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Observations of dust trapping phenomena in the TRISTAN accumulation
ring and a study of dust removal in a beam chamber

Hiroshi Saeki® Takashi Momose, and Hajime Ishimaru
National Labaratory for High Energy Physics, 1-1 Oho, Tsukuba-shi, Ibaraki-ken, 303, Jopan

(Received 3 October 1990; accepted for publication 3 January 1991)

Using a gamma-ray detector and a television camera system for synchrotron light,
high-energy bremsstrahlung and horizontat growth of the synchrotron light source were
observed when sudden decrease in the electron-beam lifetime occurred due to dust trapping
in the electron beam. Two Lypes of beam current losses were found; one was a continuous
beamn current loss, and the other was a short-term beam current loss. High-energy
bremsstrahlung at a location was observed in a short time and after that, the bremsstrahlung
was not detected in spite of the occurrence of dust trapping phenomena. The fact suggests
motions of the trapped dust particles in the longitudinal directions. Materials collected

in the beam chamber are dust particles from ion pumps and dust particles made during the
beam chamber processing for welding. Most of the collected dust particles were less

than 2 mm in size and surfaces of some dust particles were melted with the electron beam.
Simple analysis was carried out for the conditions necessary for a dust particle to be
trapped, for motions of the trapped dust particle, and for interactions between the trapped
dust particle and the electron beam. The analysis showed that a dust particle less than

3 mm in size, made of Al, can be trapped and that the trapped dust particle can move in the
vertical and tongitudinal directions. The analysis also suggested that a dust particle in

size of about 2 mm can be continuously trapped around the electron beam without being
destroyed by the electron beam. Furthermore, the analysis explained the difference between
the two types of beam current losses observed in the ring. Experiments which simulate

the electron beam using a Cu wire in an evacuated beam chamber show that a dust particle
{less than 70 pum) is trapped sufficiently. The experiments also coincide with theory for

an attractive force acting to a conducting small particle. The calculated electric field of the
electron beam and the calculated electric charge of dust particles given through the
photoelectric effect in the TRISTAN accumulation ring are 100 times and 10*-10" times
higher than those of the simulated experiments, respectively. In the ring, the attractive force
caused with the average electric field and with the expected charge is 10-10" times larger
than that of the simulated experiments. Therefore, a dust particle (less than 2 mm) can be
trapped sufficiently. An electrostatic dust collector using an electron beam and an
electrostatic force are effective in removing all of the sample dust particles in the test
chamber for the simulated experiments. A method to remove trapped dust particles using
electrostatic electrodes is also discussed. It is expected that such electrodes can be

useful for trapped dust particles moving in a longitdinal direction.

I. INTRODUCTION

For several years, sudden decays of lifetime for stored
electron beam in the TRISTAN accumulation ring have
been observed at least once a day. Dust trapping phenom-
ena have been observed in Super ACO, DQRIS, P. F. at
Tsukuba, and several electron storage rings. The loss of
beam current caused by trapped dust particles in Super
ACO has been reported.' Tt is suggested that dust particles
in the beam chambers are ionized positively through the
photoelectric effect and are trapped in the bunched elec-
tron beam. As a result, the lifetime of the electron beam
suddenly drops.

Observations of dust trapping phenomena were carried
out in the TRISTAN accumulation ring. The beam current

losses in the ring are different from those in Super ACO. A
theoretical analysis developing equations in Ref. 1 was car-
ried out for motions of dust particles until trapped in the
electron beam. Assuming that a trapped dust particle con-
tinuously moved around an electron beam, vertical and
longitudinal motions of the trapped dust particle were also
discussed. We carried out fundamental experiments which
simulated the electron beam for dust trapping phenomena
and for the removal of dust particles from a test chamber
using an electrostatic dust collector.

1l. OBSERVATIONS AND INVESTIGATIONS

Figure 1 shows a sudden detrease in the lifetime and
decay of the beam current for a stored electron beam. The

*Department of Accelerator Science, The Graduate University for Advanced Studies, 1-1 Oho. Tsukuba-shi. Tbaraki-ken, 305, Japan.
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FIG. 1. Sudden decrease in the hfetime and decay of the beam current for
i stored electron beam at a beam energy of 5.7 GeV.

initial injected current of the single-bunch beam was 30
mA and the beam energy was 5.7 GeV. The lifetime was
140-160 min before the sudden decrease. At 29 mA, the
lifetime suddenly decreased 1o 22-26 min. After that, the
lifetime did not recover.

The sudden decrease of the lifetime was not caused by
trapped ions, because the tune remained constant and the
effect was independent of beam current. Therefore, we ex-
pect that the decay as shown in Fig. 1, is caused by inter-
actions between dust particles and the electron beam con-
tinuously, '

A different example of a sudden decrease in the life-
time is illustrated in Fig. 2 (beam energy 6.5 GeV). After
a sudden decrease, the lifetime of the electron beam recov-
ered within 15 min. This can be explained by that the dust
particles momentarily interact with the electron beam, and
are subsequently expelled from the beam or are destroyed
by the beam current.

If dust particles are trapped in the electron beam, high-
energy bremsstrahlung radiation can be detected at the
interacting location. If there was emittance growth of the
electron beam, the synchrotron light source size will be
enlarged. Therefore, measurements using a gamma-ray de-
tector and a television camera system were carried out at
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F1G. 2. Sudden decrease in the lifetime and decay of the beam current for
a stored electron beam at a beam energy of 6.5 GeV. However, the life-
time of the efeciron beam recovered within 15 min,

the same time. Dust particles in the beam chamber were-
collected and analyzed,

A. Measuring instruments to observe dust trapping
phenomena

The locations of the gamma-ray detector for brems-
strahlung and the television camera system for synchrotron
light are illustrated in Fig. 3. High-energy bremsstrahlung
generated at the bending magnet BS passes through an
aluminum blank flange (20 mm thick) and is detecied by a
gamma-ray detector through a plate made of lead (10 mm
thick). The gamma-ray detector is constructed with a lead-
glass block (360 mm x 120 mmx 120 mm) and a photo-
multiplier. The distance between the source point and the
detector is about 11.5 m. The gamma-ray detector is
shielded with lead blocks (100 mm thick) except for the
detecting area. The amplified signal of the gamma-ray de-
tector is transmitted to a digital storage oscilloscope.

Synchrotron light generated at the bending magnet
B10 passes through an optical window made of aluminum
alloys and sapphire. The light then traverses a system of
reflecting mirrors, a telescope, and beam splitters, and is
detected by a television camera. The distance between the
first reflecting mirror and the source point is about 4.5 m.
The total length of the light path from the source point to
the television camera is about 10 m. The television picture
is a visible-light picture of the source point. The television
picture is recorded with a video tape recorder.
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B. Observations of bremsstrahlung and size of
synchrotron light source point at sudden decrease in
the lifetime

Figure 4 shows the signals from the gamma-ray detec-
tor when the sudden decrease in the lifetime occurred at a
beam current of 29 mA, as shown in Fig. 1. The pictures of
synchrotron light recorded at the same time were shown in
Figs. 5{a) and 5{b). The upper colored pictures and the
lower three-dimensional pictures show variations of the
brightness. Pictures (a) and (b) show the synchrotron
light source point before and after the sudden decrease in
the lifetime, respectively. The variation of the size of the
synchrotron light source point reflects the cmittance
growth of the electron beam. The horizontal width of the
synchrotron light source point of (b) was 1.09 times larger
than that of {a). Figure 5 obviously shows emittance
growth of the electron beam caused by dust trapping phe-
nomena and also shows interactions between dust particles
and the electron beam. Figure 6 shows signals from the
gamma-ray detector when a sudden decrease in the lifetime
oceurred at a beam current of 27 mA, a beam energy 6.5
GeV. The horizontal scale of Fig. 6 is 500 ms/division.

.
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FIG. 4. Bremsstrahlung caused by a trapped dust particle. The vertical
scale is | V/division, the horizontal scale 500 ms/division.
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FIG. 3. Schemalic drawing for
the locations of the observation
systems for bremsstrahlung and
synchrotron Tighl

- _Gamma - ray detecior

C. Investigations of dust particles in beam chambers

After operations of the ring were stopped, dust parti-
cles in two beam chambers were collected using a vacuum
cleaner equipped with micromesh filters. Dust particles
collected from a sputter ion pump used in the ring were
analyzed using energy dispersive x-ray spectroscopy and
electron microprobe analysis. Figures 7(a) and 7{b) show
the dust particies collected at a beryllium beam extracting
port and near a beam stopper, respectively. The collected
dust particles shown in Fig. 7(a) were composed of or-
ganic matter containing TiN and TiC. The dust particles
shown in Fig. 7(b) were composite materials of Al, i, Mg,
Fe, Cr, and Ti. We believe that the flakes {(a) are films
formed at the anodes of ion pumps and that the dust par-
ticles (b) originate from the beam chamber (A6061). Fip-
ure & shows a distribution of sizes for the collected dust
particles. All of the collected dust particles are less than 2
mm in size. Especially, surfaces of some dust particles from
0.3 to 2 mm in size had been melted, as shown in Fig, 7(b).

1il. MOTION OF DUST PARTICLES

A. Motion of dust particles trapped in the electron
beam

The motion of dust particles trapped in a bunched elec-
tron beam is discussed using Eq. (1). The vertical electric
field, E, of a bunched electron beam is obtained from
Gauss and Amperer's laws, as shown in Appendis A. E'is
estimated as 1.41> 10% V/m at a beam current of 30 mA,
1,17 10° V/m at 25 mA, and 9.44x 10° V/m at 20 mA.

The electrostatic force F acting on a charged dust par-
ticle in a beam chamber is F=QF, wherc Q is the charge
on the dust particle. The vertical velocity z afler one rev-
olution is

F=—glty—1) + (QE/m— g1, (0

Dust trapping 876



29 mhA
t58 min.

