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Abstract in a collaboration between Japan and European Union in-
stitutes. The accelerator sub-systems were designed manu-
factured and tested in Europe and are integrated as one ac-
celerator system at the QST Rokkasho site.

In July 2019, we succeeded in accelerating a 125 mA
deuteron beam to 5 MeV at a low duty cycle of 0.1% using
the RFQ, calling this beam campaign “Phase B” [1]. In
“Phase B+”, we plan to accelerate a deuteron beam to 5
MeV in the CW operation with the RFQ and also transport
it to a beam dump located 15 m from the RFQ exit without
unwanted particle losses to validate diagnostics perfor-
mances and the beam dump commissioning toward high
DC up to CW.

For the Phase B+ campaign, the beamline was extended
temporarily from MEBT to High Energy Beam Transport
(HEBT) sections, named as MEBT Extension Line (MEL),
as shown in Fig. 1 where an SRF Linac is installed in the
following Phase, and additional beam monitors were also
installed along the beamline [2,3]. The components in the
MEBT sections were installed in 2017 within the required
tolerance of alignment of +/-0.2 mm [4 - 6]. However, we
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The beam commissioning of the Linear IFMIF Prototype
Accelerator (LIPAc) in what is called Phase B+
configuration has started since July 2021 to confirm the
performances of beam transport elements and beam
diagnostic instrumentations for achieving the Radio
Frequency Quadrupole (RFQ) beam operation in CW. A
fine-tuning of the beam center to pass through the magnetic
centers of the quadrupole magnets in the beamline was
performed using a Beam-Based alignment (BBA) method.
To gain confidence in the measurements, a comparison
with the measurement of positions performed with a laser
tracker was made. The BBA showed a good agreement of
misalignment of about 0.5 mm in the horizontal direction
between the RFQ exit and the magnetic axis of the first
quadrupole magnet of the Medium Energy Beam Transport
section (MEBT) measured by the laser tracker. We
confirmed that the measurement accuracy of BBA was
insufficient to assess the quadrupole magnets'
misalignments in some sections of the beamline.
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Figure 1: The Phase B+ LIPAc beamline from the exit of RFQ to the entrance of the high-power Beam Dump (BD). Reds:
BPMs, blues: quadrupole magnets, purples: steering magnets, greens: bunchers and bending magnet.
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would not be lost at the low beam currents in the primary
beam operation campaign.

In July 2021, we started the first stage of the Phase B+
operation. One of the major purposes of this stage was to
confirm the performances of beam diagnostic instrumenta-
tions using the low-current proton and deuteron beams in
preparation to the following stages targeting the nominal
beam current of 125 mA in CW. Beam position monitors
(BPMs) [8] are useful to confirm the misalignment be-
tween the RFQ exit and the first quadrupole magnet (quad),
using a Beam-Based Alignment (BBA) method [9] with a
proton beam (10 mA, 2.5 MeV, 0.1 ms pulse). The beam
condition was chosen to suppress the radiation damage to
the components as low as possible due to the beam hit.

A fine-tuning of the beam center to pass through the
magnetic centers of the quads was also performed using the
BBA method with a 5 MeV deuteron beam (20 mA, 5 MeV,
0.1 ms pulse). Moreover, from the steering kick angles and
beam positions at quads obtained by the BBA, we
examined whether the alignment of quads placed over a 10
m distance from the MEBT to the HEBT sections can be
evaluated using a beam within several hours instead of a
laser tracker-based alignment survey which for the LIPAc
in the present configuration takes a few days.

THE LIPAc BEAMLINE

The LIPAc consists of an ion source that can generate a
proton or a deuteron beam, a Low Energy Beam Transport
(LEBT) section to guide the beam from the ion source to
the next section, an RFQ with a length of 9.8 m to acceler-
ate the beam, a MEBT section, a MEL, a HEBT section
[2,3] with a bending magnet, and a Beam dump (BD).

