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BEAM HALO IN ENERGY RECOVERY LINACS
O. A. Tanaka', High Energy Accelerator Research Organization (KEK), Tsukuba, Japan

Abstract

The beam halo mitigation is a very important challenge
for reliable and safe operation of a high energy machine.
Since Energy Recovery Linacs (ERLs) are known to
produce high energy electron beams of high virtual power
and high density, the beam halo and related beam losses
should be properly mitigated to avoid a direct damage of
the equipment, an unacceptable increase in the vacuum
pressure, a radiation activation of the accelerator compo-
nents etc. To keep the operation stable, one needs to ad-
dress all possible beam halo formation mechanisms, in-
cluding those unique to each machine that can generate
beam halo. Present report is dedicated to the beam halo
related activities at the Compact ERL at KEK, and our
operational experience with respect to the beam halo.

INTRODUCTION

Beam halo studies and halo mitigation schemes are of
the great importance at each stage of accelerator R&D.
For those machines that are at their design stage, beam
halo studies are limited simply by the absence of the real
equipment to perform some tests. Nevertheless, several
halo formation mechanisms and processes impacting into
the halo could be modeled and estimated prior the ma-
chine construction. Here are some of them:

o A space charge effect causes emittance blow-up and
bunch lengthening that finally could lead to the for-
mation of the beam halo and consequent beam losses.
Examples of space charge effect studies for ERL ma-
chines could be found in [1] — [4].

o Effects of the CSR (Coherent Synchrotron Radia-
tion). CSR related issues are in trend nowadays, and
addressed in numerous studies (see, for example, [4]
- [5D.

e Dark current from the electron gun and longitudinal
bunch tails originated at the photocathode [6] — [7].

Other mechanisms could be studied only after the ma-
chine construction. One of the examples of the processes
enhancing the halo that could not be investigated before-
hand is a dark current from RF cavities. Recent results
could be found in [8]. Another example is those halo
formation mechanisms that are unique for each machine.
Thus at the Compact ERL (cERL) at KEK such a unique
process was detected and explained for the essential verti-
cal beam halo observed in the end of the injector section
and at several locations of the recirculation loop [9].
However, this study was done for the low bunch charge
operation (1 pC/bunch, [10]), while the next step opera-
tional goal was to achieve a high bunch charge operation
(60 pC/bunch, [11]).

Recent industrialization of the cERL beam line [12]
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imposed new requirements to the beam operation. During
last run in June 2019, we optimized injector to the energy
4 MeV [13]. Design parameters dedicated to this run and
achieved parameters are listed in the Table 1. Next opera-
tional step is to develop the method of beam tuning to
control space charge effect. Thus, to be able to produce
mid-infrared Free Electron Laser (IR-FEL) light in May
2020, we need to tune the machine for high charge CW
operation, while the normalized rms emittance should be 2
kept less than 3m mm mrad, bunch length should be of g
order of 4 ps, and the energy spread should be minimized =
to less than 0.062%. These considerations motivated
several halo related activities at cERL.

IR-FEL upgrade requires a high bunch charge CW op-
eration. Accordingly, the energy spread should be mini-
mized to improve the FEL-light quality. The halo influ-
ence should be studied in this respect. Then, bunch length
and beam emittance should be controlled, and we need to
exclude the beam halo impact (or reduce as much as pos-
sible). Also a reasonable collimation is required to protect
the beam line components from its unnecessary activation
and to lower the overall beam losses. Collimators should
be tested and approved towards the CW operation. Pre-
sent report is dedicated to these activities and our opera-
tional experience with respect to the beam halo.