{a)

Beam current

Lifetime Litetime

where g is the acceleration due to gravity, f, is the time
interval while the electron bunch is over the dust particle,
{; is revolution time of the electron bunch, and m is the
mass of the dust particle. For the dust particle to detach
from the beam chamber, z20. With 1, =6.67x10~ " s
and t; = 1.26 X 10 ~ 5, the calculated QE/m is larger than
1.85x 10° Newton/kg. When QE/m = 1.85x 10°, the esti-
mated velocity of the dust particle passing through the
electron beam is about 1.1 m/s.

The total number of photons is about 3.6x 10"
photens/m s at 5.7 GeV. We assume that the photon en-
ergy of the order of more than keV is completely deposited
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FIG. 6. Bremsstrahlung caused by trapped dust partictes. The vertical
scale is 2 V/division, the horizontal scale 500 ms/division.
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Bearn current

FIG. 5. Variation of the size of the synchro-
tron light source point.

29mA
22 min.

{b)

in the dust particle through the photoelectric effect. The
deposited energy, eV, is given by Eq. (2}, using voltage V,
charge @, the elementary electric charge e, and a constant,
A,

eV=AeQ. (2)
If the dust particle is spherical, the value of A, is
1/{4meyr,), using a sphere radius, r, and the dielectric

constant in vacuum &y The radius, r, is given by the fol-
lowing, using the value of QE/m = 1.85% 10° and Eq. (2):

re=[(3eaVE)/(1.85% 10° X pg) ]2, (3)

where p; is the density of the dust particle.

For example, if the dust particle is made of Al, the
estimated radius of a particle trapped in the electron beam
is about 0.036 mm when the beam current is 30 mA and
the photon energy deposited in the dust particle is 17.7
keV. If the photon energy is 1 MeV, the calculated radius
is 0.25 mm. We expect that the electrostatic force to trap a
dust particle becomes 10-100 times larger than the calcu-
lated result due to an enhancement factor® and the depos-
ited photon energy. Therefore, we also expect that dust
particles in size of less than 3 mm can be trapped in the
electron beam.
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FIG. 7. Photographs of dust particies collected in the beam chambers,
taken with a scanniog electron microscope. (a) Organic matter contain-
ing TiN and TiC, collected around the beam extracting window. (b)
Aluminum siloy collected near the beam stopper.

B. Motion of trapped dust particles

After these signals as shown in Fig. 6, were observed,
other signals were not at all observed at one observation
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FIG. 8. Size distribution of dust particles collected from the beam cham-
bers.
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F1G. 9. Schematic drawing of the motion of a trupped dust particle. (a)
Vertical motion ( ¥-Z plane). (b) fHorizontal motion (X ¥ plane). The
Y.axis is the direction of the electron beam orbu

point in the ring. Therefore, we consider that a trapped
dust particle may move in a longitudinal direction.

1. Vertical motion {Z-direction)

When a trapped dust particle moves outside of the
clectron beam, vertical motion of a trapped dust particle
depends heavily on the electric field outside of the electron
beam and on gravity. Figure 9(a) shows a model of the
vertical motion. The Z-direction is a vertical direction and
the Y-direction is a longitudinal direction in the beam
chamber.

The trapped dust particle passing through the electron
beam moves close to the wall of a beam chamber. The
averaged acceleration Z can be obtained from Eq. (1):

Z == [(QE/m 6/, Z/Z) Fg), (4)

where Z; is the distance from the center of the electron
beam to the wall of the beam chamber. The distance from
the radius of the electron beam to the dust particle is Z.
The symbol = of Z and of g can be changed when the dust
particle is in an upper part or in a lower part of the electron
beam.

In the first process and the third process, as shown in
Fig. 9{a), the conditions for contiriuous motion at the wall
are given as Z<0 at the first process and Z>0 at the third
process, as shown in Appendix B. The calculated QF/m of
the first and of the third processes are >8.39X% 10* and
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»2.88 % 10°, respectively. The calculated vertical velocities
V, and ¥, are 1.46 m/s using QE/m = 1.85x10° and
2.88% 10°.

When QF/m is larger than 2.88 3 10° by the photoelec-
tric effect and interactions, the trapped dust particle can
move continuously. When QFE/m ranges between
1.85% 10% and 2.88 % 10°, the dust particle hits to the wall
of the beam chamber and the lifetime of the beam recovers.
This type of recovery {less than a minute) after a sudden
decrease in the lifetime was sometimes observed in the
TRISTAN accumulation ring.

Repeated interactions between the dust particle and
the electron beam make the increase of the charge depos-
ited in the dust particle. The attractive force, QF, increases
and the amplitude of the vertical motion becomes more
small compared with a longitudinal motion. Finalty, the
vertical motion becomes negligibly small.

2. Longitudinal motion {Y-direction)

If the trapped dust particle stays at the orbit of the
electron beam, as same as ion trapping ]:»henomena,l'5 we
consider that the dust particle is destroved by the electren
beam.

Then we assume that the drift velocity of a trapped
dust particie in a longitudinal direction is mainly caused by
a cycloid motion or by a trochoid motion in a bending
magnet and that the trapped dust particle can be acceler-
ated or decelerated in the longitudinal direction at the
fringe magnetic field of the bending magnet.

Figure 9(b) shows a model of longitudinal motion of a
trapped dust particle. The X-direction is a horizontal di-
rection. X is the distance from the center of the electron
beam to the dust particle.

The angular frequency of X-direction w, is determined
by the electric field outside the electron beam. When the
electric field is (QE/m)}(1,/1,) X,/ X and the distance be-
tween the center of the electron beam and the wall of the
beam chamber is Xog Xe? is given by Eq. (5):

OFEN (1t Xog
2 — = =
Xcuxﬁ( )([2) X (5}

When the fringe magnetic component is dB,/3Y, the ve-
locity in the Y-direction is ¥ and the angular frequency at
the center of the motion is &, ¥ w, can be expressed as Eq.
(6):

. 0\ . 3B,
ch=(;) 57 1# (6)

where ¥ is the length of the fringe magnetic field distri-
bution in the longitudinal direction.

Considering a balance of forces in the X-¥ plane, as
shown in Fig. 9(b), accelerations X and ¥ are given by
Egs. (7) and (8):

X=—a/X +a,Y, (7)
V=—wx, (8)
where 4 is (QE/m)(4,/1;} X

879 Rev. Scl. instrum., Voi. 62, No. 4, April 1991

As shown in Appendix C, a velocity of the oscillation
center, Y, in the constant bending magnetic field can be
shown to be Eq. (9):

44 |
T (0o o, [(Yo/we+Xy)/2=B]’

where B = [( ¥o/w, + X3)* — 44/02%/2, B30. Y, is
the initial velocity in the Y-direction and X, is the initial
distance in the X-direction.

Assuming that the maximum oscillation frequency
@p,,. can be given at Y=Y, of the maximum magnetic
field and that ¥,=0 at ¥,=Y,, as shown in Appendix C,
we expect that the reflective condition of the trapped dust
particle to pass through the fringe field can be approxi-
mately given by the following relation:

L fde\C(RRY L
R Y"(ﬁ) (T —>Rerax,' (10)

YDL‘

(9)

where R is the amplitude of the oscillation, R, the radius of
the oscillatory motion wy,, at the maximum magnetic
field. Consequently, if R can be found, it is possible to find
if the trapped dust particle can be transported through the
bending magnet.

For example, when the value of QE/m is 6.14x 10%,
w, is about 377. Setting that ¥, is 200 {m/s] and
Xo= —0.002 [m], the calculated drift velocity of the os-
cillation center, ¥, is 0-26.5 {m/s]. The result suspects
the motion of some trapped dust particles in a longitudinal
direction.

In a storage ring, transverse field gradients can be
found in quadrupole magnets and in bending magnets. But
we expect that the transverse field gradients are too small,
compared Lo the gradients of fringe field. In accelerative
gaps (rf cavity}, the driving force to a trapped dust particle
can be negligibly small because the rf oscillation frequency
is too high to drive a heavy dust particle. Therefore, these
ficld gradients are not taken into account for the longitu-
dinal motion.

IV. BEAM CURRENT LOSSES AND TEMPERATURE
OF TRAPPED DUST PARTICLES

Beam current losses caused by trapped dust particles
decrease the beam lifetime. We also expect that the energy
deposited in the trapped dust particles is not enough to
destroy the dust particles during the beam lifetime drop-
ping. The beam lifetime recovers when the trapped dust
particles are destroyed with the energy due to the beam
losses or the trapped dust particles hit to walls of the beam
chamber, as shown in Sec. [I1 B 1,

When the energy loss caused by the dust passing
through the electron beam becomes more than 0.5% of the
energy of an accelerated electron, it is defined that the
electron is lost. Setting the decreasing rate of the number of
electrons due to the interaction, per second to be P, and the
density of dust material p;, the temperature increase of the
dust particle passing through the electron beam, AT, dur-
ing the passing time Af, is given by Eq. (11):

AT=AFTAP/(Vpyg), {11)

Dust trapping 879



— 7(/
Ty 5’59,,‘9@

=" Electron_qun

Current feedthrough terminal

Current feadthrough
terrninai
Three-axis

manipuldtor Exhaust port

Three-axis manipulator

/ /’/7/

~ Chomber_

Current feedthrough terminal

Alr Cylinder

|1
Sample feedthrough

T Gate valve

SIS L

(D
S

iffical
ﬁ«rl
=

kil

Sub-chomber 2
~ Lurrent feedthrough

terminal

Gale valve
Exhaust port

Sub-chomber 1

Mro nsfer-rod

FIG. 10. Schematic drawing of the experimentat apparatus for studies of dust trapping phenomena and for dust removal carried out in vacuum.

where AP = 2PAs, the energy deposited in the dust parti-
cle from the electron is AE, the beam current is [, the
volume of the spherical dust particle is ¥, and the specific
heat is g.