A 50 keV/u deuteron (proton) beam generated at the ion
source is accelerated up to 2.5 MeV/u in the RFQ. Then the
beam matched transversely by a triplet and a doublet of
quads in the MEBT section [10] is transported to the MEL
section with two sets of doublets of quad magnets. In the
HEBT section, the beam delivered from MEL is focused
by a triplet and a doublet of quads and then is bent by a
dipole magnet with a bending angle of 20 degrees to the
BD.
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BEAM POSITION MEASUREMENT WITH
QUADRUPLE SCAN METHOD

A beam passing off the center of a quad is kicked by a
dipole field of the quad, which causes the beam to be dis-
placed downstream of the quad. Let us consider a case
shown in Fig. 2 where the quad QO is scanned while Q1
and Q2 are fixed at their nominal strengths, and their cen-
ters are aligned. When the beam positions in phase space
at each magnet and a BPM are (xg, x'9), (x1, x"1), (x2, x"),
and (xs, x'g), respectively, the relation between them can be
written as

xp = (xp + szé) + Lokyx,, ()
x'p = kax; + x5,
x; = (g + Lyxy) + Likyxq, 2
x' = kixq +xq,
X1 = (XO + Loxo) + Lokoxo, (3)

x'y = koxo + xg,
where Ly, L; and L, denote distances between components
and ko, k; and k; denote the normalized magnetic strength
of the quad, as shown in Fig. 2.

When the strength &y of quad QO is changed by dky, in-
duced beam displacement dxz at the BPM can be obtained
by

dxp = (Z%z dko + L, ‘;"T;dko) + Lyk, Z%idko. (4)
From the Eqns. (2) and (3), we have

F)

_a;:(z) =xo(Lo + Ly + LyLoky), )
o

6Lk; = xO(leO + 1)

By substituting Eqn. (5) into Eqn. (4), the beam displace-
ment dxp at a BPM for a triplet quad is written as
dxg = xodko[(Lg + Ly + Ly) + (Ly + Ly)k,Ly +
(Lo + Ly + Ly Lokq )k, Lo ). (6)
Therefore, the beam position from the magnetic center of
the quad is

dxp
dko[(Lo+L1+Lp)+(L1+Lp)kq1Lo+(Lo+L1+L1Lok1)kaLa] 7
Then, the error gy, of the beam position is given by an er-

ror in dxg/dko, 0 dxg , as follows.

Xo =

Figure 1 SHO%WS" e LIP NS BeANINE WA e com ot 2°m§"°\\“\>“a— (Lo +La+Lo)+(La+La)kalo+(LotLatLaLokn)kaLel

names from the middle of the RFQ to the BD. The first
triplet quad is placed close to the exit of the RFQ because
the beam needs to be focused to suppress the effect by the
strong space charge force.

BPMs in the MEBT section are placed at the middle po-
sitions of each quad, while BPMs in the MEL and HEBT
sections are placed separately from the quads. The first and
the last quads of triplets are equipped with steering mag-
nets in the MEBT and HEBT sections, and with all the
quads in doublets. In the MEL section, two steering mag-
nets are placed separately from the quads.

7213055 {46003 )
(®)
In a doublet case, k>=0 (or k;=0) reduces Eqn. (8) as,
= i )
Yo = dko[(L0+L1+L2)+(L1+L2)k1Lo] ’
O-X

=0 dx
0 B |(L0+L1+L2)+(L1+Lz)k1Lo|

In a singlet magnet case, k1 k2 = 0. Therefore, it is re-

duced further as,

dxp

Xo=—7T"7"TT—"7T-—"—]/.
0™ dkol(Lo+Ly+L2)]
1

(10)

Oy, = O0Odxg >
o d_kﬁ [(Lo+Ly+L3)I

BEAM BASED ALIGNMENT METHOD

The BBA is used to determine the optimum current of a
steering magnet placed upstream of the target quad so that
the beam at the downstream BPM is not displaced by a scan
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one of three quads with a BPM at downstream.
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Figure 3: Conceptual plots to be measured by BBA.

of the quad. As explained in the previous section, we
should determine a steering magnet current so as to be
dxp=0 in Eqn. (10).

We made a script to optimize steering currents via BBA
for LIPAc. Below is the procedure implemented to the
script:

1. Set a steering magnet current, /;.

2. Scan the quad strength (current), ky, and measure
beam position using the BPM at each step of the
quad scan, see Fig a).