Table 1: Typical Parameters of CERL Run in June, 2019

author(s), title of the work, publisher, and DOI

utio

Parameter Design In operation
Beam energy [MeV]:
Injector 4 4.05
Recirculation loop 17.6 17.5
Bunch charge [pC] 60 60
Repetition rate [GHz] 1.3 1.3
Bunch length (rms) [ps] 4 4.5
Energy spread [%] <0.06 0.12
Normalized emittance
(rms) in injector [pm-rad]:
Horizontal <3 2.89+0.09
Vertical <3 1.99+0.20

HALO TRACKING THROUGH THE IN-
JECTOR

After the injector optics was updated for the energy of
4 MeV, a high bunch charge (60 pC/bunch) beam with a
longitudinal bunch tail was tracked through it to compare
with observed profiles. To introduce the longitudinal
bunch tail into simulations, the initial longitudinal distri-
bution of the bunch was generated in accordance with the
curve shown in Figure 1. The core of the bunch is 50 ps
FWHM flat-top Gaussian. The backward tail includes
20% of the core intensity. A small (1.5% of the core)
forward tail was also added similarly to how it was done
in previous beam halo studies [9]. The cutoff of the longi-
tudinal distribution was set to 100 ps. The initial trans-
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E verse distribution is assumed to be uniform of 2 mm di-
;::; ameter. Other input parameters for simulations are listed
2 in Table 2. Then, the bunch distribution was tracked with
%General Particle Tracer code [14] through the injector
M lattice. The tracking output is compared with measured
g profiles at Figure 2. We have got a good agreement. One
@ can observe that for a 60 pC bunch the effect of the longi-
% tudinal halo is diminished by the beam blow-up due to the
3 space charge effect. Some signs of the horizontal halo
= = could be found at SM#8 location due to nonzero disper-
= Zsion. Another interesting observation is that tracking
_z: without longitudinal tail (only 50 ps rms flat-top Gaussian
w core) yields exactly same profiles, except at SM#1-2, 8.
£ In that case a central spots disappear. One can conclude
= that observed central spots are due to the longitudinal
€ bunch tail that is produced at GaAs photocathode.
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Figure 1: Initial longitudinal distribution at the cathode.

Table 2: Initial Parameters for Injector Tracking

Parameter Value
Number of particles 25000
Beam energy 4-17.5MeV
Total charge 60 pC / bunch
RF frequency 1.3 GHz
Longitudinal distribution:
Core FWHM 50 ps flat-top
Gaussian
Tail Back & forward tails of
100 ps length

Transverse distribution Uniform ¢= 2 mm

SIVi#9 SMH#8

Figure 2: Beam profiles at all injector screen monitor
locations: a). Simulated profiles; b). Measured profiles.
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COLLIMATOR WAKE STUDY

When the high intensity particle beam passes through
locations with narrow apertures, such a collimator’s rods,
it leads to the creation of the unwanted wake fields. The
transverse wake field may affect the beam emittance and
the longitudinal wake field can cause the energy loss and
the energy spread. The cERL has five collimators (one in
the injector section, one in the merger section and three in
the recirculation loop, see Fig. 3) to remove the beam
halo and to localize the beam loss. An operation at 10 mA
average beam current and 1.3 GHz repetition rate is
planned in the near future, thus an impact to the collima-
tors together with beam loss reduction issues will become
crucial.

Figure 3: The layout of cERL with collimator’s locations.

All cERL collimators consist of four cylindrical rods of
7 mm radius made of copper. They could be independent-
ly inserted from the top, bottom, left and right sides of the
beam chamber. Collimators COL1 — 3 were designed for
the straight sections, therefore they have a round chamber
50 mm radius made of stainless still. Its schematic is
given at Fig. 4. Note that the energy at collimators COL 1
— 2 is 4 MeV, while the energy at rest of them is 17.6
MeV. Collimators COL4 — 5 are dedicated to the arc
section, thus their chambers are elliptical 70 x 40 mm
diameter (Fig. 4).

Collimator's rod
(pure copper)
ICFO34FH Cooling liquid
RF shield

b. Collimator’s rod
(pure copper)
CFO34FH Cooling liquid

RF shield

ICFO34FH

Thickness is 2
Octagonal beam duct

Figure 4: A schematic of the collimators: a). Collimators
COL 1 — 3 for the straight sections; b). Collimators COL
4 — 5 for the arc sections.
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Transverse Wake and Emittance Growth

Let us consider first transverse wake fields created by
the vertical rods of the collimator. The summary of CST
Particle Studio [15] simulation results together with ana-
lytical calculations for 2 ps bunch length is demonstrated
at Fig. 5. We have estimated the emittance blow-up for
the 60 pC electron bunch at cERL using analytical ex-
pression [16]:

2
S NP (1)

&y €y

where the value Ag, is the transverse emittance growth
with respect to the initial emittance &,,. The rms of the
centroid kicks caused by the longitudinally varying field
o, could be found as follows [17]:
0 =k, @

In Eq. (2) the value E is the beam energy at the location
of collimator. The value Q = 60 pC is the bunch charge.
The value y, is the beam centroid offset, and lastly, the
value k7™ is the rms kick factor, estimated for the bunch
head-tail difference in the kick. For Gaussian bunch
k™ =k /3.

