PF Ring

3-1 Summary of Machine Operation sections between the B04 and BO5 bending magnets, as
described in the next section.

The operation statistics of the PF ring for FY2003 are Throughout FY2003 the ring was injected with elec-
tabulated in Table 1. Fig. 1 shows the ring operation time, trons at 9 am everyday, and the initial stored beam cur-
scheduled user time and actual user time since 1982. rent of 450 mA was unchanged from FY2002.

Although the total operation time for FY2003 of 5,200 Fig. 3 shows the history of the average stored beam
hours is slightly longer than that for FY2002, the opera- current over the period FY1982 - FY2003. Although the
tion time has not yet recovered to those values recorded initial beam current has not been changed for several
in FY1999-2001. In FY2003, scheduled user time and years, a gradual increase in the average beam current
actual user time excluding time losses due to machine corresponding to an increase in the It product is notice-
trouble and daily injections were 4,224 and 4,131 hours, able. A change in the failure rate, defined as the failure
respectively. The ratio of actual user time to scheduled time to the total operation time, is shown in Fig. 4. Over
time has been maintained at 96-98% over the past four the past 10 years failure rate has been kept to around
years. 1%, and about 0.5% over the past 2 years. This high reli-

Fig. 2 shows the trend of the product It of the beam ability is realized by the ceaseless efforts of the staff of
current | and the beam lifetime 1 over the past 7 years. the light source division and the operators to keep the
In FY 2003, it can be seen that It was low following the machine in good condition. However, old components are
summer shutdown, during which the vacuum systems in still in use in several areas. For example, it is becoming
a number of the straight sections of the ring were re-mod- very difficult to maintain the old computer systems that
elled. This low It necessitated twice-a-day injection until are widely used in beamline interlocks. Renewal of them
7 October 2003. The It product gradually recovered, and is a matter of great urgency.
reached 1500-1700 Ahin in January 2004, appreciably We have proceeded with an upgrade project of the
higher than the corresponding values for FY2002. straight sections of the PF ring. Progress of the project in

This overall improvement in It was probably due to FY2003 is described in detail in the following sections.

the installation of a new insertion device in the straight
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Figure 1
Operation time history of the PF Storage Ring.

Table 1 Statistics of the PF Storage Ring operation during FY2003.

Multi-bunch Single-bunch Total
Ring Operation Time (hours) 4768.0 432.0 5200.0
Scheduled user time (hours) 3792.0 432.0 4224.0
Actual user time T (hours) 3715.6 415.3 4130.9
Time used for injection (hours) 47.9 15.3 63.2
Integrated current in T (AlQours) 1287.9 18.3 1306.2
Average current in T (mA) 346.6 44.1 -
Number of injections 177 56 233
Average interval between injections (hours) 21.0 7.4 --
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It history of the PF Storage Ring over the past 7 years.
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Figure 3
Average stored current and injection interval since 1982.

3-2 Straight-Sections Upgrade Project

Overview of the upgrade project

We have proceeded with a major upgrade project to
create four new straight sections and to lengthen the ex-
isting ten straight sections of the 2.5-GeV ring [1,2]. The
lattice configuration around the straight sections will be
modified by replacing the quadrupole magnets with new
shorter ones and by placing them closer to the nearby
bending magnets. The newly-built straight sections are
short sections about 1.4 m in length. Short-period narrow-
gap undulators useful in the X-ray energy range are be-
ing designed, and the first model will be installed between

80 85 90 95 2000

Fiscal Year

Figure 4
Failure time history.

bending magnets B16 and B17. During the extension of
existing straight sections, the opportunity will be taken to
upgrade the aging insertion devices to the latest models.
In FY2003, the extension of the two straight sections at
B04-B05 and B18-B19 was accomplished and a new
multi-pole wiggler was installed for beamline #5.

The whole reconstruction of the ring will take place
during a six-month shutdown in the first half of FY2005.
The total number of quadrupole magnets to be replaced
amounts to 46. Manufacturing of all of the new quadru-
pole magnets was completed in FY2003. During the shut-
down, the beam ducts in two-thirds of the storage ring will
be replaced. Reinforcement of the power supplies for the
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guadrupoles is another important matter of this upgrade
project. All of the required beam ducts and power sup-
plies will be manufactured in FY2004. For the rearrange-
ment of quadrupoles, replacement of a lot of beamline
front ends is inevitable. The installations of redesigned
front ends was started in FY2002. Thirteen beamlines are
related to this project and most of them will be replaced
before the reconstruction of the storage ring.
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New optical functions and beam parameters

