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Characterizing a proton beam with two different methods in

beam halo experiments *
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Abstract: In beam halo experiments, it is very important to correctly characterize the RFQ output proton beam.

In order to simulate the beam dynamics properly, we must first know the correct initial beam parameters. We

have used two different methods, quadrupole scans and multi-wire scanners to determine the transverse phase-space

properties of the proton beam. The experimental data were analyzed by fitting to the 3-D nonlinear simulation

code IMPACT. For the quadrupole scan method, we found that the RMS beam radius and the measured beam-core

profiles agreed very well with the simulations. For the multi-wire scanner method, we choose the case of a matched

beam. By fitting the IMPACT simulation results to the measured data, we obtained the Courant-Snyder parameters

and the emittance of the beam. The difference between the two methods is about eight percent, which is acceptable

in our experiments.
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1 Introduction

The beam halo experiment facility at IHEP con-
sists of an ion source, Radio-Frequency Quadrupole
(RFQ)and beam transport line, which is used to char-
acterize the proton beam and to study the beam halo
experimentally [1]. The beam transport line is installed
at the end of the IHEP RFQ, which accelerates the pro-
ton beam to 3.54 MeV and is operated at a frequency
of 352 MHz. The block diagram of this transport line
is shown in Fig. 1. The blue lines represent the wire-
scanners, which are applied to measure the beam-core
profile [2]; the first two wire-scanners are used to measure
the beam-core profiles for the quadrupole scan method.
There are four matching quadrupoles between the RFQ
and the 24-quadrupole FODO focusing channel.

In beam halo experiments [3], we first need to prop-
erly determine the phase-space properties of the RFQ
output beam. We also need to know the measuring ac-

curacy. We therefore choose two different methods to
measure the beam parameters. For the quadrupole
scan method [4], we change the gradient of one match-
ing quadrupole, and keep the gradients of the other
three matching quadrupoles unchanged. We measured
the beam-core profiles, with different gradients of the
quadrupole. To determine the Courant-Snyder param-
eters of the beam, we fit the beam-core profiles to IM-
PACT code [5] simulations. For the multi-wire scanner
method [6], the beam was matched by adjusting the four
matching quadrupoles to produce equal RMS beam radii
at the last 6 wire-scanners. We then used the IMPACT

Fig. 1. Block diagram of beam halo experiment
transport line.
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code to simulate the matched case, and compared the
results with the measured RMS beam radius.

We then obtained the Courant-Snyder parameters
and the emittances of the beam. In this paper, Section
2 describes the quadrupole scan method and its results,
Section 3 describes the multi-wire scanner method with
its results, and then Section 4 compares the different
methods. Finally, conclusions are presented in Section 5.

2 The quadrupole scan method

We simulated beam through the RFQ using the RFQ
simulation code PARMTEQM [7], and obtained the
beam parameters at the exit of the RFQ. The Courant-
Snyder parameters obtained from PARMTEQM are

shown in Table 1.
The Gaussian distribution is a good approximation

for an emittance-dominated beam [8]. We therefore
chose a Gaussian distribution as the initial beam dis-
tribution. In the simulation procedure we used 1×106

macroparticles per bunch with a computation grid of
64×64×128. In the horizontal scans, for each of the
seven values of Q4 (the fourth quadrupole after the exit
of the RFQ), the difference between the measured and
the simulated intensity at the wire-scanner position was
computed. The sum of the differences was minimized
by varying the values of the Courant-Snyder parameters
and emittances of the input beam. The Courant-Snyder
parameters and emittances obtained by the quadrupole
scans are shown in Table 2.

Table 1. Beam emittances and Courant-Snyder parameters obtained from the PARMTEQM simulations.

direction alpha beta/(mm·mrad) emittance (RMS unnormalized)/(mm·mrad)

horizontal (x) −0.334 0.1067 2.60

vertical (y) −0.288 0.1992 2.70

longitudinal −1.564 3.1571 0.315 (normalized)

Fig. 2. Comparison of the measured horizontal beam-core profiles and the IMPACT simulations.
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Table 2. Emittances and Courant-Snyder parame-
ters obtained from the quadrupole scan analysis.

emittance (RMS

direction alpha beta/(mm·mrad) unnormalized)/

(mm·mrad)

horizontal (x) 3.443 0.4163 3.67

vertical (y) −0.165 0.1005 5.45

Fig. 2 and Fig. 3 show the comparisons of the mea-
sured beam-core profiles with the IMPACT simulation
results. We found that the simulated and measured beam
profiles agree with each other very well. The measured
beam RMS radii were also compared with the simulation
results, as shown in Table 3 and Table 4. We find that
both the beam RMS radii and the beam-core profiles are
in good agreement with the measured results, although
in Ref. [9] the beam-core profiles don’t agree for larger
quadrupole gradients.