Expected values of the emittance blow-up due to the
collimator half gap 1.5 mm are summarized in Table 3.

Since for 60pC per bunch and burst mode of the opera-
tion the emittance growth effect is expected to be small,
let us treat longitudinal wake.

Transverse kick
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Figure 5: A summary of the transverse wake kick factors
of the collimators.

Table 3: Expected Values of the Emittance Blow-Up for
the Collimator Half Gap 1.5 mm

Collimator €y0 By [m]  Agy/gyo
[pmxrad] [%o]
COL1 E=4 MeV 1.15 27.47 1.05
COL2 E=4 MeV 1.25 19.23 0.84
COL3 E=17.6 MeV  0.954 34.76 3.82
COL4 E=17.6 MeV  0.954 6.99 1.61
COL5 E=17.6 MeV  0.954 6.99 1.61
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Longitudinal Wake and Energy Spread

Now, let us consider a problem of longitudinal wake
fields excited by collimators. The values of the wake-loss
factor were evaluated numerically through the CST simu-
lation for half-gap values in the range from 0.1 to 1.5 mm.
The dependence of the energy spread on the collimator’s
half gap for the designed (2 ps) and current (4.5 ps) bunch
length is demonstrated at Fig. 6. For the analytical de-
scription, the following equation was considered [18]:

Z.c b
=i )

In Eq. (3) the value Zo=120x is the impedance of the
free space, ¢ = 3-10% m/s is the speed of light, o, is the
bunch length, b = 25 mm is the vacuum duct’s half aper-
ture, and a is the collimator’s half gap.

The energy loss per whole bunch at one collimator for
the 60 pC per bunch burst mode at the bunch length 2 ps,
and for the collimator half gap 1.5 mm is:

AE =k Q* =46.86V / pCx(60pC)’ =168.7n]. (4)

The voltage received by the electrons s
AV=kxQ=2812 V. The energy change in one electron is
reduced by eAV=2812 eV. If E=17.6 MeV, the change of
energy peak is eAV/E=2816 eV/17.6 MeV=0.016%. For
Gaussian bunch the energy spread due to one collimator
is 6E=0.4xkxQ=1124V. With respect to the beam energy
E=17.6 MeV the wake-induced energy spread reads
oE/E=1124 eV/17.6 MeV=0.0063%. Unfortunately esti-
mated values are beyond the limits of the resolution of

our monitors, and it is unlikely we could detect them.
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Figure 6: A wake-induced energy spread for different
values of the collimator half gap and bunch lengths 2 ps
(blue line) and 4.5 ps (red line).

BEAM-BASED MEASUREMENTS

Energy Spread Measurement

For the measurement of the energy spread caused by
the collimator’s longitudinal wake, we used COL3 locat-
ed before first arc entrance, SM#13 located between
COL3 and the entrance of the are section and SM#15
located just in the middle of the arc (see Fig. 3). SM#13
needed to monitor the beam spot, which was successively
cut by collimator’s rods. The measurement itself was
done by SM#15. To do so, first, we have restored the
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[a)