For example, when the radius of the dust particle made
of Al is 1 mm, the calculated decreasing rate is 0.12 and
the energy deposited in the dust particle is 672 keV at the
beam current of 29 mA, the beam energy of 5.7 GeV.
Setting that OE/m = 6.14x 10, as shown in Sec. 111 B 2,
and that Ar = 0.044 ms, the calculated temperature rise of
the dust particle is 20 °C approximately, less than the evap-
oration temperature 950 K at 10~ % Torr of AL If the
surface area to the dust particle is large as 6.3 10 ™% m?
like a collected dust particle or if the shape is like a flake,
setting that the heat is radiated, the calculated cooling time
of the dust particle from 950 to 930 K is 14.5 ms less than
the interacting interval of 16.7 ms. The temperature rise
suggests that dust particles with melted surfaces, as shown
in Fig. 7(b) had been trapped in the electron beam and
that these dust particles were not destroyed by the electron
beam.

V. FUNDAMENTAL EXPERIMENTS USING A WIRE
SIMULATING THE ELECTRON BEAM

It is necessary to find relations among the sizes, mate-
rials, charge of dust particles, and electric field in a beam
chamber. Therefore, fundamental experiments using a wire
simulating the electron beam were carried out in a vacuum.
In the simulated experiments, the photoelectric effect can-
not be considered. But for a sample dust particle made of
conducting material, induced electrostatic charge on the
particle can be approximately calculated using electrostatic
induction effect. The necessary applied voltage to trap par-
ticles and the electrostatic charge of trapped dust particles
were meastred.
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A. Experiments in vacuum

1. Experimental apparatus

An experimental apparatus is shown in Fig. 10. The
chamber, made of aluminum alloy A6063, was actually
used at quadrupole magnets in the TRISTAN accumula-
tion ring. Figure 11 gives the cross section at A in Fig. 10.
The chamber is a race-track type, the maximum inner
width is 90 mm, the maximum inner height is 48 mm, and
the thickness is 3 mm, as shown in Fig. 11. The length of
the chamber was 4110 mm. The electric feedthroughs, con-
nected with a wire to simulate the electron beam, were
mounted at both ends of the chamber. The wire was made
of Cu and the diameter of the wire was 1.5 mm. The wire
was stretched using a three-axis manipulator. The manip-
ulator was also used to adjust the position of the wire at the
experimental point. The height between the center of the
wire and the bottom of the chamber was adjusted to 24
mrm, simulating the geometry of the electron beam and the
beam chamber in the TRISTAN accumulation ring. The
wire was connected to a high voltage dc power supply
(Max. — 335 kV) through the electric feedthrough. The
voltage was slowly applied to the wire using a function
generator. The lower port at the experimental point of the
chamber was mounted to subchamber 1, to transport sam-
ple dust particles, through a gate valve. A transfer-rod with
a magnetic coupling was connected with subchamber 1.
The transfer-rod is driven by an air cylinder. Sample dust
particles are mounted on top of a rod insulated from the
chambers. The rod was mounted on the transfer-rod. The
top of the rod can be extended into the bottom of the
chamber through a hole. The rod was connected to ground
through a resistor (100 M{Q1). A precision voltmeter was
connected to the resistor. A signal proportional to the volt-
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F1G. 11. Schematic drawing of the cross section at A in Fig. 10,

age generated by the function generator, and the voltage
generated at the resistor were recorded on an X-T re-
corder.

A focused white light beam, formed using a lens and a
fiberoptic cable, irradiates an absorption tube. The absorp-
tion tube was made of glass and the outside of the tube was
coated with graphite. The fiberoptic cable with the lens,
and the absorption tube were set in the chamber through a
flange. The fiberoptic cable was connected to a light source.
Another flange with a fiberoptic cable and a lens, was
mounted to the left-hand port of the chamber. The fiberop-
tic cable was connected to a photomultiplier to detect light
scattered by trapped dust particles. The light beam passes
under the wire. The diameter of the light beam was about
6 min. A signal generated in the photomultiplier was also
recorded on another X-T recorder.

An electron gun is mounted on the upper port, and the
right-hand port is mounted to subchamber 2 through a
gate valve. The electron gun and subchamber 2 are de-
scribed in the next section.

‘The pumping system consists of two turbomolecular
pumps and an ion pump. The ion pump (30 /s) is con-
nected to the chamber through an L-type valve. The tur-
bomolecular pump with magnetic bearings {300 I/s) is
connected to subchamber 1 through an L-type valve and
through a variable leak valve, The other turbomolecular
pump (50 I/s) is connected to subchamber 2 through an
L-type valve. Three 8-4 gauges were used to monitor the
pressures of each chamber.
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2. Experiments and results

The experiments were carried out for some materials
and for some sizes of sample dust particles, as shown in
Table 1. The organic matter containing TiN and TiC col-
lected from the ion pump, Ti, Al, Al;0,, and Cu were used.
First, the number of sample dust particles was counted
using an optical microscope. Next, the particles were
mounted on the top of the rod. Subchamber 1 was pumped
down slowly through a variable leak valve to prevent the
sample dust particles from scattering. Afier the pressure of
subchamber 1 reached to the order of 10 ~® Torr, the gate
valve was opened. The particles were transported to the

TABLE 1. Voltages required to trap sample dust particles.

Applied voltage to be collected (kV)

Material
{size pm) Experiment in vacuum Theoretical value
Organic matter
(10-100) 12,0
Ti
(50-70) 16.0 14.5-17.2
Ti
(0.5-13 8.6 2.1-29
Al
(50-70) 17.3 11.3-133
AlLD,
(2.6-6) 16.5
Cu
(50-70) 16.7 20.0-24.2
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chamber, using the {ransfer-rod. Next, the experiment was
started. The voltage was applied to the wire at a rate of 70
V/s. The maximum applied voltage was — 17.5 kV. The
photomultiplier was operated using a high voltage dc
power supply (1.5 kV).

The required voltages for trapping are shown in Table
I. After the sample dust particles were trapped, the dust
particles made of the organic matter and Al,O; were not
repelled from the wire. We also carried out similar exper-
iments at atmospheric pressure. The voltages to trap dust
particles at atmospheric pressure were lower than those in
vacuum, because of gases and humidity.

B. Theoretical analysis

Assuming that the conducting dust particle is a sphere
of the diameter d, on a conducting plate, and that the
electric field is approximately parallel around the particle,
the force F, applied to the dust particle is given by the
following equation®:

F,=318x10" "Vid/[rIn(r/a,})d], (12)

where a, is the radius of the wire, r, the distance between
the center of the wire and the center of the dust particle, V,
the applied voltage. If the force F, is larger than w8, the
particle is pulled up, where m, is the mass of the dust
particle.

The electric field is influenced with the shape of the
electrode, i.e., an enhancement factor.” The calculated v,
using an estimated enhancement factor 4 between r, and
the hole, are shown in Table L.

C. Discussion of the simulated experiments

The results of the theoretical calculation for conduct-
ing materials agree with those of experiments in vacuum,
except for Ti (0.5-1 um). It can be seen that conducting
dust particles less than a few microns in size are greatly
influenced by adhesion.

If a conducting dust particle is a sphere, the electro-
static charge {J, due to an electric field £, can be given by
the following equation:

0,=4.67x10"""E 4 (13)

The electric field of the bunched electron beam is esti-
mated to be 100 times larger than that produced in the
experiments and the electrostatic charge resulting from the
photoelectric effect can be estimated to be 10°-10° times
larger. Considering that the values of EQ using the average
electric field (Ext /t;) are also 10-1000 times larger than
those of the experiments. Therefore, conducting dust par-
ticles (less than 70 pum) in the beam chamber can be
trapped in the electron beam. This result suggests that
some insulated dust particles and conducting dust particles
less than 2 mm can be trapped.
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VI. ELECTROSTATIC DUST COLLECTOR USING AN
ELECTRON BEAM AND AN ELECTROSTATIC
FORCE

Protecting methods from contamination with dust par-
ticles have been aimed to prevent dust particles in the ex-
ternal environment from entering. But such methods are
powerless against dust particles produced in beam cham-
bers. Therefore, the electrostatic dust collector using an
electron beam and an electrostatic force’ is proposed. Dust
collecting electrodes using an electrostatic force alone can
also be useful, if dust particles move around the electron
beam and in a longitudinal direction. In this section, ex-
periments for electrostatic dust collection using an electron
beam and an electrostatic force are described.

A. Experimenta! apparatus

The experimental apparatus is shown in Figs. 10 and
I1. The dust collecting electrode is made of ceramics
{Al;0;) covered with a Mo film. The size of the electrode
is 15 mmx 15 mm with thickness of 0.5 mm. The film
made of Mo (thickness of 0.1 mm) was electrically con-
nected to a high voltape dc power supply {4+ 5 kV)
through an electric feedthrough terminal. The electrode
was mounted to a transfer-rod through an insulated helder,
The transfer-rod was mounted to a three-axis manipulator
connected to subchamber 2. The electron gun mounted on
the chamber through an electric feedthrough terminal is an
unipotential focus type. The current of the electron beam
was about 10 A, and the accelerating voltage was 1 kV.
The diameter of the electron beam was about 6 mm at the
bottom of the chamber,

B. Experiments and results

The sample dust particie materials and the preparation
were much the same as in the experiments for dust trap-
ping phenomena. At first, sample dust particles were re-
moved from the top of the rod using the eletrostatic dust
collector. For the coaducting sample dust particles, the
electrostatic force was used alone. For the insulating sam-
ple dust particles, both the electron gun and the electro-
static force were used. The distance from the sample dust
particles to the electrode was varied slowly with the three-
axis manipulator. The high voltage ( + 5 kV) was applied
to the electrode. After that, experiments 1o trap the sample
dust particles to the wire by applying high voltage were
carried out, as the experiments in Sec. V A.