3 The multi-wire scanner method

For the multi-wire scanner method, we first need to
find the conditions for a matched beam, because the
beam emittances remain unchanged when the matched
beam is transported in the FODO channel [7]. The
beam was matched, using a least-squares fitting proce-
dure that adjusted the first four quadrupoles to produce
equal RMS horizontal radius at the last six scanner lo-
cations [10]. Under the match conditions, we measured
the beam horizontal profiles and beam RMS radii at the
seven different locations. Firstly, we used the initial pa-
rameters obtained by the quadrupole scan method to
simulate the matched beam. Fig. 4 shows the beam
RMS radii and beam transverse emittances as a func-
tion of distance, where the green line is in the vertical
direction and the red line is in the horizontal direction.
The points with error bars are the experimental data for
the RMS beam horizontal radius.

Table 3. Comparison of the simulated and measured beam RMS radii for the horizontal direction.

Q4/(T/m) 23.59 25.24 26.93 29.38 31.74 33.25 34.70

experiment/mm 1.48±0.06 1.69±0.06 2.02±0.05 2.11±0.05 2.41±0.04 2.60±0.04 2.70±0.05

simulation/mm 1.47 1.60 1.94 2.18 2.43 2.59 2.75

Fig. 3. Comparison of the measured vertical beam-core profiles and the IMPACT simulations.
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Table 4. Comparison of the simulated and measured beam RMS radii for the vertical direction.

Q1/(T/m) −21.04 −23.57 −25.19 −26.90 −29.34

experiment/mm 2.96±0.06 2.46±0.05 2.20±0.08 2.10±0.06 1.96±0.06

simulation/mm 2.94 2.50 2.27 2.10 1.98

Fig. 4. Beam RMS radius and emittance variation along the beam line using initial beam parameters obtained by
the quadrupole scan method.

Fig. 5. Beam RMS radius and emittance, variation along the beam line using initial beam parameters obtained from
the multi-wire scanner method.

From Fig. 4 we can see the simulation is not well fit-
ted to the experimental beam radius, the beam is not
perfectly matched, and the beam horizontal emittance
grows with distance. The beam is a little mismatched.
We therefore changed the initial parameters in the simu-
lation, then found new parameters and obtained results

more consistent with the measured results. We show the
simulation and measurement results in Fig. 5. We can
see that the beam is matched better, the simulation fits
the experimental beam RMS radius, and the horizontal
beam emittance is nearly constant. We then obtain the
transverse beam parameters and emittances, shown in
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Table 5. Due to the lack of a vertical wire scanner at the
FODO channel, we used the vertical beam parameters
obtained by the quadrupole scan method as the initial
parameters in the simulation procedure.

Table 5. Emittances and Courant-Snyder parame-
ters obtained from the multi-wire scanner
method.

emittance (RMS

direction alpha beta/(mm·mrad) unnormalized)/

(mm·mrad)

horizontal (x) 3.2865 0.4466 3.37

vertical (y) −0.165 0.1005 5.45

4 Comparison of different methods

We have measured the initial beam parameters with
two different methods and obtained the beam parameters
predicted by PARMTEQM. We now compare the results
of all three methods for the Courant-Snyder parameters
and beam emittances in the horizontal direction, shown
in Table 6.

We can see that the difference between the
quadrupole scan method and the multi-wire scanner
method is about eight percent, which is acceptable in our
experiments. We believe we have obtained the correct
beam parameters. However, the Courant-Snyder param-
eters predicted by PARMTEQM differ greatly from the
measurement results, and the emittance is also smaller

Table 6. Comparison of beam parameter results.

emittance (RMS

method alpha beta/(mm·mrad) Unnormalized)/

(mm·mrad)

quadrupole scans 3.443 0.4466 3.67

multi-wire 3.287 0.4163 3.37

PARMTEQM −0.334 0.1067 2.60

than the measurement results. Due to the lack of mea-
surements at the entrance of the RFQ, we do not know
the beam parameters at the entrance of the RFQ in the
simulations.

5 Conclusions

We have measured the beam parameters for the beam
halo experiment facility at IHEP using two different
methods: quadrupole scans and multi-wire scanners.
The two measurement results have a difference of about
eight percent, which is acceptable in our experiments.
We believe these are the correct beam parameters, so
these two methods can be used to characterize the beam
independently. For the quadrupole scan method in par-
ticular, both the beam RMS radii and the beam-core
profiles are in good agreement with the measured re-
sults. Obtaining the correct beam parameters is very
important to properly simulate the beam dynamics and
to study the beam halo in future experiments.
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