Due to the modification of the lattice configuration
for the straight-section upgrade project [1], the optical
functions and beam parameters will also be modified.
Fig. 5 shows the new optical functions of the ring. The
dispersion (n,) and beta functions (B,, 3,) are optimized
to be as low as possible for the insertion device and the
RF cavities which are installed in the straight sections.
In particular, the vertical beta function () in the short
straight section of 1.4 mis reduced to 0.4 m for the short-
period undulators. The principal beam parameters after
the modification are listed in Table 2. The horizontal emit-
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New optical functions for the upgrade project.
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tance can be adjusted by the horizontal phase advance
of the normal cell in the arc sections. The relationship
between the horizontal emittance and the phase advance
is shown in Fig. 6. The minimum horizontal emittance on
the calculation is less than 23 nmirad, but the achievable
emittance may be about 27 nmirad from a practical point
of view. The reason for this is that the dynamic aperture
is rather reduced for the optics with a smaller emittance
than 27 nm(fad. The beam sizes (o,, 0,) and divergences
(0',, 0') at the center of the straight sections for optics
with an emittance of 27 nmirad are listed in Table 3.

Table 2 Principal beam parameters after the modification.

New Optics
Beam Energy E (GeV) 2.5(3.0)
Circumference C (m) 187
Number of 8.93 mx2
Straight Sections 5.41 mx4

5.29 mx2

4.63 mx2

1.41 mx4
Superperiodicity Ns 2
Bending Radius p (m) 8.663
Energy Loss/turn U, (keV) 399
Lattice Type FODO
Natural Emittance € (nmrad) 27.2
X-Y coupling K <0.01
Natural Energy Spread o, 0.000728
Momentum Comp. a 0.00513
Factor
Betatron Tune (x/y) (AN 10.22/5.28
Radi. Damp. Time (x/y/z) Tx/'[y/'[z 7.8/7.8/3.9

(msec)

RF Voltage V. (MV) 1.7
RF Frequency for (MHZ) 500.1
Revolution Frequency f . (MHz) 1.60293
Harmonic Number h 312
RF Bucket Height Aplp 0.0133
Synchrotron Tune v, 0.0129
Natural Bunch Length g, (mm) 8.57
Bending Angle 6(deg) 12.857
Number of Bending 28
Magnets
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Table 3 Beam sizes and divergences at the center of the straight
sections in the new optics with an emittance of 27 nmirad.

Insertion
Device
ID02 0.571 0.048 0.037 0.007
IDO3 0.582 0.072 0.010 0.026
ID04 0.518 0.088 0.033 0.008
ID05 0.642 0.071 0.039 0.008
ID13 0.632 0.075 0.021 0.015
ID14 0.474 0.100 0.043 0.006
ID15 0.582 0.072 0.010 0.026
ID16 0.571 0.048 0.037 0.007
ID17 0.582 0.072 0.010 0.026
ID18 0.518 0.088 0.033 0.008
ID19 0.642 0.071 0.039 0.008
ID26 0.632 0.075 0.021 0.015
ID28 0.474 0.100 0.043 0.006
IDO1 0.582 0.072 0.010 0.026

o,(mm) ¢ (mrad) o, (mm) c'y(mrad)

Magnet system

Forty-six quadrupole magnets for the upgrade proj-
ect of the straight sections have been newly produced.
The specifications of the magnets are listed in Table 4.
The magnets were designed so as to both meet the re-
guirements of the new optics and be compatible with the
existing and future beamlines. Thus, the magnet design
consists of an iron steel core with a non-iron steel core
support shaped to avoid interference with the vacuum
ducts of each beamline. A cross-sectional view of the
magnets is shown in Fig. 7. Two types of magnets were
produced due to the requirements of the lattice configu-
ration; one with a length of 300 mm (QD-type), and one
with a length of 400 mm (QE-type). In addition, all mag-
nets have auxiliary coils to compensate for the field gra-
dient produced by the insertion devices. Fig. 8 shows a

Table 4 Specifications of the new quadrupole magnets installed in
the straight sections.

Main Coil
QD-Type | QE-type
Core length mm 300 400
Bore radius mm 35.0
Maximum
Gradiant Tim 30.0
Maximum Current A 780
Number of coil
turn Turn/pole 23
Coil resistance mQ 23.1 26.3
Coil inductance mH 10.5 15.2
Auxiliary Coil
Maximum
Gradiant Tim 1.0
Maximum Current A 17
Number of coil
turn Turn/pole 30

¢

Figure 7
Cross sectional view of new quadrupole magnets. unit (mm).

Figure 8
Side view of the quadrupole magnets placed between B15 and B16.

Figure 9
Photograph of the test bench installed in the power supply building.

side view of the magnet which has already been installed
in the short straight section between B15 and B16.