The results are shown in Table 1. The number of sam-
ple dust particles was 20~30. The voltage on the dust col-
lecting electrode and the distances between the electrode
and the bottom of the chamber are also listed in Table 1.
We considered that no vollage would be generated in the
photomultiplier or at the resistor if the dust particles were
completely collected with the dust collector. Therefore,
evaluation is made with the next three steps after dust
collection: (Good: dust trapping phenomena was not ob-
served after the first dust collection; Intermediate: dust
trapping phenomena was not observed after the second
dust collection; Bad: dust trapping phenomena was still
observed after the third dust collection). It was found that
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TABLE II. Dust removal in the vacuum environment.

Distance Voltage
Mualeriad Collecting  between the clectrade  applied
(size um) method* and the rod (fmm) (kV)  Evaluation”
Organie matter
{10-100) 2 ' 5 5 G
Ti
(50--70) 1 5 5 G
Ti
(0.5-1) { 3 5 1
Al
{5070 | S 5 G
ALO,
(2.6-6) 2 5 5 G
Cu
(150-70) i 5 5 G

"{1) Using the electrostatic force onty; (2) Using both the electron beam
and the electrostatic foree.
"(G) Good: (1) intermediate; (B) bad.

conducting dust particles were collected vsing the electro-
static force only. The msulating dust particles {ALO;, or-
ganic matter contaming TiN and TiC) were collected us-
ing both the clectron beam and the electrostatic force, It
wus also found that to collect submicron dust particles, a
stronger electric field is required than that to collect dust
particles larger than a few microns.

When the electrostatic dust collector using an electron
beam and an electrostatic force is used, the dust collector
should move along the beam chamber to collect dust par-
ticles in the beam chambers or many dust collectors should
be set around the accelerator. Since we have developed
some mechanical devices for use in an ultrahigh
vacuum,* "0 we believe that a system to move the dust
collector along the beam chamber can be developed.

To remove trapped dust particles moving in a longitu-
dinal direction through the beam chambers, negative po-
tential application may be useful by setting two parallel
electrodes to the electron beam. If the electron beam runs
between the two electrodes with the same negative poten-
tial, the electron beam cannot be practically influenced by
the electric field. If the electric field generated vy the elec-
trodes is larger than the average electric field of the elec-
tron beam, trapped dust particles around the electron beam
can be attracted by the electrostatic electrodes. To prevent
collected dust particles from repelling, the electrodes
coated with an insulator (A0, ete.) are preferred. In this
case, it is important that the electrodes should be protected
from the synchrotron radiation to prevent secondary elec-
tron production.

Another possible method 1o remove trapped dust par-
ticles from the stored electron beam is to make abrupt
change of the orbit of the electron beam using electrostatic
forces or magnetic forces. The abrupt change makes un-
balanced forces between the trapped dust particle and the
electron beam. As the result, the dust particle can be elim-
tnated from the beam.
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VIi. DISCUSSION

Lifetime  of an electron beam is given by Eq. (14)
using time of ¢,

/7= — (1/0)In{i/1y), (14)

where [ is the initial beam current at =0 and 7 is the
beam current after time £

For example as shown in Fig. 1, when 7 = 160 min and
t =15, then [/{, =0.999 896. When 7 = 22 min and 7 = 1
s, 1/1,=0.999 243. Therefore, the remainder is found as
(1000 65. The beam loss rate as shown in the example of
Sec. TV coincides with that shown above. The comncidence
shows that the trapped dust particle moves periodically
around the electron beam as shown in Sec. 111 B 2.

Dust trapping phenomena was observed using a
gamma-ray detector as shown in Figs. 4 and 6. These sig-
nals were only detected during the occurrence of dust trap-
ping phenomena. The horizontal growth of the synchro-
tron light source point was observed by synchronizing with
these signals. But it cannot be definitely concluded that the
signals of the gamma-ray detector in Figs. 4 and 6 may
show interactions between the trapped dust particles and
the electron beam. It cannot be aiso concluded definitely
that the signals of the gamma-ray detector in Fig. 6 show
the trapped dust particles moving in a longitudinal direc-
tion. We plan to observe high-energy bremsstrahlung syn-
chronized with the electron beam. We also consider that
experiments to trap sample dust particles in the electron
beam should be carried out using a gamma-ray detector.
Furthermore, measurements of gamma-ray intensity
caused by interactions between a target and the electron
beam may be necessary to find clearly that the signals of
the gamma-ray detector were caused by interactions be-
tween trapped dust particles and the electron beam. To
observe the motion of trapped dust particles in a longitu-
dinal direction, it is necessary to simultaneously observe
two adjacent locations using gamma-ray detectors or to
observe ai the front of the straight orbit using a gamma-ray
detector.
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APPENDIX A

The radial electric field, £, of a bunched electron beam
1s given by Eqs. (Al} and (A2):

E=en/(2megZL), {Al)
en—=I1S/Nc, {A2)
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where e is the elementary electric charge, # the number of
electrons in the bunched beam, &, the dielectric constant in
vacuum, Z the distance between the center of the electron
beam and the wall of the beam chamber, and L the
bunched beam length. The beam current is J, the circum-
ference of the ring is .S, the number of bunches is & and the
velocity of light is ¢. The conditions for the TRISTAN
accumulation ring are N=1, §=377 m, Z=24 mm,
L =20 mm. Then E is 1.41 x 10° V/m at the beam current
of 30 mA, 1.17%10° V/m at 25 mA and 9.44 X 10° V/m at
20 mA.

APPENDIX B

Vertical motions of a trapped dust particle are de-
scribed. In the first process, as shown in Fig. 9(a), the
condition for continuous motion is given by Eq. (B1):

Z = — [2ZoQEt,/ (miy)In(Zo/rp)
+28(Zg — )]+ V<0, (B1)

where r, is the radius of the electron beam and F; is the
initial velocity of the trapped dust particle passing through
the electron beam. The direction of the velocity is approx-
imately perpendicular to the direction of the electron
beam.

In the second process, the velocity at the radius of the
electron beam is given by Eq. (B2):

. 2Z,0F  Zy 172
= - (WIHH—% 28(20—".';))

(B2)
In the third process, the condition for continuous mo-
tion can be obtained from the following equation, using the
velocity ¥, from Eq. (B2):
. (ZZOQErl Z

1/2
(ml:,_) Inr—b—Zg(Zomrb)) - Vz?O,
(B3)

In the fourth process, the velocity ¥, at the radius of
the electron bearn is given by Eq. (B4):

) 27,0F  Z, 172
—(Lln—g—?.g(zo_rb)) .

B4)
{m1) ry (

The calculated QE/m of the first and of third processes
are 8.39x10% and 2.88x 10°, respectively. The velocities
¥, and V' are calculated as 1.46 m/s.

APPENDIX C

Considering a balance of forces in the X-Y plane, as
shown in Fig. 9(b), accelerations X and ¥ can be given by
Egs. (7) and (8). Assuming that the trapped dust particle
drifts in a cycloid motion or in a trochoid motion, Egs. (7)
and (8) can be transformed using Egs. (C1) and (C2):

X=X, — Rsin(yt+a), (C1
(€2}

where X, and Y, are positions of the oscillation center and
¥, and a are constants. The value p is determined as
0<p<1. Assuming that the oscillation center X, and Y, do

Y=Y, — Rpcos(yt+ a),
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not change rapidly, the velocity Xc can be set zero. Substi-
tuting time derivatives of X and Y into Egs. {7) and (8),
Egs. (C3) and (C4) can be obtained. From Eq. (7),

A~ Y X =~ XRy' + XoRpy — o R Y Jsin(yt
+a) + (Ry’ — o Rpy)sin(yt +a),

(C3)
where X, — Rsin{yr + a)=£0.
From Eq. (8),
Y =(wRy — Rpy)eos(yt + a). (C4)

The following refations can be obtained from Egs. (C3)
and (C4).

w ¥, = A/X,=0. (C3)

PY =10, (C6)

wp=Y. (C7)
From Egs. (C6) and {C7),

p=1, w=y. (C8)

The initial conditions X, X, Y, and YO for X, Y, X, and
Y. at r = 0 are shown by the following equations.

Xo=Xp. — R sin(a). (C9
X o= — Ry cos(a). (Cl0)
Yo=Y, — Rp cos(a). (C11)
Yo= Y.+ Rpy sin(a)

=A/ (0 Xo) + w0 (Xp.— Xo). (C12)

From Eg. {CI12),
Xo — (Yo/w + Xg) X + A/} =0.
When( ¥ /e, + X)? — 44/0720,

(Yo/w.+Xe)! [V 2 442
Xoc=ﬁﬁ*0£2_u=tl( 0+Xn) —“‘I] /2,
@ @,

(C13)
Substituting Eq. (C13) into Eq. (C5), a velocity of the
oscillation center Yy, in a constant bending magnetic field
can be shown to be,

i A A 1
" oXy) o [(Vo/o + Xo)/2+BY
where B = [( Yo/w, + Xo)! — 44702272, Equation
{C137) is Eq. (9) shown.in Sec. III B 2.
In a magnetic gradient in a fringe field, dBz/3Y is

presented as a function of Y. Therefore, w,. can be pre-
sented using w, = (dw./dY)Y as,

{C13")

dw,
(u(:(u(,(+Rp(-ﬁ)cos(X!+ a), (C14)

where wy. = (deo/dY)Y. X and Y differentiated by ¢ are
given by the following equations, using Egs. (C1) and
(C2).
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X=X.-R sin(yf-i—a)——RXC()s(x{+a), (C15)
X=X+ (Ry’— Rysin((yt + a)

—~ 2Ry + Ry )eos({yr + ), (C16)
Y=Y, (Rp+Rp)cos(yt 4+ a)

+ Rpy sin{yf + a), (Cl17}

]

Y=Y.—(Rp+2R p +Rjp — Rpy*cos(yt + a)
+ (2Rpy +2Rpy + Rpy )sin((yt+a). (CI8)

Using Eqs. (C15)—-(CI18), Eq. {8) can be expressed by the
following relation.

