and
d = 39mm, ensuring 82% and 85% transmission respectively.

Figure 3: Light transmission calculated with APILUX.

For each tank, an optical setup in reversed mode checked
the interaction area diameter observed by the fiber bundle
with corresponding one-lens optical system. The fiber bun-
dle is reversely fed by a desk lamp, i.e. an isotropic source
to cover the whole fiber numerical aperture (NA), and the
system illuminates a screen. The spot size on a screen is
measured as function of the position d. It matched by 1% the
100 mm diameter of the interaction zone to be detected with
DSu. This consistency is checked in situ with the PTank.
The spectrum power measured on the spectrometer from the
interaction zone and for different focal lengths and distances
lens-fiber. It is compared to the APILUX prediction (Ta-
ble 1). The comparison is within less than 10% difference.

Table 1: Power transmission of the system measured and
compared with APILUX results for several focal lenses, F,
and fiber-lens distances.

F d Measured APILUX
(mm) (mm) power (%) (%)
50 20 86 85
75 34 65 64
75 26 48 54

The Fiber Bundle
The optimization of the fiber-spectrograph coupling is

done by matching the NA of the fiber to the NA of the spec-
trograh (F/# - matching), and by using a fiber bundle with
19 fiber cores, in a round to linear configuration. The F/#
- matching technique is described in numerous textbooks3.
For the DSu, the size of the bundle, which is given by the
3 see for instance www.horiba.com/scientific/products/

optics-tutorial/throughput-etendue/
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magnification of the F/# - matching optical assembly, is
larger than the spectrograph sensor height, resulting is 12%
intensity loss. Compared to a single fiber, this systems im-
proves the captured flux by a factor 16.7.

FRACTION MEASUREMENT AND
STATISTICS

As seen on Fig. 2, the analysis of the peaks in the spec-
trum verifies the species present in the beam. The analysis
of the peak intensities is given by the result of the fit, as
shown in the Table 2. The confidence is provided by the
calibration of the spectrograph, and the linearity of its cam-
era. The main factors of uncertainty in the measurement are
the knowledge of the cross-section σn,Hi , and the statistical
fluctuation coming from photon noise and camera acquisi-
tion noise, and from beam itself. The cross-section is known
from the literature[9]. The uncertainty due to statistics can
be measured by measuring mean and standard deviation val-
ues of single shot acquisitions data sets. Figure 4 shows
the results this statistical analysis. The standard deviation
is measured for fraction measurement performed after accu-
mulation in software of a number of single shots, from 1 to
140. The curves decrease as expected in a square-root low,
with a constant component, as shown with the fitting lines.
The square-root of the calculated constant fitted constant is
3.7%. This is in agreement with the 2% given by the current
measurement, although on a different day, so possibly on a
different beam settings.
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data H: <2> =0.727'0.00175
fit: y = (0.00141 + (0.00691 x-1  )1/2

data H2: <2> =0.163'0.0016

fit: y = (5.33e-05 + (0.000647 x-1  )1/2

data H3: <2> =0.11'0.000597

fit: y = (4.04e-05 + (0.000307 x-1  )1/2

Figure 4: Statistical fluctuation of the fraction species mea-
sured with the DSu, in single shot acquisition of 3ms expo-
sure. The trigger delay is 3ms. The current is 70mA, the
pulse length is 6ms. The graph shows the standard devi-
ations of the fractions (squares) as function of number of
pulses acquired and averaged in software.

CONCLUDING REMARKS
The DSu for the ESS proton been has been commissioned.

The spectrograph selected to measure the spectra from the
beam-gas interaction has the required sensitivity and reso-
lution to measure the Doppler shifted Balmer α rays. The
light collection optics and fiber has been optimized in each
tank configurations. The transmission of the optical systems
is over 85%, and the addition of the 19-core bundle in round

Table 2: Example of results from the spectrum analysis as
shown in Fig. 2. The cross-section σn,Hi is in 10−18 cm2

and for a 75 keV proton energy; σλ,Hi is the width of the
peak associated with the specie Hi . It is corrected from the
spectrograph resolution, δσsp = 0.14 nm

Specie σi IHi NHi σn,Hi ηHi σλ,Hi

(pixel) (counts) (%) (nm)
H+ 9.18 177.0 4073.1 3.42 42.23 0.29
H+2 6.65 1145.0 19083 14.52 46.22 0.19
H+3 8.24 303.3 6261.6 19.29 11.5 0.25

to linear ends increases the light input by the factor 16.7.
The analysis of the fraction is running automatically in the
control software, providing a fraction measurement for each
pulse delivered by the source. The sensitivity of the DSu
provides a measurement confidence interval in the percent
range.
Extraction of more information on the beam could be

provided from the spectra. For instance, energy and energy
spread is related to the peaks center and width. Measure-
ment within the pulse could also be performed, by setting
the exposure and the trigger delay of the spectrograph com-
bined with a global shutter camera. These measurements
not presented here, will be studied and integrated in the
measurement software in a near future.
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