In order to investigate possible interference between
the magnets and the vacuum ducts, a test bench consist-
ing of the new magnets and vacuum duct was installed in
the power supply building. A photograph of the test bench
is shown in Fig. 9. Although the space between the mag-
nets and the duct was quite limited, we confirmed that
there were no un-avoidable problems.
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Field measurement

We have measured the magnetic field of the new
guadrupole magnets using a harmonic coil. The optimum
numbers of end-shims for field correction were attached
to each magnet before the measurement. End-shims
with a thickness of 6 mm are attached for all QE type
magnets, and those with a thickness of 4 mm, 6 mm and
8 mm are attached for the QD type magnets. Fig. 10
shows the averaged excitation curves for twenty-two QE
type and eighteen QD type quadrupole magnets, and
Table 5 lists the statistics of the measured results. The
standard deviations of AB/B at an excitation current of
800 A for QE type and QD type magnets are 0.075% and
0.136%. This is higher than the manufacturer’s stated
accuracy of 0.1% for the QE type, but lower for the QD
type, although the accurcy of our measurements may
have been affected by changes in ambient temperature.
The magnets, power supplies and measurement system
are located in an un-airconditioned room, resulting in
room temperature varying by several degrees over the
course of a day. Due to several interruptions for system
maintenance these measurements took place over a pe-
riod of two months, during which time room temperature
varied by about 10 degrees. Although the temperature
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Figure 10

Excitation Curves for QD type and QE type quadrupole magnets.
The curve "QE" shows the average curves of twenty-two QE-type
magnets and the curve "QD" that of eighteen QD-type magnets.

Table 5 Statistics of the measured results.

Averaged Dispersion Standard | Minimum|Maximum
Current | Magnetic O?ZB B deviation| valueof | valueof
field of AB/B | deviation | deviation

I[A] |B'[T/m]| 6®[%" | o[% |AB/B [%]|AB/B [%]
100 | 5445 | 0010 | 0.099 | -0.248 | 0.181
200 | 10237 | 0013 | 0113 | -0.241 | 0.271
300 | 15250 | 0.018 | 0.134 | -0.295 | 0.346
QE[ 400 | 20.189 | 0.022 | 0.149 [ -0.305 | 0.405
(22)[ 500 | 24693 | 0014 | 0116 | -0.227 | 0.307
600 | 27.666 | 0.007 | 0.083 | -0.214 | 0.170
700 [ 29631 | 0.006 | 0.078 | -0.213 | 0.132
800 | 30.954 | 0.006 | 0.075 | -0.184 | 0.146
100 [ 5309 | 0.038 | 0.195 | -0.407 | 0.309
200 | 10547 | 0.033 | 0.182 | -0.322 | 0.306
300 | 15699 | 0.035 | 0.186 | -0.367 | 0.310
QD | 400 [ 20765 [ 0.035 | 0186 | -0.357 | 0.347
(18)[ 500 | 25204 | 0.019 [ 0.139 | -0.220 | 0.254
600 | 27.975 | 0016 | 0.126 | -0.226 | 0.295
700 | 29797 | 0015 | 0.124 | -0.220 | 0.287
800 | 31.038 | 0.019 | 0.136 | -0.220 | 0.319
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of the cooling water for the magnet coil is stabilised, it is
expected that room temperature changes cannot be ig-
nored.

Orbit and optics corrections will be simulated using
the measured magnetic errors.

Production of the first bend chamber for the straight-
sections upgrading

As the first of twelve bend chambers, the B16 cham-
ber has been manufactured, and will be installed down-
stream of the insertion device MPW#16. The synchrotron
radiation (SR) produced by the insertion device passes
through the B16 chamber and its SR port to the experi-
mental hall. The design concept is described in the 2002
Activity Report. Fig. 11 shows an outline of the cham-
ber. The body of the chamber is made of aluminium
alloy. Some parts, such as the bellows and flanges are
made of stainless steel. The intense SR is turned down
first by a crotch absorber and next by an SR mask, both
made from a heat-resistant copper alloy. The distributed
ion pump (DIP) installed in the chamber is of the anode-
ground type, and is exchangeable without processing the
chamber. Its pumping speed is estimated at about 200
I/s at 1x10® Pa. After an evacuation test, the chamber
was installed in the new magnet arrangement in order to
examine any interference with the peripheral equipment.
Also, two Q-chambers were fabricated and installed with
new magnets in the ring during the summer shutdown
period.

The basic design is the same for the remaining
eleven bend chambers except for the SR port. Each SR
port is designed according the masking conditions of the
SR required at downstream at each beamline. All of the
necessary beam chambers including ones for the straight
sections will be manufactured in FY2004.

bellows B crotch absorber

SR mask bellows
ol [ ukp— op J
‘i";i =
= 5~
_Q-mag’ R i
T i T ng port
—_— ,,?QE B-mag
DIP port
lelectrod
steering-mag Im electrode

Figure 11
Drawing of the chamber.