Y.+ QRpy+2Rpy+ Rpy)sin(yi+a) - (Rp+2R p +Rjp — RpyHleos(yt + )

. . . d
=—oX . tokRsin(yi+a) +wRycos(yt+a) — Xﬂp(%)cos()(f—i— a)

dw dw
+ o RRp(d )sm(yf—t—a]cos(xt-e—a) + w R px( )c,os (y¢+ a).

Averaging over one cycle of the oscillation,

. dw 1

Vo= —w X, + ok pX(dY) (C20)
Using Eqs. (C15)-(C18), Eq. (7) becomes,

) 4 +w. Y, —Rp(Rp + Rp) (dw")/z.

X, dY
(C2t)

From the relation (C8), Eq. (€22) can be obtained:

p =0 {C22)
Using Eqs. {C21) and (C22),

AKXt w, Y — (dw“)/z 0, (C23)
because X, is negligibly small. From Eq. (C23),

dw . RR
[ T

Taking the time derivative of Eq. (C24),
equation can be obtained:

Xo= —A(Y .Y, 4 1 /l(dm)(yfyf_fg)r'

.. {C25)
Substituting Eq. (C25) inte Eq. (C20), Y _is given by Eq.
(C26), using Eq. (C6).

AYY,
[(Y.Y,—RR/2))—AYY

2y dw, 3 o, RR\?
+R (d}’)( ‘ C“T)

1
[(Y.Y.—RR/2)—AY:]

the following

¥.=

x1/2

(C26)
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(C19)

Equation (C26) shows an acceleration in the Y-direction
in a magnetic fringe field.
Generally, Y _is given by Eq. {C27), using an oscilla-
tion frequency w.
V.= —aY. (C27)
Consequently, w?is given by Eq. (€28), using Eq. (C26).
AY?
(4Y? - (Y. Y . —RR/D) P

RY doc)* Y. ¥ RRy?
+Rr{Gp) (rye-5)

I
1AY (Y. Y .~ RR/D)?

CDZ:

»1/2

(C28)

The kinetic energy £ of the trapped dust particle is given
by Eq. (C29), using the mass of m, the velocity Y, and o.

Eg=mX (Y4 oY)/ (C29)

Using Egs. (C27), (C28), and (C29), the condition of the
trapped dust particle to pass through the fringe field can be
obtained, as shown in Eq. (10).
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Motions of trapped dust particles around the electron beam
in the TRISTAN accumulation ring
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High-energy bremsstrahlung synchronized with the electron beam in the TRISTAN
accumulation ring was observed accompanied by a sudden decrease in the electron beam
lifetime which occurred due to dust trapping in the electron beam. The bremsstrahlung
observed with gamma-ray detectors was obviously different from that caused by

interactions between residual gases and the electron beam. Other bremsstrahlung observations
showed a trapped dust particle passing through the periphery of the electron beam in

the bending magnetic field; the transit time through the periphery of the electron beam was
0.15 ms; the half period of the horizontal oscillation perpendicular to the orbit of the
electron beam was about 200 ms and the period of the vertical oscillation was 1 s. Simultaneous
observation at two adjacent gamma-ray detectors showed that a trapped dust particle in

the bending magnetic field moved in a longitudinal direction at the average speed of about
0.191 m/s. These observations coincide with the results based on our newly developed

theory for motions of a trapped dust particle in a bending magnetic field. Furthermore, we
introduced sample dust particles into the TRISTAN accumulation ring and carried

out an experiment to trap the dust particles in the electron beam, in a straight chamber with
no magnetic field and observed their motion with a gamma-ray detector. The beam

lifetime suddenly decreased when the sample dust particles directly under the electron beam
were caught up into the beam. High-energy bremsstrahlung and a pressure rise caused

by the destruction of the dust particles were also observed at the same time. After that, beam
lifetime recovered gradually. Our theoretical analysis shows that vertical oscillation of a
trapped dust particle with no magnetic field continues and that the dust particle is destroyed
by the heat deposited by the electron beam in less than a second. The calculated

variation in the beam lifetime coincides approximately with the actual variation in the beam
lifetime. Compared results of the observations and experiment show that our theory

for motions of a trapped dust particle is useful.

I. INTRODUCTION 1. OBSERVATIONS OF TRAPPED DUST PARTICLE

MOTIONS IN THE TRISTAN ACCUMULATION RING

Observations of dust trapping phenomena in the
TRISTAN accumulation ring with a gamma-ray detector
and a television camera system for synchrotron light, have
been previously reported.l But it could not be definitely
concluded that the high-energy bremsstrahlung detected
showed interactions between a trapped dust particle and
the electron beam. Our newly developed theoretical anal-
ysis for motions of a trapped dust particle in a longitudinal
direction based on Ref. 1 had also not yet been verified by

Moticns of trapped dust particles in the ring were ob-
served with gamma-ray detectors. If dust particles are
trapped in the electron beam, high-energy bremsstrahlung
can be detected at the interacting location with intensity
much greater than that of residual gases.

A_ Measuring instruments to observe motions of
trapped dust particles

Figure 1 shows the locations of the bremsstrahlung

experiment. Therefore, we tried to observe periedic high-
energy bremsstrahlung synchronized with the electron
beam and high-energy bremsstrahlung corresponding to
motions of a trapped dust particle. We also carried out an
experiment to trap sample dust particles in the electron
beam, to confirm the signature of high-energy bremsstrah-
lung caused by interactions between trapped dust particles
and the electron beam.

*"Department of Accelerator Science, The Graduate University for Ad-
vanced Studies, 1-1 Oho, Tsukuba-shi, Ibaraki-ken 305, Japan,

gamma-ray detector. High-energy bremsstrahlung gener-
ated at source peoint B in a bending magnet B5 passes
through an aluminum blank flange (thickness about 20
mm); bremsstrahlung from source points A and C in bend-
ing magnets B4 and B6 and D and E in the straight cham-
ber pass through the 3-mm-thick chamber walls with an
incident angle of about 2°. The bremsstrahlung is detected
with the gamma-ray detectors set behind plates made of
lead (thickness 10 mm). Each gamma-ray detector is con-
structed with a lead-glass block {360 mm X 120 mm X 100
mm} and a photomultiplier. The gamma-ray detectors are
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FIG. 1. Schematic drawing of the locations of the bremsstrahlung observation systems.

shielded with lead blocks (thickness 100 mm) except for
the detecting slit. The amplified signals from the gamma-
ray detectors are transmitted to a digital storage oscillo-
scope synchronized with bunch signals from a single-bunch
electron beam as it passes a position monitor.

B. Observations of high-energy bremsstrahlung
accompanying a sudden decrease in the beam
lifetime

If a dust particle passes through the electron beam, it is
expected that periodic high-energy bremsstrahlung syn-
chronized with the electron beam could be observed. If a
trapped dust particle in a bending magnetic field makes a
horizontal oscillation perpendicular to the orbit of the elec-
tron beam as well as a vertical oscillation, one would also
expect to find high-energy bremsstrahlung corresponding
to the motions of the trapped dust particle. Therefore, two
kinds of observations with short time scales (1 us) and
long time scales (500 us—1 s) were carried out.

Figure 2 shows a sudden decrease in the electron beam
lifetime and decay of the beam current of a stored electron
beam. The initial injected current of the single-bunch beamn
was 27 mA and the beam energy was 6.5 GeV. The lifetime
was 81 min before the sudden decrease. At 14 mA, the
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beam lifetime suddenly decreased to 30 min. After that, the
lifetime did not recover. Figure 3 shows the signals from
gamma-ray detector 2 to be synchreonized with the bunch
signals from the electron beam when the sudden decrease
in the beam lifetime occurred at the beam current of 12
mA.

Figure 4 shows the signal from gamma-ray detector 2
beginning at a beam current of 25 mA when another sud-
den decrease in the lifetime occurred at a beam current of
21 mA (beam energy 6.5 GeV). The lifetime decreased
from 125 to 72 min and did not recover. Signals from
gamma-ray detectors 1 and 3 synchronized with the elec-
tron beam were also obtained. At 2.5 min after the signals
in Fig. 4 were digitized, signals from gamma-ray detector 4
at the straight chamber were observed as shown in Fig. 5.
The distance between the source point B for detector 2 and
peoint D at the source area for detector 4 is about 28.6 m.

C. Theoretical analysis of the motions of a trapped
dust particlie

It is shown in Ref. 1 that a trapped dust particle
mainly makes a horizontal cycloid motion or a horizonta!
trochoid motion in a bending magnet and that it moves
with a several ten m/s in a longitudinal dirsction. But the

Trapped dust particles 2559



T

\Siqﬂah of high energy bremssirehlng

"

Voltoge from gamma-ray detecior 2 (V)
o A e -

5
Time (ma)

&

"
T

9

250+ Beam current
—-— Lifetime
20
=
E
=
I
F15+— —90
E —_
o
& €
10 —60 E
,“j
5l L —30
|
0 0 15 30 0
Time {min.}

FIG. 2. Step change in the beam lifetime and the beam current for stored
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measured speed in the longitudinal direction is smaller
than the calculated value. We found that a trapped dust
particle made a motion consisted of a vertical oscillation
and of a horizontal oscillation perpendicular to the orbit of
the electron beam caused by the electric field. We also
found that the dust particle drifted in a longitudinal direc-
tion by the horizontal oscillation in the bending magnetic
field.

Figure 6 shows a model of a trapped dust particle. X is
the horizontal direction, ¥ is the longitudinal direction,
and Z is the vertical direction.