3. Repeat 1 and 2 for various 7, see Fig.3 a), b), c).

4. Fit the measured beam positions at the BPM as a

function of quad strength (current) using linear fit-
ting. Get slopes (corresponding to dxz/dky’s in Eqn.
(10)) for each steering current.

5. Fit the steering current as a function of the slopes

bve1s0ss THthekinear fitting, see Fig. 3 d).

6. Set the steering OutPeEnt whersdthe®t

mentioned before. To confirm such a misalignment, we
measured the beam positions with the BPMs at the middle
of MMAO1 and MMAO3 (the first and the third quads in
MEBT, see Fig. 1), using the quad scan method with a 2.5
MeV proton beam and the BBA script. Under the assump-
tion that centers of BPMs are well aligned, the beam posi-
tion at the RFQ exit was estimated by solving transfer ma-
trix equations between MMAO1&3 and MMAO1& RFQ
exit.

Figure 4 shows the results of quad scans for MMAO1
and MMAUO3. For the MMAO! scan, the beam displace-
ments were measured with MBP02 at the condition of
MMAO2 OFF (see Fig. 1). For the MMAO3 scan, MMAO1
and 02 were set to the nominal currents, and MBP03 was
used to monitor the beam displacements. The quad scans
were carried out twice at different days to confirm the re-
producibility of the beam positions measured using the
BPMs. From Eq. (10), beam positions can be obtained with
slopes and distances between the target quad and BPM. Ta-
ble 1 shows the beam positions and divergences at the RFQ
exit, MMAOIL, and MMAO3. The beam angles x’, y’ re-
quired to estimate the beam position at the RFQ exit were
computed with the beam positions and the transfer matrix
between MMAOI and MMAO3. As a result, it is found that
the beam passed through at around -1 mm and 0.1 mm in
the horizontal and vertical planes, respectively, from their
magnetic centers.

Figure 5 shows the positions of the RFQ exit, MMAO1,
and MMAO3 to compare the misalignments measured with
the proton beam and the laser tracker system. As a baseline
(zero positions in the vertical axes) to compare them, we
chose a line passing through the magnetic centers of
MMAO1 and MMAO3. Here we assume that the beam
comes out of the center of the RFQ exit. In the horizontal
plane in Fig.4, the RFQ exit is found to be at around -0.5
mm with respect to the magnetic centers of the two quads.
For the vertical plane, they are found aligned well. The
misalignments in both planes measured with the proton
beam are consistent with those surveyed with the laser
tracker. Hence, we could confirm a 0.5 mm horizontal

wlgwerys) Table 1: Beam Positions and Divergences at the RFQ Exit
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MISALIGNMENT BETWEEN RFQ EXIT
AND MEBT QUADS
The laser tracker-based alignment survey showed a hori-

zontal misalignment of -0.5 mm between the exit of the
RFQ and the magnetic axis of the first quad in MEBT, as
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Figure 4: The plots of quad scans for MMAO1(left two plots) and MMAO3 (right two plots). a) and c): the horizontal
plane and b) and d): the vertical plane. Blue and red colors show the results carried out at different days.
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Figure 5: The positions of the RFQ exit, MMAOI, and
MMAUO03. a) and b) are the horizontal and vertical positions,
respectively. Zero positions in the vertical axes is a line
passing through the magnetic centers of MMAOI and
MMAO3.

misalignment between the RFQ exit and MEBT quads exit
and also the validity of the BBA procedure implemented to
the script.

BEAM-BASED ALIGNMENT OF BEAMS
TO QUADS

We carried out the BBA with a 5 MeV deuteron beam
for the last quads of the doublet and triplet magnets and
then scanned all the quads except for MMAO01&02 to iden-
tify the beam center positions with respect to the magnetic
centers. Figure 6 shows the beam center positions at each
quad obtained by the BBA. The vertical axis in Fig. 6 rep-
resents the horizontal or vertical distance from the mag-
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Figure 6: Beam center positions at each quadruple magnet
after the BBA.

because we did not tune the bending magnet due to the lim-
ited beam commissioning time, and the horizontal steering
magnet between the bending magnet and HMAQ7 was not
strong enough to adjust the beam. The vertical errors at the
last triplet quads of HEBT are larger than the other ones.
One of the reasons is that HEBT BPMs were unstable due
to a hardware problem similarly to the MEBT one men-
tioned above [11,12]. Currently, efforts are being made for
a better stability in BPM signals [11,12].