3-3 Research and Development

Construction of a new multipole wiggler (MPW#05)
for a protein crystallography beamline

In the 2.5 GeV Photon Factory (PF) storage ring there
are six insertion devices that have been under continuous
use over the past ten years. Only one straight section
remained available for a new device, that between bend-
ing magnets B04 and B05. This section was previously



3x10® r T T T

2
X 5 - E=2.5GeV
S 25x10° | =
E 230
& =
g a0 | o Bx=8m
g K=1%coupling ﬁ{;eemm
2 - 0 /E=1.3x10"
s/ ) ¢
§ 15x10°F [/ - ]
B 1x10% 1/ \
8 [ /7 Au(mm) N K ec(keV' =26mm
e 100 27 106 47
120 22 156 58
T 5x10“f 140 19 207 65

160 16 254 7.1
180 15 294 73

0 5000 1x10* 1.5 x10° 2x10°  25x10*

Energy (KeV)

Figure 12
Calculated photon flux densities for several period lengths. The total
length of the magnet array is held constant.

1018
PF
E=2.5GeV
1=400mA
107 | £,=36nm
K=1%coupling E;fgm
U mode@B04-05 . P
= =0.61
o[ [Au=12em, L=2.6m 0/E=7.3x10" n=06m
107 E Kmax=5

Brilliance (phs/symm?/mrad?/0.1%bw)

105 L Au=12cm, Bmax=1.4T
eC:S.BkeV
L=2.6m, gap=26mm
» Pt=8.18kW
10
10 100 1000 10* 10°

Energy (KeV)

Figure 13
The spectral properties of MPW#05 in the PF ring. As well as for
the wiggler mode, spectra for the undulator mode are also shown.

used for various machine studies for developing light-
source components including a beam diagnosis system.
To increase the number of straight sections available for
insertion devices, an upgrade project is currently under-
way. As a first step of this project, the PF lattice has been
improved to allow for the elongation of the straight sec-
tions at B0O4-B05 and B18-B19, and a new multipole wig-
gler (MPW#05) constructed for the BO4-B05 section.

The required photon energy range for protein crys-
tallography is predominantly 10-15 keV. The length of
the straight section B0O4-B05 which is available for the
magnets of MPW#05 is 2.6 m, and the gap of the magnet
arrays is limited to 26 mm due to the 20 mm allowed ap-
erture for the electron beam in this section. Under these
restrictions, the parameters of MPW#05 have been opti-
mized for maximum photon flux density in the 10-15 keV
energy range, and the attractive magnetic force between
the magnet arrays have been minimised with no degrada-
tion of field quality. Fig. 12 shows the calculated photon
flux densities as functions of photon energy and param-
eters for several optimised magnetic configurations.

A period length of 12 cm has been chosen since this
gives the highest value of photon flux density in the 10-15
keV energy region. The number of magnetic periods is
21, and a hybrid magnet arrangment has been adopted,
using NdFeB for the permanent magnet (NEOMAX44H:
remanent field B,=13 kG, coercivity iHc=16 kOe, Sumito-

Permendur pole piece

Permanent magnet Permanent magnet

T T

135
135

B -

(a) (b) Stainless steel holder ( G)

Figure 14
Schematic views of (a) part of the magnet arrangment, (b) a pole-
piece unit, and (c) a side unit.

mo Special Metal Co.) and vanadium-Permendur for the
iron core. The maximum K value is 15.8 at the minimum
gap of 26 mm. The calculated spectra of MPW#05 for
these specifications are shown in Fig. 13.

Fig. 14 shows a schematic view of the arrangement of
the magnetic poles and the magnet blocks. To increase
the number of periods as much as possible with mini-
mum space used for end corrections an anti-symmetric
arrangement for the magnetic field has been adopted.
With this arrangement the first field integral becomes very
small, but the second field integral remains non-zero. To
correct for the second integral, fixed-gap electromagnets
located at both ends of the magnet arrays are used.

In order to reduce the size of the magnet holders for
the poles of MPW#05, particularly in the transverse direc-
tion, each single magnetic pole is decomposed into three
units: a pole-piece unit and two side units. These mag-
netic units can be interchanged to adjust the magnetic
field, and additional magnet chips can be attached to the
pole-piece unit to further adjust the field. The degree of
field-strength control afforded by these chips is about 1%.

The magnetic poles are mounted on a pair of I-beams
supported by a mechanical frame with a “C"-type struc-
ture. The gap between the magnetic poles can be varied
from 26 to 220 mm using a translation system compris-
ing ball screws and linear guides. Positional accuracy is
10 um, and the degree of parallelism is within 30 pm/m
in the transverse direction with a maximum attractive
magnetic force of 7.1 tons-force. The scanning speed of
the magnet gap is 30 mm/min, and the control-system for
MPW#05 has been developed using EPICS (Experimen-
tal Physics and Industry Contol System).

The vacuum chamber for MPW#05 consists of a
beam passage section and a pumping section. The in-
ner sizes of the beam section are 20 mm vertically and
88 mm horizontally, with a wall thickness of 2 mm. The
pumping section contains two sputter ion pumps with a
combined pumping speed of 180 litre/sec and eight subli-
mation pumps.

