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Abstract

The High Energy Photon Source (HEPS) is a synchro-
tron radiation source of ultrahigh brightness and under con-
struction in China. Its accelerator system is comprised of a
6-GeV storage ring, a full energy booster, a 500-MeV
Linac and three transfer lines. The Linac is an S-band nor-
mal conducting electron linear accelerator with available
bunch charge up to 10 nC. The Linac online equipment in-
stallation and vacuum connection in the tunnel has been
finished at May 2022. The system joint debugging and de-
vice conditioning of the accelerating units, the power sup-
plies, et al., are in progress. The beam commissioning will
start in August 2022. This paper presents the status of the
HEPS Linac and detailed introduction of the beam com-
missioning simulations and preparations.

INTRODUCTION

The High Energy Photon Source (HEPS) [1] is a 4th gen-
eration synchrotron light source based on a 6 GeV diffrac-
tion-limited storage ring [2] that is current under construc-
tion in northern China. The injector consists of a 500-MeV
Linac [3], a full-energy booster [4], a low energy transfer
line connecting the Linac and booster and two transfer lines
transferring beams back and forth between the storage ring
and booster [5]. The Linac is a normal conduction S-band
linear accelerator and main parameters are show in Table 1.
The Linac is composed of three subsystems includes an
electron gun, a bunching system and the main accelerator.
A thermal cathode electron gun is adopted and can provide
larger than 10 nC electron beam per pulse. The baseline
scheme of bunch structure is one bunch per pulse. However,
based on the consideration of retaining certain TMCI
charge threshold margin of booster, the Linac could be con-
figured to provide three-bunches-per-pulse beams. So, the
bunching system [6] includes two sub-harmonic bunchers
(SHB), one pre-buncher (PBUN), one buncher (BUN) and
one accelerating structure (AS). In the main Linac, there

Table 1: Main Parameters of The Linac

Parameter Unit Value
RF frequency MHz 2998.8
Energy MeV 500
Max. Repetition frequency Hz 50
Pulse charge nC 0.5~7
Number of bunches per pulse - lor3
Bunch length (rms) ps ~5
Energy spread (rms) % <0.5
Emittance (rms) nm 70
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are eight accelerating structures driven by four klystrons
and five triplets. The Linac layout is shown in Fig.1.
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Figure 1: The layout of Linac.

The planed Linac beam commissioning will start in Au-
gust this year. Before this, beam commissioning prepara-
tions should be completed. Now, the Linac equipment is
being installed and vacuum connection in the tunnel has
been finished. In this paper, beam commissioning simula-
tion is presented in the second part and the status of Linac
construction is presented at the third part.

BEAM COMMISSIONING SIMULATION

The main measured parameters of HEPS Linac are emit-
tance, energy and energy spread. In order to suppress short
longitudinal wakefield effect, the acceleration phase de-
creases as bunch charge increases. Phase scan method is
adopted to obtain the offset between the physical phase and
LLRF phase. In this part, the information of emittance
measurement, energy and energy spread measurement,
phase scan and orbit corrections are introduced. A new
platform python accelerator physics application set
(Pyapas) is under developing [7] to be used in the Linac
beam commissioning and all the related commissioning ap-
plications based on Pyapas have been finished.

Emittance Measurement

The method used to measure the transverse emittance of
beam is quadrupole scan [8] by measure the transverse
beam size while changing the upstream quadruples. The
beam size o; at measurement point location can express in
matrix formulation by

of Ry Ry Rz Be Be
07| _[Rz1 Raz Ry (ae) =R<a€> (1)
O',% 2 Rnl RnZ Rn3 ve 1 ve 1
Ry = miy
Ri; = —2myymy, )
Riz =mi,

where “1” indicate the emittance measurement point and
“2” indicate he beam size measurement point, and m;; is

MC2: Photon Sources and Electron Accelerators

A08: Linear Accelerators



13th Int. Particle Acc. Conf.
ISBN: 978-3-95450-227-1 ISSN: 2673-5490
the elements of transformation matrix. Then we can get the

sigma matrix element by
2

pe "12
(ae) = (RTR)™'RT | %2 3)
vesy 03 ,
and the emittance by
e = Be ye — (a)?. “
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Figure 2: Beam distribution used in emittance measure-
ment.
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There are three profile monitors (PR) in the main Linac,
where can measure the emittance with beam energy about
50 MeV, 280 MeV and 500 MeV. Using the PR, we can get
the horizontal and vertical beam size simultaneously, so we
change both the focusing and defocusing quadrupoles and
measure the beam sizes, then the emittance can be calcu-
lated. Table 2 shows the simulation results at 510 MeV with
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different beam size measurement errors. The input beam
distribution used in the simulation is shown in Fig.2. The
beam size errors are uniform distribution with 1000 seeds.
According to simulation results, the measured emittance
uncertainly is about 10%.

Table 2: Emittance Measurement Simulation Results

Param- . Refer- Error: 1% Error: £0.1mm
Unit
eters ence mean(std)
&y nm 93.8 93.5(0.73) 93.8(5.6)
By m 4.647 4.645(0.097) 4.655(0.442)
Ay -0.552 -0.555(0.007) -0.553(0.062)
&y nm 81.5 81.1(1.5) 81.6(7.6)
By m 5.016 5.024 (0.141) 5.048(0.603)
a, -0.687 -0.693(0.016) -0.693(0.099)

Energy and Energy Spread Measurement

There are two energy analysis transport lines (EATLs)
for measuring the beam energy and energy spread at low
and high energies, respectively. We can get the beam en-
ergy by
299.79-BL(I)[T-m]

X460, )
where 6 is designed angle of energy analysis transport
line, L is the distance between the exit of analysis mag-
net and PR target, Ax is beam position, BL(/) is the inte-
gral magnetic field and E is beam energy. The energy
measurement accuracy is about 0.2% and analysis re-
sults are shown in Table3. The orbit is main factor af-
fecting energy measurement accuracy.