1. Vertical oscillation (Z direction)

Considering the continuous vertical oscillation as
shown in Fig. 6(a) and the developed precise equations
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FIG. 3. High-energy bremsstrahlung signals caused by a trapped dust
particle, synchronized with the electron beam.
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FIG. 4. High-energy bremsstrahlung signals caused by a dust particle
passing through the periphery of the orbit of the electron beam. The
horizontal scale is 500 ps/division.

based on Ref. 1, the vertical velocity Z in the first process,
where Z is the distance between the dust particle and the
center of the electron beam, is given by

Z=1V—2Z,0E1 (X, — X)/(X mt;) XIn(Z/ry)

—28(Z — )2 (1)

Here @ is the charge deposited on the dust particle, E, the
electric field in the vertical direction at Z=2Z, m the mass
of the dust particle, f; the time interval while the electron
bunch is over the dust particle, ¢, the revolution time of the
electron bunch, r, the radius of the electron beam, g the
acceleration due to gravity, Z, the vertical distance be-
tween the wall of the chamber and the center of the elec-
tron beam, X, the horizontal distance between the wall of
the chamber and the center of the electron beam, X the
maximum distance of the horizonal oscillation, and ¥, the
initial velocity in the vertical direction at Z = r,. As shown
in Fig. 6(a), the velocity Z at Z=2Z, is 0.

In the second process, the calculated vertical velocity
at Z=r,is V. )

In the third process, the vertical velocity Z at the dis-
tance Z is given by

Z= — (V3= 2Z,0E (X, — X) /(X mp) X In{Z/r,)

+22(Z—r)) "2 (2)
As shown in Fig. 6(a), the vertical velocity Z at Z = Zyis
0.

In the fourth process, the calculated vertical velocity z
at Z=r,is V.
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FIG. 5. High-energy bremsstrahlung signals caused by a dust particle
passing through the orbit of the electron beam. The horizontal scale is 1
s/division.
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For example, setting QE,/m to be 1.85% 10° Newton/
kg, H=66Tx107" " s, £, =126X10"% 5, X =0.045m
and X = 0.037m as shown in Sec. I1 C2, the calculated
vertical velocity at r, = 0.7 mm is 0.244 m/s, and the dis-
tances Z, and Z; are calculated to be about 1.2 and 8.1
mm, respectively. The calculated period of the vertical os-
cillation is 1 s.

2. Horizontal osciilation (X direction) and motion
in the longitudinal directlon (Y direction)

When the angular frequency of the horizontal oscilla-
tion in the X direction is @, and the horizontal distance
between the dust particle and the center of the electron
beam is X, as shown in Ref. 1, Xw? is given by

Xol=(QE/mY(t,/t)X /X, (3)

where E, is the horizontal electric field at X=X_and X is
the distance between the center of the electron beam and
the wall of the beam chamber. When the bending magnetic
field is B, the angular frequency e, is given by

w.=(Q/m)B,. (4)

Considering the balance of forces in the X-¥ plane in
Fig. 6(b), accelerations X and ¥ are given by Egs. {5) and
(6) as in Ref. 1:

Y=ol + .V, (5)
V= — u.f. (6)

As shown in Appendix A, the velocity i’oc of the os-
cillation center in the ¥ direction in the constant bending
magnetic field is given by Eq. (7) as the same resolution in
Ref. 2:

f’m=wgui(?MwC+Xo)/wi+w§), {7)

where Y, is the initial velocity in the ¥ direction and X, is
the initial distance in the X direction, When the maximum
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(B3]

distance between the dust particle and the center of the
electron beam is X, the velocity X at X = r, is given by

X=[2X,QEt,/mty) In(X/r)]'"2, (8)

For example, when QFE,/m is the 1.85x 10° Newton/
kg shown in Sec. II C 1, the calculated QF,/m is 9.87 X 10*
Newton/kg. If X = 0.037 m, the calculated velocity X at
X =r, is 1.26 m/s and the period of the horizontal oscil-
lation in the X direction is about 0.4 s. Setting the initial
velocity Y, and the ¥ direction to be 0.190 m/s and the
initial position X to be 0, the calculated velocity for the
oscillation center is 0.190 m/s, according 1o Eq. (7).

3. Temperature of a trapped dust particle

From the results of observations of high-energy brems-
strahlung, we impute that the motions of a trapped dust
particle consist of a vertical oscillation and of a horizontal
oscillation; therefore, it is expected that the trapped dust
particle interacts with the periphery of the electron beam
when it is near points A and B shown in Fig, 6.

For example, as shown in Fig. 6, if the dust particle
interacts at points A and B corresponding to the vertical
oscillation shown in Sec. If C 2, and if the spherical dust
particle (in 0.5 mm diameter) is made of TiC like the dust
particles collected in a beam chamber, the tip (1.4x10 3
mm?x0.005 mm) of the dust particle interacts only at the
points. If the dust particle passes through the periphery
(0.19 mm wide) of the electron beam, the calcuiated tran-
sit time At is 0.15 ms, using X = 1,26 m/s. The half period
of the horizontal oscillation is 200 ms. When the energy
loss caused by the trapped dust particle passing through
the electron beam becomes more than 1% of the energy of
the accelerated electron, the electron is lost. If the tip of the
dust particle is in the electron beam of the beam energy 6.5
GeV for one second, the calculated rate of decrease of the
number of the electrons P is 0,327, Therefore, the rate of
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decrease of the number of electrons in one second AP
caused by the oscillatory dust particle is given by

AP=n(1/T)PAt, (9

where n is the number of dust particles passing through the
electron beam per second and T is the period of the vertical
oscillation. Setting # = 2 and T = 1, the calculated rate of
decrease AP is 0.000 098 1, using Eq. {9). The rate of de-
crease per pass is about 0.000 049,

If the evaporation temperature of TiC at 10~ ¥ Torr is
2500 K. and the energy deposited on the dust particle is 3.2
keV, the temperature increase of the tip of the dust particle
passing through the electron beam (beam current 20 mA)
during the interaction time At is 98 000 *C, higher than the
evaporation temperature and the tip is destroyed. If the
energy is deposited on the spherical dust particle, the tem-
perature increase is 11 °C and the dust particle is not de-
stroyed. If the heat deposited on the dust particle is radi-
ated and the radiation rate ¢, is 0.1, the calculated cooling
time of the dust particle from 2500 to 2489 K is 19 ms,
using Eq. (10):

/T3 — 1/ T y=(35e,0)1/(Vpcy), (10}

where T is the lower temperature of the dust particle, Ty
the corresponding higher temperature, S the surface area
of the dust particle, o the Stefan-Boltzmann constant, V'
the volume of the dust particle, p the density, C, the spe-
cific heat of the dust particle, and r the cooling time from
Tyto Ty

D. Discussion

If a trapped dust particle makes a horizontal oscilla-
tion combined with a vertical oscillation as shown in Sec.
11 C, it can be said that the signals of 0.15 ms duration
shown in Fig. 4 come from the high-energy bremsstrahlung
shown in Fig. 3 on the wider time range. Further, it can be
said that the signals shown in Fig. 5 come from the signals
shown in Fig. 4 on wider time range. Figure 4 shows the
interaction time per pass of the dust particle. Figure 5
shows that the dust particle made the motion consisting of
a horizontal oscillation perpendicular to the orbit of the
electron beam and of the vertical oscillation, and that the
half period of the horizontal oscillation is about 200 ms
and the time interval of the vertical oscillation is 1 s.

The actual variation in the beam lifetime is calculated
to be 0.000 098 per second, coinciding with the calculated
rate of decrease AP. From the observations, the average
velocity in the longitudinal direction was 0.190 m/s. This
velocity coincides with the calculated result based on our
theory, shown in Sec. II C. If the force acting on the dust
particle in the longitudinal direction is generated by the
collision between the dust particle and the electron beam,’
the calculated velocity is about 1X 10~ ¢ m/s per interac-
tion and the velocity becomes 0.12 m/s after 10 min trap-
ping. For the temperature of the dust particle, assuming
that the temperature of the dust particle before the first
interaction to be 1095 K, the temperature increases to 1106
K after the first interaction. After the 200 ms of the half
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period for the horizontal oscillation, the temperature de-
creases to 1102 K. After the second interaction, the tem-
perature of the dust particle decreases from 1113 to 1095 K
over the period of 800 ms as shown in Fig. 6. Therefore,
the whole dust particle is not destroyed by the heat. The
initial condition of the dust particle to be trapped from the
beam chamber in the TRISTAN accumulation ring was
QE./m = 1.85 X 10° shown in Ref. 1. If photons arc
deposited on the trapped dust particle or if interactions
between the trapped dust particle and the electron beam
occur, it can be seen that the dust particle becomes more
positively charged. But secondary electrons ejected from
the wall of the chamber by photons are also deposited on
the dust particle, decreasing the posttive charge of the dust
particle. Therefore, it can be seen that QE./m of the dust
particle moving around the electron beam arrives at an
equilibrium, somewhat less than the initial condition of
QE,/m. It can be concluded that the trapped dust particle
mainly makes a horizontal oscillation with a slow vertical
oscitlation caused by electric field and that the longitudinal
motion of the trapped dust particle depends on the hori-
zontal oscillation and on the bending magnetic field as
shown in our newly developed theory.

Hl. AN EXPERIMENT TO TRAP DUST PARTICLES
IN THE ELECTRON BEAM IN THE TRISTAN
ACCUMULATION RING

Previous studies, such as Ref. 1, had not shown peri-
odic high energy bremsstrahlung synchronized with the
electron beam nor had tests for dust particles trapping in
the electron beam experimentally. Therefore, we carried
out an experiment to observe with a gamma-ray detector
“sample dust particles” trapped in the electron beam. Dust
particles collected from the beam chamber and an ion
pump were used. The material collected in the beam cham-
ber was composed of dust made of organic matter contain-
ing TiC coming from an ion pump, and dust particles made
of aluminum {A6063) left from the beam chamber pro-
cessing and welding, as reported in Ref. 1.