By referring to measured data the magnetic field was
adjusted to optimise the deflection of the electron beam at
the individual magnetic poles. The adjustment procedure
consists of first exchanging the magnetic units where the
deflection is large, followed by the insertion of magnetic
chips in the pole-piece holder. Prior to adjustment it was
found that a small amount of demagnetization (less than
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Figure 15

Electron orbits after field adjustment at different gap values. The
solid line shows the horizontal electron orbit, and the dotted line the
vertical electron orbit.

Figure 16
A photograph of MPW#05 as installed in the 2.5 GeV PF storage
ring.

1%) occurred in both pole-pieces and side magnet units.
All the magnet units were stabilised under the same de-
magnetizing conditions before adjustment.

The main operation mode of MPW#05 is as a high-
field wiggler, and the magnetic gap should be set at its
minimum value of 26 mm in ordinary operation. The field
has been adjusted, however, over the entire magnetic
gap range so that MPW#05 can also act as a light source
for the VUV energy region. Fig. 15 shows typical electron
orbit results from field adjustments at different gap values.
The deflection and deviation of the orbit are satisfactorily
small in both the horizontal and vertical directions.

MPW#05 was completed and installed in the PF ring
in summer 2003, following the lattice improvements. A
photograph of the installed device is shown in Fig. 16,
and protein crystallography studies using MPW#05 have
already begun.

Upgrade of the klystron power supply

In the RF system for the PF storage ring, four power
supplies are used to provide the high voltages required
by the klystrons. Since these power supplies were fab-
ricated 16-24 years ago, future maintenance difficulties
are anticipated. In an effort to ensure reliable storage-ring
operations in the future, one of the power supplies was
upgraded during the summer of 2003.

To achieve high stability, low ripples and good reli-
ability, a modern design was adopted for the new power
supply, a block diagram of which is shown in Fig. 17.
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Figure 17
Block diagram of the new klystron power supply for the PF storage
ring.
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Figure 18
Installing the high-voltage cabinet for the new klystron power supply.

The input voltage of 6.6 kV is stepped down with a trans-
former and regulated using thyristors. Next, the voltage is
stepped up and rectified. The resulting DC high voltage is
then provided to the klystron through a noble solid-state
switch made up of 40 packages of Insulated Gate Bipolar
Transistors (IGBT) connected in series. When the klys-
tron experiences a spark, this switch can turn the high
voltage off very quickly. It is expected that this switch will
prove more reliable than the Crowbar circuit convention-
ally used for klystron protection.

The new klystron power supply was installed dur-
ing the summer shutdown of 2003. A photograph taken
during the installation work is shown in Fig. 18. The new
power supply has been working well since September
2003 without any trouble.

Low-emittance optics study

The horizontal emittance in the present optics is
35.7 nmlrad at an energy of 2.5 GeV. By increasing the
horizontal phase advance of the normal cell from 105° to
125°, the emittance can be reduced to 28.0 nmirad, and
a stored current of 450 mA has already been obtained in
this configuration.

The low-emittance optics, however, often result in
a 20% reduction in injection efficiency, and several at-
tempts have been made to understand and reduce this
loss.

Firstly, optics and tune corrections were made by ad-
justing the strength of the quadrupole magnets. The cor-
rected chromativities are shown in Fig. 19 and measured
dispersion functions are shown in Fig. 20. The horizontal
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Measured dispersion functions in the low emittance optics.

and vertical chromativities were culculated to be +0.397
and +1.104, sufficient to suppress head-tail instabilities.

Despite these corrections, the injection efficiency was
not totally recovered. A possible reason for this is that
the beam injection aperture which for the low-emittance
optics is about half that of the currently used optics. More
studies are required before the low-emittance optics is
suitable for user operation.

Study of ion trapping phenomena in the KEK-PF and
PF-AR storage rings

We have observed the change in the vertical beta-
tron tune of the beam current, and found that the vertical
tune shows a characteristic dependence on the beam
current in single-bunch operation under low beam cur-
rent (<1 mA) conditions. It is well known that the vertical
tune in general tends to increase linearly as the beam
current decreases due to wake field effect [1]. However,
from precise measurements of the vertical tune in single-
bunch operation of KEK-PF, we have found that the verti-
cal tune tends to deviate from a linear correlation with the
beam current at currents below 1 mA. The experimental
results are shown in Fig. 21. As can be seen in the figure,
the vertical tune linearly increases as the beam current
decreases down to about 1.5 mA, however the depen-
dence clearly changes at currents below 1.5 mA.

We have also performed the same experiment at the
PF-AR in single-bunch operation with a beam energy of
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Figure 21

Change in the vertical tune on the beam current in the single-bunch
condition in the KEK-PF. Blue circles are the experimental results
and red line is the calculated one.
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Figure 22

Change in the vertical tune on the beam current in the single-bunch
condition in the PF-AR (3 GeV). Blue circles are the experimental
results and red line is the calculated one.

