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My doctor thesis mainly consists of two parts: one is the radio frequency (RF)
reference phase stabilization for SuperKEKB linear accelerator (LINAC), the other is
the phase drift compensation between LINAC master oscillator (MO) and ring MO.

SuperKEKB is an upgrade project with 40 times higher design luminosity than the
KEKB accelerator. The low-emittance and high-current beam is required. The
SuperKEKB injector LINAC comprises 600 m long straight beam lines, which consist
of 8 sectors (sector A-C and 1-5). The main accelerating structures are operated at 2856
MHz (S-band). The 2856 MHz reference signal, generated by the 571.2 MHz LINAC
MO (LMO), is converted to the optical signal by an optical transmitter (E/O) and
distributed to each sector over hundreds of meters (max. 380 m) long phase stabilized
optical fiber (PSOF). The transmitted optical signal is converted to 2856 MHz RF
signal by an optical receiver (O/E) at each sector and used for low level RF (LLRF)
system. The propagation time delay of PSOF is 5 ps/km/°C. The PSOF is distributed in
the LINAC gallery where the temperature is controlled within +1°C by the air
conditioners and the humidity is not stabilized. The transmitted phase drift is estimated
as +2° at 2856 MHz in case of 380 m PSOF with +1°C temperature fluctuation.
Furthermore, the transmitted phase also suffers slow drift due to the humidity
fluctuation. The transmitted phase drift becomes larger. The phase regulation for the
reference phase is necessary.

For SuperKEKB, the requirement of the energy spread at the end of injector LINAC
is 0.07% with the rectangular beam and 4nC bunch charge. So | estimated the RF
reference phase stability according to the energy spread. Taking the intra-bunch energy
spread caused by wakefield, the klystron high voltage fluctuation and the low-lever RF
(LLRF) control unit stability into consideration, the requirement of the RF reference
phase stability is estimated as 0.2° (RMS) at 2856 MHz corresponding to 195 fs (RMS)
including short-term timing jitter and long-term phase drift. The integral timing jitter
of 2856 MHz RF reference phase at each sector is measured by the signal source
analyzer and all the jitter was found to be less than 150 fs (RMS) from 10 Hz to 10
MHz. Thus, the long-term phase drift should be less than 0.13° (RMS) at 2856 MHz
corresponding to 125 fs (RMS). Stabilization of RF reference phase for long distance
transmission is very important for stable RF operation. The motivation is to propose a
RF reference phase stabilization system for SuperKEKB injector LINAC to fulfill the



requirement.

To monitor the long-term phase drift, the phase monitor system is constructed in the
digital field programmable gate array (FPGA) board. The 2856 MHz RF signal is down
converted to the intermediate frequency (IF, 14.28 MHz) by mixing with the local
oscillator (LO, 2870.28 MHz). The IF signal is sampled by 16-bit analog-to-digital
converter (ADC) with the sampling rate (SR) of 114.24 MSPS. The in-phase (I) and
quadrature (Q) components of IF signal are calculated in the FPGA board and the RF
phase (¢) is obtained by ¢ = tan1(Q/I). More than 5° phase drift was observed for the
transmitted phase, including one pair of E/O and O/E, and different lengths of PSOF.
And it’s also found out that the phase drift depends on the slow temperature and
humidity fluctuation in LINAC gallery, where the temperature is controlled within
28+1°C and the relative humidity fluctuation is fluctuated from 10%RH to 50%RH. To
evaluate the phase drift contribution of E/O and O/E, and different lengths of PSOF,
the temperature and humidity coefficients are measured by the network analyzer. The
estimated phase drift is almost matched with the measurement result.

To measure and compensate the long-term phase drift, several schemes of RF
reference phase stabilization system are proposed and tested in the laboratory, including
the wavelength division multiplexing (WDM) technique and the optic circulator
technique. 120 m PSOF is used for the performance evaluation, which is situated inside
the temperature and humidity controlled chamber to change the temperature and
humidity near PSOF. The same technique is adopted to detect the phase drift of long
optical link. To compensate the phase drift, the mechanical variable optical delay line
(VODL) and the piezo-driven fiber stretcher (PDFS) are widely used for optical length
control. The VODL is driven by a stepping motor with low resolution and large optical
delay range up to hundreds of millimeters. The PDFS is driven by an electrical piezo
with high resolution and small optical delay range limited to several millimeters. In our
case, the RF phase at 2856 MHz is very sensitive to the mechanical structure so that the
VODL is used for coarse control. For precise optical length control, PDFS is adopted
for the phase drift compensation. In the demonstration, we focus on the precise control.