E history of the quadrupole magnets to have the best beam
;::;" spot at the COL3 location. Then we have degaussed all
Z quadrupoles of the first arc between SM#13 and SM#15
ﬁ to make the dispersion maximized. We have measured the
_z dlspers1on to be 2.41 m. The default energy spread was
g oE/Edetau=0x/m=0.117%. It is a ratio of the rms beam size
2 to the dispersion. However, in the following we care only
5: the change of the energy spread, not its default value.
Next step was to insert the collimator COL3. We used
= two horizontal rods, because the beam spot at the collima-
vtor location is known for its vertical beam halo. There-
£ fore, we have avoided an influence of the halo on our
energy spread measurement. We have performed the
measurement for the half gap values 2 mm, 1.5 mm, 2
mm, 2.5 mm, 4 mm, COL out correspondingly. Related
rms beam sizes and beam profile peak positions were
recorded at SM#15. The raw data of the beam profile was
fitted by Gaussian fitting routine and weight analysis. An
example of the measurement data processing could be
found at Fig. 7. Here the upper image is a SM#15 beam
E spot, the blue curve at the bottom plot is the raw data, the
g red line is its Gaussian fitting, and the magenta mark
g denotes the peak position with respect to the data weight.
Weight analysis [19] gives the following expression for

the profile peak position:
1 659 659
X, = x,N,, where N:er
N i=1 i=1 (5)
Here N is the number of data points, and x; is the value
of the i data point. The rms beam size is given by:

] 659 2
o =\ 2 N (x-x).

Half gap = 2 mm, BG CUT

, title o

aintain attribution to the aut

(6)
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Figure 7: Energy spread measurement data at SM#I15:
beam spot (top), raw data and its fitting (bottom).
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Results of the processing of all six measurements are
demonstrated at Fig. 8. The rms beam size is not changed
significantly within the error bar except in the case of the
1.5 mm half gap. It was a prediction by simulation and
calculation. The beam size drop at the half gap 1.5 mm
indicates that the beam core was damaged by the collima-

tor’s rod.
RMS beam size @2019/06/26
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& ~Weight|

RMS beam size (mm)
™ ha
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Figure 8: A horizontal beam size at SM#15 with respect
to the horizontal collimation: fitting result (red), weight
analysis result (magenta).

Beam Halo Influence

The location of the collimator COL3 (before the arc en-
trance, Fig. 3) is known for the considerable vertical
beam halo [7]. The correspondent beam spot at SM#13 is
shown at Fig. 9. Thus, by inserting vertical rods of the
collimator COL3, one can study the beam halo influence
on the energy spread and consequently manage the beam

quality by removmg the halo by the collimator.

i CAM13 coLout

50

200 300 400 500 600

CAM13, COL3 half gap=5.31mm

0 00 200 DD 400 OO 600 :
Figure 9: A beam spot at CAM13: without (top), and with
(bottom) the collimation.

To study this effect, we performed the same measure-
ments as was described in the previous section. Although
the vertical collimation was allowed. A series of four
measurements was done. The collimator’s half gap was
set to 5.31 mm, 5.75 mm, 6.25 mm, and COL3 out corre-

WG2: ERL beam dynamics and instrumentation
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spondingly. Then the proper data processing gave results,
presented at Fig. 10. One can see the horizontal beam size
is slightly decreased with the cutting away the vertical
beam halo. The energy spread also became smaller.

RMS beam size @2019/06/20

RMS beam size (mm)

58 6 62
Collimator half gap (mm|

Figure 10: Horizontal beam size at SM#15 with respect to
the vertical collimation: fitting result (red), weight analy-
sis result (magenta).

CONCLUSION AND OUTLOOK

Halo related discussion does not seem to be a trend
nowadays. Nevertheless, the problem of the beam halo
addresses to a numerous issues at all stages of accelerator
machine R&D.

Experimentally we have found, that for current beam
parameters (bunch charge is 60 pC (burst mode), bunch
length is 4.5 ps, energy spread is ~0.12%, beam energy is
17.5 MeV (injector energy is 4.05 MeV)) even if one put
the half gap of the collimator up to 2 mm, the emittance
and energy spread are not affected so much. Thus we
approved the beam collimation at cERL.

The additional energy spread due to collimator’s wake
at cERL is found to be 0.0028 % at 17.5 MeV, which is
negligibly small.

Considering future cERL upgrade to the IR-FEL, a pos-
sibility of consequent degradation of the FEL perfor-
mance should be taken into account. Correspondent pow-
er loss was obtained as 13.7 W (81.25 MHz, 5 mA, 2 ps).

At cERL like at any other ERL facility, we have to con-
sider the halo seriously for the beam current increase (up
to 10 mA at cERL), since without due care the beam loss
problem would be unavoidable.
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