E[MeV] =

Table 3: Energy Measurement Accuracy Analysis

Low energy analysis transport line

High energy analysis transport line

Parameter unit Value Measurement accuracy Value Measurement accuracy
L mm 631.5 / 1013 /
p mm 670 / 2100 /
0y mrad 436.33 / 200.00 /
Dispersion mm 329.6 / 245.1 /
PR target misalignment mm 0.15 5.4x10* 0.15 7.4%10*
PR target accuracy mm 0.1 3.6x10* 0.1 4.9x10*
Orbit mm 0.5 1.8x10° 0.3 1.5x10°
power supply accuracy / 2.5x10* 3.5x10* 2.5x10™ 3.5x10*
Magnetic field accuracy / 5.0x10* 5.0x10* 5.0x10™ 5.0x10*
Total / / 0.2% / 0.18%
Table 4: Energy Spread Measurement Simulation Results
EATL Ref. & Eq.(8) Eq.(7) Beam size error: £1% Beam size error: £5%
mean (std)
Low 5.30% 5.43% 5.43% 5.43% (0.03%) 5.43% (0.16%)
High 0.844% 0.881% 0.868% 0.868% (0.01%) 0.868% (0.025%)
The beam size at PR target can express by
2

Oy = \/ gy + (Dxy6)" (6)

where 0y, is measured beam size, opy gy is the calcu-
lated beam size with Twiss parameters, D, ,, is disper-
sion and § is the momentum spread or energy spread.
According to Eq.(6), we can get the energy spread as
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Figure 3: Phase space of y-F at High EATL PR target.
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In order to increase measurement resolution, we need a
smaller B function at PR target. For simplicity, we can
use Eq.(8) to calculate energy spread with small 8 func-
tion and big energy spread or at the beginning of com-
mission stage when have not measure the twiss param-
eters. The energy spread measurement simulation results
are shown in Table 4 and the phase space of y-E at High
EATL PR target is shown in Fig.3.

Phase Scan

We use phase scan method to obtain the phase offset be-
tween physical accelerating phase and LLRF phase. With
this value, we can set physical accelerating phase by LLRF.
The energy can express by

E =Ey+V,-sin(¢ps +4¢), ©)
where E is measured energy at exit of accelerating struc-
ture, E,, V, and ¢ is the input energy, accelerating volt-
age and LLRF phase of the accelerating structure, A¢ is
the phase offset. While scanning the LLRF phase, we
can measure the beam energy and fit the relationship be-
tween LLRF phase and energy by Eq. (9) to get the phase
offset. We have simulated the measured accuracy with
different number of measurements, different accelerat-
ing phase error and different energy measurement accu-
racy. The phase offset measurement accuracy (std value)
is about 0.5 degree when number of measurements is 10,
accelerating phase error is 0.3 degree and energy meas-
urement accuracy is 0.2%. Because the orbit is different
at different energy, the energy measurement accuracy is
maybe larger and affects phase offset measurement ac-
curacy greatly. We can iterate the measurement process
by taking the orbit into consideration.

Accelerating structure

—-»L—¢—»

Figure 4: Phase scan schematic.

The beam with different energy passing through a cor-
rector will have different kick angle and get different beam
orbit at the following section. So, we can use one corrector
and one BPM to measure the phase offset and the sche-
matic is shown in Fig. 4. The measured orbit by BPM can
express by

1

= (1+Z—g-sin(¢s+A¢)> %o,
where Ej is the input energy, xo is the BPM reading with
energy in Ey, Vyand ¢ is accelerating voltage and LLRF
phase of the accelerating structure, x is the BPM readings.
The initial xo can be set as 1~3mm. According to the simu-
lation results, the phase offset measurement accuracy (std
value) is about 0.5 degree when number of measurements
is 30, accelerating phase error is 0.3 degree and BPM meas-
urement accuracy is 50 pm. The second method only using
BPM values is simple and can save measurement time.

(10)

Orbit Correction

When the bunch charge is large, the short transverse
wakefield will greatly affect the beam orbit, so at the
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beginning of beam commissioning at high bunch charge
mode, automate feedback based one-to-one correction
scheme is adopted. The commissioning application of one-
to-one correction scheme and global correction scheme
have both been completed.

LINAC CONSTRUCTION STATUS

The first accelerating strucutre was transported into the
Linac tunnel in March 8,2022, which represents the start of
the in-tunnel installation. Until to May 12, 2022, the online
equipment installation and vacuum connection in the
tunnel has been finished and the photo is shown in Fig. 5.
Before installation we have built three test platforms and
completed high power testing of most high-power
components, such as electron gun, klystron, accelerating
structure, SHB, BUN, pulse compressor, load, and so on.
The beam test of electron gun has been completed and
results are shown in Fig. 6. The pulse charge can reach
larger than 12 nC. The RF conditioning process of all the
accelerating structures is shown in Fig. 7 and the calculated
accelerating gradient is larger than 20 MV/m. Now the
system joint debugging is in progress, and after that there
is about one month for all system conditioning. The Linac

Figure 5: Photo of the Linac tunnel, May 12 2022.
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Figure 6: Beam test of electron gun.
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Figure 7: RF conditioning of nine accelerating structures.

CONCLUSION

The online equipment installation and vacuum
connection of the HEPS Linac have been completed and
the beam commissioning will start soon. Beam
commissioning simulations are presented in this paper.
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