3 GeV, and found that at low beam currents the depen-
dence of the vertical tune on the beam current shows the
same behavior as for the KEK-PF. The results from the
PF-AR are shown in Fig. 22. As can be seen in the fig-
ure, the dependence of the vertical tune on the beam cur-
rent changes at currents below 1 mA, similar to the result
for KEK-PF.

This change in the vertical tune dependense on beam
current is interpreted as being due to the effect of residual
gas ions [2,3]. Gas ions created in scattering between
the residual gas molecules and the electrons in the beam
can be attracted to the electron beam, and can become
stably trapped around the beam under some conditions.
When the ions are trapped by the electron beam, the re-
sulting electrostatic forces produce a shift of the betatron
tune of the beam. The ion trapping phenomenon [2,3]
tends to become prominent when the beam current is
high because the change in the betatron tune is propor-
tional to the ion density in the electron beam. Therefore,
it has until now been supposed that the ion trapping phe-
nomenon can hardly be seen under single-bunch and low
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beam current conditions.

However, this work shows that considerable numbers
of residual gas ions can be trapped even with extremely
low beam currents [4], and remarkable changes in the
vertical tune observed. From the linear theory of ion trap-
ping [2,3] a threshold current below which the gas ions
can be trapped stably in the electron beam can be esti-
mated. For single-bunch conditions, the threshold current
lives fOr ions with atomic number A in charge state Z is
given by,

| =p%0,(0,*0)) A

hres r,C? Z

where q is the electron charge, c is the speed of light,
oy, are the horizontal(x) and vertical(y) beam sizes, r, is
the classical proton radius and C is the circumference of
the ring. It is expected that below the threshold current
ions can be trapped and the change in the vertical tune
becomes prominent. The threshold current for trapping of
CO" ions one of the main residual gas molecules in the
KEK-PF and the PF-AR, is estimated to be 1.8 mA for
KEK-PF and 1.0 mA for the PF-AR, roughly correspond-
ing to the beam currents at which the dependence of the
vertical tune on the beam current changes as described
above.

It is expected that the threshold current depends
strongly on ring circumference, and we are now planning
to perform the same beam diagnostic experiment in an-
other storage ring that has a smaller circumference than
either KEK-PF or PF-AR. Measurements of the depen-
dence of the threshold current and the tune shift on beam
size are also planned.
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Investigation of injection for the low-emittance lattice
with new 6.25 Q kicker magnet system

A new kicker magnet system was installed in 2002 in
the Photon Factory (PF) to realize full-aperture injection
for the low-emittance lattice [1]. The new kicker magnet
is based on a travelling-wave kicker magnet with a char-
acteristic impedance of 6.25 Q. In order to investigate
the performance of the pulse injection bump with the new
system, we have used an optical observation method with
a high-speed gated camera. The motion of the injected
beam is also investigated by the same optical observa-
tion method. A photograph of the kicker magnet installed
in the PF ring is shown in Fig. 23.

We apply a short end for the output lead of the mag-
net to excite the magnet with the input pulse and the
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Figure 23
Photograph of the kicker magnet installed in the PF ring. The kicker
magnet is covered with a shield box made of aluminum.
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Figure 24
Magnetic pulse duration of kicker magnet measured with single
turned search coil.

totally-reflected pulse from the short end. The magnetic
pulse duration of the 6.25 Q kicker magnet was mea-
sured with a single-turned search coil [1]. A sample result
of magnetic pulse duration measurement is shown in Fig.
24. From this magnetic field measurement pulse duration
time of 1.25 psec was obtained.

The performance of the pulse bump with the new
kicker system was investigated by the use of an opti-
cal SR monitor. The optical layout of the SR monitor is
shown in Fig. 25. The light from the synchrotron radiation
source magnet in the injection bump follows an 8 m path
to the underground optical dark room where the focusing
system and the gated camera are installed. A doublet
lens with focal length of 1000 mm is used as an objec-
tive lens and a magnifying lens is installed in front of the
gated camera.

In order to investigate the pulse shape of the injection
bump, we have measured the beam position using the
focusing system by scanning the kicker magnet timing. A
result of the pulse shape of the injection bump is shown
in Fig. 26. From this optical measurement, we obtained
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Figure 25

Arrangement of kicker magnets and optical layout of the SR monitor.
K1,2,3,4 denote kicker magnet No.1,2,3,4. B26,27 denotes bending
magnet No.26,27.
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Duration of injection bump measured by optical observation.

a pulse duration time of 1.25 usec, in agreement with the
results of the magnetic field measurement. Considering
the bump orbit is exited by four independent kicker mag-
nets, this result indicates that the timing errors in the four
kicker magnets are negligibly small.