At the beginning stage, we constructed the phase stabilization system with WDM
technique. Different optical wavelengths with 1310 nm and 1550 nm are applied for the
forward (A, =1310nm) and backward ( A, = 1550 nm) signal transmission. The
temperature near PSOF is changed from 20°C to 40°C and down to 20°Cwith stable
humidity 40%RH so that more than 5° phase drift is monitored. With feedback, the
transmitted phase still has 0.5° (pk-pk) drift at 2856 MHz. It is found out that the
transmitted phase stability depends on the temperature near PSOF. We measured the
temperature coefficient of 120 m PSOF with 1310 nm and 1550 nm, the difference is
0.047°/°C. With 20°C temperature fluctuation, the phase difference between forward
phase and backward phase is 0.494° which is consistent with the measurement result.
Thus, this residual phase error is caused by the large wavelength difference (A =



240 nm). Hence, the close wavelengths with 1550.02 nm and 1551.72 nm (AA = 1.6 nm)
are applied. The performance is highly improved. This technique is already used in the
RF reference distribution system at KEKB ring.

With the optic circulator scheme, the same optical wavelength (A = 1550 nm) is
firstly applied for the forward and backward signal transmission to minimize the phase
error caused by the wavelength difference. The wavelength difference between forward
and backward signal is less than £0.1 nm. With the same temperature setup mentioned
above, the transmitted phase can be stabilized within 60 fs to 130 fs (peak to peak)
which fulfilled the requirement 125 fs (RMS). We also applied the different optical
wavelengths (A; = 1550.02 nm, A, = 1551.72 nm,AA = 1.6 nm ) for the forward and
backward signal transmission. With feedback, the transmitted phase can be stabilized
within 130 fs (peak to peak) which also fulfilled the requirement. For all the
experiments, the feedback system and RF/optic components are located inside the
temperature stabilized chamber with 28+0.1°C to minimize the system phase drift The
system phase drift is also rejected by the reference tracking method.

The other main part of my PhD work is to develop the phase drift compensation
between LINAC MO and ring MO (RMO). The injector LINAC delivers low emittance
electron and positron beams to the damping ring (DR) and the main rings (MR). The
injector LINAC, MR, and DR have their own independent MOs. They are synchronized
with 10 MHz trigger generated by the main master oscillator (MMO). The DR MO and
RMO are operated at 508.9 MHz and the phase drift between them is controlled within
+0.1° (pk-pk). The frequency of LMO is 571.2 MHz but the phase drift between LMO
and RMO is not stabilized. Phase difference of several degrees is observed between
LMO and RMO. This phase difference significantly affects the beam performance of
bunch compression system (BCS) from DR to LINAC (RTL) and the beam injection to
MR. The beam injection phase from LINAC to the rings should be stabilized less than
+0.1° (pk-pk) at 508.9 MHz for long-term stable beam injection. Thus, the phase drift
compensation system between LMO and RMO is implemented at LINAC.

To monitor the LMO and RMO which have difference frequencies and remove the
effects of temperature and humidity drift of the measurement system, the direct
sampling technique is adopted for phase detection. In this method, these two different
frequency signals are directly sampled by ADC using the common sampling rate. The
124.63 MHz sampling rate is carefully chosen for the phase monitor system owing to
lower jitter and averaging effect. More than 8° (pk-pk) phase drift are observed between
LMO and RMO. We found out that this phase drift depends on the room temperature of
KEKB control room where the MR MO is located. Furthermore, the slow drift of the
beam energy after the BCS cavity had strong correlation with the MO phase difference.
To improve the beam performance after BCS, the phase difference between two MOs is
compensated by the MO phase shifter. The MO phase difference is stabilized within
0.018° (RMS) at 571.2 MHz corresponding to 0.09° (RMS) at 2856 MHz which



fulfilled the requirement 0.3° (RMS) for BCS accelerating structure. The slow drift of
the beam energy after the BCS cavity is compensated. This MO phase stability also
fulfilled the requirement £0.1° (pk-pk) at 508.9 MHz for stable beam injection.

For the first part of my PhD work, a phase stabilization system with optic circulators
is developed and the performance is evaluated. The phase drift is compensated by the
PDFS for precise control. The transmitted phase can be stabilized within 70 to 130 fs
(pk-pk) which fulfilled the requirement 125 fs (RMS). However, we found out that the
transmitted phase is affected by the humidity. For higher stability, it’s better to seal the
optical components with stable humidity. For the other part of my work, the LMO and
RMO signals are monitored by direct sampling technique with the common sampling
rate. The phase drift compensation system is developed and used in the SuperKEKB
operation. The MO phase difference is stabilized within 0.018° (RMS) at 571.2 MHz
which fulfilled the requirement. It is expected to make more effort to the MR beam
injection.
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