Since we confirmed that the beam was transported to the
magnetic centers of most quads within +/-0.2 mm by the
BBA, we will calibrate each BPM by setting the electrical
offset so that the electrical center of the BPM matches with
the magnetic center of the nearest quad in the next beam
campaign.

QUAD POSITIONS MEASURED BY BBA
AND LASER TRACKER SYSTEM

Figure 7 shows relative quad positions from the baseline
from the MMAO3 to the last quad HMAO5 measured by
BBA and the laser tracker system. The last triplet magnets
in the HEBT section are excluded since the coordinate sys-
tem are different before and after the bending magnet. In
order to compare quad positions measured by the two
methods, we chose a line passing through the magnetic
centers of MMAO5 and LMAO1 as a baseline. Here, the
beam diygrgspsesiof yMA0S and LMAO1 were calculated

netic center of each quacheNete that thebearinpositions™) by solving a transfer matrix equation using the beam posi-

plotted in FH EWES Ua TR AL WA EG RS TN 9) SThYE: <
the other quads were set to the nominal currents while the
BBA for a target quad was performed. From Fig.6, it is
concluded that the beam could pass through within +/-0.2
mm from the magnetic centers of all quads except for
MMAO04 and HMAOQ7 after the BBA.

The vertical beam position at MMAO4 in Fig.6 is far
from the magnetic center, and the error is also larger than
the other ones. The reasons are that the distance between
MMAO04 and the used BPM (MBP04) was close (L=0.23
m) and also the measured signal of MBP04 was not stable
[11,12] both of which are seen in Eqn. (10) to contribute to
a large oy,. One of the simple methods to reduce the error
is to choose a BPM long away from the quad such as
LBPO1 downstream of MBP04 (see Fig. 1).

In the HEBT section, the horizontal beam center position
at HMAO?7 is far from the magnetic center. This is simply

GIST) C

fions SFVMMA05 and LMAOI1, and then the relative quad
positions were evaluated using each local beam position at
each quad and steering kick angle obtained by BBA. The
errors were also estimated with

Ox{i+1} = \/{mﬁf’;?i + m%zf’j'i}a (11)
where m;; and m,, represent elements of a transfer matrix
between target quads.

Regarding the beam-based horizontal quad positions in
Fig. 7, we can see, unlike the laser-tracker-based ones,
large misalignments with respect to the baseline (x=0)
from the last MEL quad to the last HEBT quad. We con-
firmed after the beam campaign that the alignment sur-
veyed by the laser tracker system has a reproducibility.
Possible causes for the discrepancy beyond the assumed
errors can be some systematic errors in the present beam-
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Figure 7: Comparisons of quad positions measured with a 5 MeV beam and the laser tracker system. The left and right
plots show the horizontal and the vertical planes. Note that the vertical scales are different in the two plots. Blue and
orange colors stand for the results measured by the BBA method and laser tracker system, respectively.

based measurements. However, the cause of the large dis-
crepancy has not been identified yet, and is planned to be
studied further in the next beam campaign.

The vertical quad positions have large errors, thus it is
difficult to compare the quad positions measured by the
two methods. The large errors are due to the accumulated
errors owing to large transfer matrix elements m;> in Eqn.
(11). Therefore, it is difficult to evaluate alignments of
quads over a 10 m distance from the MEBT to HEBT using
a beam. As a next step, we will compare quad positions by
each section or a short section such as between MEBT and
the first half of MEL and the latter half of MEL and quads
in the HEBT.

CONCLUSIONS

The magnetic misalignment between the RFQ exit and
the first MEBT quad measured with the BBA method using
a 10 mA, 2.5 MeV proton beam was consistent with the
geometrical misalignment measured with the laser tracker
system. We could also confirm the validity of the BBA
script via the misalignment evaluation.

The BBA method was performed using a 20 mA, 5 MeV
deuteron beam, and the beam could be transported through
all the centers of quads, within +/-0.2 mm, except one after
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