A turn-by-turn image of the injected beam can be ob-
served with the same optical observation method. At the
beginning of the observation, we set the design intensi-
ties for the four kicker magnets. Fig. 27 shows images
from the first 15 turns of the injected beam superimposed
in one frame of CCD. The beam image separated on the
left-hand side is the beam directly after leaving the sep-
tum magnet. On the right hand side, we can see the first
15 turns of the injected beam. The amplitude of coherent
motion under these conditions is about £5 mm.

A vertical coherent oscillation is also observed, as can
be seen from Fig. 27. By using this observation system,
we can optimize the intensity balance of the four kicker
magnets to realize a closed bump. Fig. 28 shows two im-
ages of the first 15 turns of the injected beam observed in
two stages of regulation of the kicker magnets.

Figure 27

Result of coherent motion of
first 15 turns of the injected
beam. The images are
superimposed in one frame of
CCD.

Figure 28

Two images of the first 15 turns of the injected beam observed in
the two stages of regulation of two kicker magnets. (a):Regulate K4
only, (b):regulate K3 and K4.

Figure 29

Coherent oscillation of the
injected beam over the first 15
turns in the low-emittance lattice.
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Figure 30

Coherent oscillation of the injected beam in the first 25 turns in the
horizontal direction.

In the first stage, we regulate kicker magnet No. 4 to
find a closed bump condition. In the next stage, we add
a regulation of kicker magnet No. 3 together with No. 4.
The results of this regulation are shown in Fig. 28(a) and
(b). The coherent oscillation in the horizontal and the ver-
tical directions becomes smaller. Only the injected beam
directs from septum magnet appears to the left-hand and
later turns oscillate in the right side like as a bulk. This
result shows that the injection pulse bump is reproved by
the time of the next turn of the injected beam.

The coherent oscillation of the injected beam in the
first 15 turns of low-emittance lattice is shown in Fig. 29.

In this case, we found a better condition for the in-
jection bump and the observed coherent oscillation is
smaller. The coherent oscillation of the injected beam is
observed by measuring the position of the injected beam
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Figure 31
Deformed beam profiles at 50th-turn (a) and 80th-turn (b).

profile and results for the first 25 turns of coherent oscil-
lation in the horizontal direction are shown in Fig. 30.
From Fig. 30, the amplitude of the coherent oscillation is
determined to be about +3 mm. After 25 turns, the beam
profile is deformed due to strong nonlinear effects and it
becomes difficult to evaluate the beam position. Fig. 31
shows two examples of deformed beam profiles at the
50th-turn and 80th-turn.
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Design and construction of a coronagraph for obser-
vation of the beam halo

The beam tail and halo will be a significant problem in
future Linac-based machines such as the Linear Collider
(LC) and Energy Recovery Linac (ERL). To develop ap-
paratus to observe the beam tail or halo, we have applied
the concept of a coronagraph. The coronagraph is a spa-
tial telescope used to observe the sun-corona by creating
an artificial eclipse [1]. The concept of this apparatus is to
block the glare of the central image and to observe hid-
den images such as that of the sun-corona. We have ap-
plied this concept for the observation of the surrounding
structure (halo, tail) of the beam. Since the background is
mainly due to scattered light from the objective lens, the
key point for operation of the coronagraph is to reduce
scattered light from the objective lens. We used a very
well polished objective lens, and managed to obtain a sig-
nal to background ratio of better than 10°. As a test, we
tried to observe the tail of the beam by using the corona-
graph at the Photon Factory storage ring. We succeeded
in observing the tail of beam which has an intensity range
of 1/10* of the peak intensity.

The optical layout of the coronagraph is illustrated in
Fig. 32. The first lens (objective lens) makes a real im-
age of the object (beam image) on a blocking disk which
makes an artificial eclipse. The second lens (field lens)
which is located just after the blocking disk makes a real
image of the objective lens onto a mask (Lyot Stop).
The diffraction fringes are re-diffracted by the field lens
aperture, making a diffraction ring on the focal plane of
the field lens. Lyot's genius idea of the coronagraph is to
remove these diffraction rings by using a mask, and to
relay the hidden image with a third lens onto the final ob-
servation plane [1]. The background light on the final ob-
servation plane is now mainly due to the scattering of the
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Figure 32
Layout of optical system of the coronagraph.
Figure 33

Image beam profile without the
opaque disk. Exposure time of
CCD camera is 10 psec.

Figure 34

Image of beam tail with the
opaque disk. Transverse
magnification is same as in
Fig. 33. Exposure time of CCD
camera is 10 msec.

input light by the objective lens. By using well polished
lens for the objective, we can reduce the background light
less than 10° of the main image. With this coronagraph,
we can observe a hidden image seperate from the bright
main image.

To investigate the performance of the coronagraph,
we used it to observe the beam tail at the Photon Factory.
We then observed an image of the beam tail by using an
opague disk to block the central beam image and a Lyot
stop. Since the image of the beam tail is very weak, we
increased the exposure time of the CCD camera. The re-
sulting beam tail image is shown in Fig. 34. The exposure
time used was 10 msec. Considering the difference in
exposure time, the intensity scale in Fig. 34 is 1000 times
smaller than the intensity scale in Fig. 33.

A comparison of beam tails measured with and with-
out the opaque disk and Lyot stop is given in Fig. 35.
Both intensities are normalized to the peak intensity of
the central beam image. The intensity of beam tail image
with diffraction taken without the opaque disk and Lyot
stop is in the range of 107 of the peak. With opaque disk
and Lyot stop, we succeeded in observing the tail of the
beam which has an intensity range of 1/10° of the peak
intensity.

In conclusion, we have developed and constructed a
coronagraph for the observation of the beam halo or talil
surrounding the main beam. We succeeded in obtaining
a signal to background ratio better than 10°. To investi-
gate the performance of the coronagraph, we measured
the beam tail at the Photon Factory, and succeeded in
observing the tail of the beam which has an intensity
range of 1/10" of the peak intensity. The coronagraph is
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Comparison of beam tail measurements; red circles denote beam
tail without opaque disk, blue squares denote beam tail measured
with opaque disk and Lyot stop. The horizontal axis is normalized by
1o of the beam size.

applicable not only to observing the beam tail or halo, but
also has many other possible applications such as the
observation of the injected beam under the presence of
stored beam, by use of the high S/N ratio inherent to the
technique.

Reference
[1] B.F.Lyot Month. Notice Roy. Ast. Soc, 99 (1939) 580.

Experiments at BL-21

One of the latest and most serious problems in proton
and positron storage rings is a single-beam instability due
to the electron cloud around the beam, the electron cloud
instability (ECI). For example, in the positron storage ring
of the KEK B-Factory (KEKB), a blowup of the vertical
beam size has been observed which limits the luminos-
ity [1]. Reduction of the electron emission from the inner
surfaces of the beam ducts is an effective remedy for this
problem. At BL-21 of the Photon Factory, photoelectron
yields from copper chambers under various surface con-
ditions have been studied. It has been found so far that
the photoelectron yield from surfaces with the saw-tooth-
like profiles is less than 10% that from smooth surfaces
[2-4] for photons with a critical energy of 4 keV and an
incident angle of 52 mrad.

In FY2003, the photoelectron yields from two different
kinds of surfaces were studied. One surface was rough-
ened by a glass beads blast (GBB) and the other coated
with non-evaporable getter (NEG) materials; in this case
Ti, Zr and V. GBB surface are available even for a long
chamber, 3 m for example, and is more practical than the
machined saw-tooth structure. The mean roughness (Ra)
for the GBB structure was about 7, and the total pressure
in the test chamber during the measurement was of the
order of 10°~10" Pa.

The NEG coated surface is said to have a small sec-
ondary electron yield [5-6], effective in suppressing the
multipactoring of electrons. There are, however, little data
available for the photoelectron yield, although it is an im-
portant property. The coating was deposited by magne-

tron sputtering in an argon atmosphere to a thickness of
approximately 3 pm. The coating consists of 41% Ti, 12%
Zr and 47% V (as determined by X-ray spectroscopy).
To activate the coated NEG, the chamber was baked at
200°C for about 2 hours. After the activation, the pres-
sure was of the order of 10° Pa.

The photoelectron yield was measured for a photon
dose (integrated photon density) of about 3 x 10** pho-
tons m™. Table 6 shows the photoelectron yield, n [elec-
trons per photon], the reflectivity, R [%], and the effective
photoelectron yield, n*= n/(1-R) [electrons per photon]
for several different surfaces. The n* for the GBB surface
decreased to about 7% of that of the smooth surface, and
was comparable to the machined saw-tooth surfaces.
The GBB surface was found to be useful as well as the
saw-tooth like structure.

On the other hand, the n* of the non-activated NEG
surface was almost the same as the smooth surface.
After the activation, however, the n* decreased to about
60% of that in the case before activation. This represents
a significant change, since no change of n* was observed
after baking for the non-coated copper chamber. Since
activation does not change the roughness of the surface,
this reason may be due to the change of the surface
composition by the activation, for example, the removal
of oxide [7]. The NEG coating does not reduce the pho-
toelectron yield sufficiently compared to a rough surface,
although the secondary electron yield may be small.

Table 6 Photoelectron yield, n, and effective photoelectron yield, n*,
which is calculated by by n/(1-R) considering reflectivity, R.

n R[%] n*

Smooth (Ra=0.02) 029 332 0434
Machining (Ra=7) 004 11 004

SawTooth_1 0.016 0.18 0.016

SawTooth_2 0.022

Rolling tap 0.018 0.16 0.018

GBB . 0.030 0.20 0.030

NEG (non-activated) 32 195 0.39

NEG (activated) 019 148 023
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