A. Experimental apparatus

Figure 7 shows a schematic drawing of the sample
holder and cover to prevent the sample dust particles from
being trapped in the electron beam. The sample dust par-
ticles are placed in two holes in the holder made of alumi-
num alloy (A2219). The holder is fixed to an aluminum
flange with a rod made of stainless steel. The flange and the
linear motion feedthrough are mounted on the sample sup-
port chamber. The cover made of aluminum alloy
(A2219) is connected to the linear motion feedthrough
with a stainless steel arm. The stepping motor and pulleys
are mounted on the sample support chamber and the ro-
tary motion generated by the stepping motor is transmitted
to the rotary driver of the feedthrough with a belt. Thus,
the sample holder can be covered and uncovered. The sam-
ple holder in turn is exposed to the beam chamber through
a slit. All of the aluminum parts used in ultrahigh vacuum
were machined in an argon and oxygen atmosphere.* All
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FIG. 7. Schematic drawing-of the sample dust holder for an experiment to
trap the dust particles in the electron beam.

the stainless steel parts and fasteners were treated with
acids and degassed at 300 °C for 24 h before assembly.

As shown in Fig. 1, the sample holder was installed at
point E in the straight chamber so there was no magnetic
field. Galte valves (G.V.) are mounted at both ends of the
straight chamber, The pumping system consists of a rotary
pump (R.P.) with a variable leak valve (V.L.V.), a 50 I/s
turbomolecular pump (T.M.P.) with an L-type valve
(L.V.), and a 125 I/s ion pump (I.P.) as shown in Fig. 7.
During evacuation, the variable leak valve was opened
slowly to prevent the sample dust particles from scattering.
Another chamber with a B-A gauge and a 125 I/s ion
pump is mounted on the straight chaniber to monitor the
pressure in the straight chamber. High-energy bremsstrah-
lung caused by interactions between trapped dust particles
and the electron beam can be observed with gamma-ray
detector 4.

B. Experiment and results

The sample dust particles ranged from 0.05 to 1 mm in
size. The total number of dust particles was about 20, Half
of the dust particles were made of organic matter, shown in
Fig. 8(a); they were put into one hole of the sample holder
and the other half made of aluminum alloy, shown in Fig.
8(b), were put into the other hole. After the sample sup-
port chamber was mounted on the straight chamber, the
sample support chamber and the straight chamber were
pumped down slowly by the rotary pump through a vari-
able leak valve. From 0.01 Torr to the order of 10~ * Torr,
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FIG. 8. Photographs of the sample dust particles. (a) Organic matter
containing TiC. {(b) Aluminum alloy collected in 2 beam chamber.

the turbomolecular pump was used. Then the L-type valve
was closed and the two ion pumps were energized. After
that, the gate valves were opened.

After continuous operation of the TRISTAN accumu-
lation ring for one week, the experiment was started. When
the cover of the sampile holder was opened, the beam life-
time at a beam current of 21.5 mA-suddenly dropped from
87 to 65 miin as shown in Fig. 9. At the same time, periodic
high-energy bremsstrahlung synchronized with the elec-
tron beam was also observed with gamma-ray detector 4 as
shown in Fig. 10. On the sudden decrease in the beam
lifetime, the pressure increased to 2 10~ & Torr from the
normal pressure of 1.8 102 Torr. After that, the beam
lifetime recovered slowly for about 3 min.

After the operation of the ring was stopped, the gate
valves were closed and nitrogen gas was slowly introduced
into the chamber. It was found that the sample dust par-
ticles had disappeared from the holder.
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FIG. 9. Change in the beam lifetime of the stored electron beam at the
beam energy of 6.5 GeV. The beam lifetime recovered within 3 min.

C. Discussion

The high-energy bremsstrahlung as shown in Fig. 10
closely resembles that in Fig. 2. Thus it is obvious that dust
particles in the beam chamber can be trapped by the elec-
tron beam and the interactions between dust particles and
the electron beam can cause these signals. It can be ex-
pected that the momentary decrease in the beam lifetime
was caused by the destruction of the sample dust particles.
If a dust particle interacts with the electron beam without
the presence of a magnetic field, and if the charge deposited
on the dust particle is increased by the interaction, then the
dust particle makes a dampened vertical oscillation propor-
tional to secondary electron emission from the dust parti-
cle, as shown in Ref. 1. When the period of the vertical
oscillation is shorter than the coocling time of the trapped
dust particle, the temperature of the dust particle is in-
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EX) b T T z
I z
E,l 5
= =
3] i
g2 Buxch signats (S0mv/div.) 2
L o B
NGRS
S A D A R R
o s T T T e

Time {p8)

FIG. 10. High-energy bremsstrahlung signals caused by sample dust par-
ticles (organic matter) trapped in the electron beam, synchronized with
the electron beam.
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FIG. H. A calculated vertical motion for a trapped dust particle in a
magnetic field-free region.

creased by the heat deposited from the electron beam
shown in Fig. 11. When the temperature becomes higher
than the evaporation temperature, the trapped dust parti-
cle is destroyed.

Assuming that the initial value of QF,/m is 1.85x 10°
(the minimum value to be trapped in the ring), and that
the tip of the dust particle (0.04 x 0.05x0.005 mm) passes
through the periphery of the electron beam (0.14 mm
wide), the calculated interaction time with the electron
beam is about 0.13 ms. Assuming that the dust particle (1
mm X {.045 mm x0.005 mm) is made of TiC and that the
rate of decrease of the number of electrons is 0.155 for 1 s
of the dust particle staying in the electron beam, the tem-
perature increase of the dust particle transitting the periph-
ery of the electron beam during the interaction time of 0.13
ms is 911 °C. Consequently, at the fourth interaction, the
dust particle will be completely destroyed as shown in Fig.
11. The total rate of decrease of the number of electrons for
the three interactions approximately coincides with the ac-
tual variation {0.000 06 per second) in the beam lifetime.
As the calculated beam current loss is 0.0013 mA (21.5
% 0.000 06), the beam current loss is too small to appear as
a variation in the beam current curve shown in Fig. 9. As
the pressure rise in the straight chamber was observed dur-
ing the recovery in the lifetime, one can assume that gas
was produced from trapped dust particle during the de-
struction of the dust particle. It can also be expected that
some fragments produced during the destruction of the
dust particle interact with the electron beam again. There-
fore, the beam lifetime did not recover promptly from the
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gas and the fragment generation. In the observations of the
dust trapping phenomena, gas from trapped dust particles
was not observed. This may be because the gas from
trapped dust particles interacting even many times is still
too little to be detected with the vacuum gauge.

The experiments of this kind were carried out nine
times in the ring and high-energy bremsstrahlung were ob-
served four times. It is found that all of dust particles in the
beam chamber can not be always trapped.

IV. DISCUSSION

After sudden decreases in the beam lifetime in the
TRISTAN accumulation ring, it is often observed that the
beam lifetime does not recover. It was found that a trapped
dust particle is not necessarily destroyed by the heat from
the electron beam, since in “‘single-bunch’ operation in the
TRISTAN accumulation ring with a beam current of less
than 30 mA, there are observable horizontal and vertical
oscillations of the trapped dust particle. It was also found
that a trapped dust particle could be destroyed when the
dust particle was released directly under the electron beam
with no magnetic field, as shown in Sec. IIl.

We expect that most trapped dust particles can be de-
stroyed in other storage rings such as synchrotron radia-
tion sources, because they have multibunch operations and
beam currents of several hundred mA. In the Super ACQO,
small beam current losses were observed momentarily and
it was reported that these momentary beam current losses
were caused by the momentary destruction of trapped dust
particies in a multi-bunch operation with a beam current of
less than 400 mA.® Therefore, we have made some rough
estimates of the occurrence of dust trapping phenomena in
two electron storage rings (SPring-8 in Japan and SRRC
in Taiwan}, as given in Appendix C. The result is that
small beam current losses due to trapped dust particles will
be momentarily observed in the two rings, contrasting with
the observations of the TRISTAN accumulation ring.

If single-bunch operation in an electron accumulation
ring is carried out after a multi-bunch operation with the
same beam current per bunch, we can predict that dust
particles in the beam chamber can be destroyed by the heat
from the electron beam and that the melted dust particles
will adhere tightly to the chamber wall, Consequently, the
ring can be cleaned up.

It is important to prevent dust particles from being
trapped in the electron beam, as shown in Ref. 1. Thus, it
is necessary to prevent dust particles from being produced
in the vacuum chamber and to prevent dust particles from
the external environment from entering the system. This
requires the use of ultraclean technology.®’

It can be concluded that high-energy bremsstrahlung
observed in the TRISTAN accumulation ring was caused
by interactions between a trapped dust particle and the
electron beam when a sudden decrease in the beam lifetime
occurred. We conclude from the observations and experi-
ment that dust particles in the beam chamber can be
trapped in the electron beam and such trapped dust parti-
cle makes both horizontal and vertical oscillations which
are mainly influenced by the electric field of the electron
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beam. When a dust particle directly under the electron
beam is trapped at no magnetic field, the dust particle
makes a vertical oscillation. Furthermore, a trapped dust
particle moves in the longitudinal direction. But it is un-
clear whether the longitudinal motion of a trapped dust
particle is dominated by the horizontal oscillation and by a
bending magnetic field. It is important to find the effective
force acting on a trapped dust particle in the longitudinal
direction.
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APPENDIX A

Considering the force balance in the X-Y plane was
shown in Fig. 6{b), accelerations X and ¥ can be given by
Eqgs. (5) and (6). Assuming that the trapped dust particle
drifts in a cycloid motion or in a trochoid motion, Egs. (5)
and (6) can be transformed by:

X=X_— Rsin(yt +a), (A1)
Y=Y.— Rpcos{yt + a), (A2)

where X, and ¥, are the positions of the oscillation center,
and y and « are constants. The value of p is constrained to
be positive, as p> 0. Assuming that the oscillation centers
X, and Y, do not change rapidly, the velocity X, can be set
to zero. Substituting time derivatives of X and Y into Eqgs.
(5} and {6}, Egs. {A3) and {A4) can be obtained. From
Eq. (5)

cotl-’c—mchz(szﬁ-wiRﬁchpx)sin(x:+a). (A3)
From Eq. (6),
Rpy’=wRRy. (Ad)

The following relations can be obtained from Eqgs. {A3)
and (A4):

PY=0, (AS5)
thiﬁai:o, {A6)
0 Y, =X, (A7)

The initial conditions X, X o Yo and I"O for X, X, ¥, and
Y, at t =0 are given by the following equations:

Xo=Xo.— R sin(a), (A8)
X’0= — Ry cos(a), (A9)
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Yy=Y;. — Rpsin(a}, (A10)

Yo=Y + Rpy sin(a). (A1)

Substituting Eqs. {(AS) and (AS8) into Bq. (Al1l), ).’0 be-
comes:

Yo= Yoo + @c(Xo. — Xo). (A12)
Substituting Eq. {A12) into Eq. (A7), }.’Voc becomes:

Yor=004 Yo/w, + Xo)/ (0} + ob). (A13)
APPENDIX B

The vertical oscillation of a trapped dust particle with
no magnetic field will be discussed in this section. The
calculated initial value of QE,/m in the TRISTAN accu-
mulation ring was 1.85x 10° Newton/kg for its minimum
value, as shown in Ref. 1, where @ is the charge deposited
on the dust particle, £, the vertical electric field caused by
the electron beam and m the mass of the dust particle. The
initial  vertical wvelocity of the dust particle
(QE,/m = 1.85x 10°) passing through the electron beam
was also calculated to be 1.1 m/s. Figure 11 shows a model
for vertical motion without horizontal oscillation. The Z
axis is the distance from the center of the electron beam to
the dust particle in the vertical direction and the Y axis is
the time scale. In the first process as shown in Fig. 11, the
vertical velocity Z at Z is

Z=— [V} 2Z,QFE1/(mb) X In(Z/r)
—28(Z — 1]V, {bl)

where 1, is the time interval (6.67 X107~ M) during which
the electron bunch is over the dust particle, ¢, the revolu-
tion time (1.26X 10~ % s) of the electron bunch, r, the
radius (here 0.7 mm) of the electron beam, g the acceler-
ation due to gravity, and ¥, the initial velocity of 1.1 m/s.
When Z =0, the calculated distance Z in the vertical di-
rection is about 0.006 m. The time tnterval is calculated
using the distance Z and the velocity Z with an average
acceleration of [Z = 2Z,QFt,/(Zmt,)+g] of 76.9 m/s* ,
the duration of the first process is calculated to be 14 ms.

In the second process, the vertical velocity ¥, at the
radius of the electron beam is

Z= — {2Z,QF1,/(mty) X In(Z/ry)

+28(Z - )1 =V, (B2)

The calculated vertical velocity ¥, is 1.1 m/s. The calcu-
lated duration of the second process is about 14 ms, using
an average acceleration of 76.9 m/s”.

In the third process, the vertical velocity ¥, is found
from V,:

Z = — (V3 2Z,0E 1/ (mty) X In(Z/ry)

+28(Z —r,]V2 (B3)
When Z ={, the calculated distance is about 0.024 m.
Setting the average acceleration
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[Z = 2Z,QF 2,/(Zmt,)—g] to be 9.8 m/s, the duration of
the third process is calculated to be 112 ms.

In the fourth process, the vertical velocity F, at the
radius of the electron beam is

Z=[2Z,QE4,/(ms) X In(Z/r,)
—28(Z —r) V=V, (B4)

The calculated velocity ¥, is 1.1 m/s. The calculated du-
ration is about 112 ms, using an average acceleration of 9.8
m/s2.

In the fifth process, the calculated distance is 0.006 m
at Z = (. Setting the average acceleration to be 76.9 m/s,
the duration is calculated to be about 14 ms.

In the sixth process, the calculated vertical velocity at
the radius of the electron beam is 1.1 m/s. The calculated
duration is 14 ms, using an average acceleration of 76.9
m/s%.

Assuming that the dust particle {1 mmx0.045 mm
> 0.005 mm) is made of TiC, the temperature increase of
the whole dust particle is calculated at 991 °C per pass of
1.3 ms. Given an initial temperature of the dust particle of
300 K, the temperature of the dust particle during the
vertical oscillation was calculated. We see that the dust
particle was destroyed after the third interaction, as shown
in Fig. 11. Using the calculated rate of decrease of the
number of electrons 0.155, the variation in the beam life-
time corresponding to three time interaction per second is
calculated as 0.000 06.

APPENDIX C

We give a rough estimate of the occurrence of the dust
trapping phenomena in two electron accumulation rings
(SPring-8%° in Japan and SRRC'®!! in Taiwan).

The maximum energy at the initial beam current of
100 mA is planned to be 8 GeV in the SPring-8. The cir-
cumference of the ring is 1436 m. The vertical distance
between the center of the electron beam and the wall of the
chamber is 20 mm. The beam current of the single bunch
is to be 5 mA, and the bunch number is 20. With a beam
size of 0.3 mm in width, 0.1 mm in height and 10 mm in
length, the calculated QE,/m is 7.08 % 10* using the equa-
tions in Ref. 1, where @ is the charge on the dust particle,
E, the vertical electric field, and m the mass of the dust
particle. If a photon energy of 1 keV is given to the dust
particle or if the electric field acting on the dust particle
were to be enhanced to be 100 times larger than the cal-
culated electric field, then a dust particle less than 1 mm in
size, made of Al or Ti, could be trapped in the electron
beam. If the interaction time with the electron beam is
larger than about 107 ° s, dust particles will be mostly
destroyed by the heat deposited on them by the electron
beam. Therefore, beam current loss caused by trapped dust
particles will be observed momentarily.

The initial beam current in the SRRC is planned to be
200 mA at a beam energy of 1.3 GeV, The circumference
of the ring is 120 m. The vertical distance between the
center of the electron beam and the wall of the chamber is
19 mm. The beam current in a single bunch is to be 0.5
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mA, and the bunch number is 400. With a beam size of
0.22 mm in width, 0.04 mm in height and 7.4 mm in
length, the calculated QF,/m is 397, If the vertical electric
field caused by the electron beam is enhanced by 100 times,
a dust particle less than 0.3 mm in size, made of Al or Tj,
could be trapped in the electron beam. But the dust parti-
cles could be destroyed by the heat of the first transit. A
decrease in the beam current will be observed momen-
tarily.
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Experiments to trap dust particles by a wire simulating an electron beam
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Motion of trapped dust particles has been previously analyzed using high-energy
bremsstrahlung data obtained during dust trapping in the TRISTAN accumulation ring.
Because it is difficult to observe the actual motions of dust particles trapped in an electron beam
due to the strong synchrotron light background, we carried out experiments to trap

sample dust particles with a Cu wire simulating an electron beam. A negative potential was
slowly applied to the wire using a high voltage dc power supply. Motions of dust

particles trapped by the wire were recorded with a video camera system. In an experiment
using a Cu wire (1.5 mm in diameter) with no magnetic field, the charged dust particle

made vertical osctllation about the wire. In another experiment using the same wire but with
a vertical magnetic field (0.135 T} simulating a bending magnetic field, both vertical

and horizontal oscillating motions perpendicular to the wire were observed. Furthermore, it
was found that the dust particle moved in the longitudinal direction of the wire in the
bending magnetic field. Therefore, it is expected that charged dust particles trapped by the
electric field of the electron beam oscillate vertically where there is no magnetic field

in the TRISTAN accumulation ring. It ts also expected that trapped dust particles where
there is a bending magnetic field oscillate horizontally and vertically as the particle

drifts in a longitudinal direction along the ring.

I. INTRODUCTION

Observations of dust trapping phenomena in the
TRISTAN accumulation ring have been carried out previ-
ously. It was found that dust particles in the beam chamber
were actually trapped in the electron beam.'” From the
result of high-energy bremsstrahlung detected during dust
trapping and of our theory developed giving the motion of
a trapped dust particle, we expect that a trapped dust par-
ticle mainly makes a horizontal oscillation perpendicular
to the electron beam combined with a slow vertical oscil-
lation, and that a dust particle trapped by the electric field
of the electron beam only makes vertical oscillations when
there is no magnetic field. The actual rate of decrease in the
beam lifetime coincides with the calculated rate of decrease
of the number of electrons due to interactions with the
horizontally and vertically oscillating trapped dust parti-
cle, as shown in Ref. 2.

It is difficult to observe visually motions of a dust par-
ticle trapped in the electron beam due to the strong syn-
chrotron radiation background. Therefore, we carried out
experiments to observe motions of a dust particle trapped
with a Cu wire simulating the electron beam.

1. EXPERIMENTS AND RESULTS

Two kinds of experiments for trapped dust particles
were carried out; first with no magnetic field and then with
a vertical magnetic field simulating a bending magnetic
field.

“Department of Accelerator Science, The Graduate University for Ad-
vanced Studies, 1-1 Oho, Tsukuba-shi, Ibaraki-ken 305, Japan.

A. Experiments with ne magnetic field

Figure 1 shows the experimental apparatus using a Cu
wire simulating the electron beam. The diameter of the
wire is 1.5 mm. The wire is stretched between the two
acrylic plates. The two plates are mounted perpendicularly
on an acrylic base plate. A section of a bending magnet
chamber (115 mm in length, 90 mm in inner width,
AB063) contains the wire “beam” and dust particles. The
chamber is mounted on a grounded table. The distance
between the center of the wire and the inner surface of the
chamber is 24 mm, simulating the geometry of the electron
beam and the beam chamber in the TRISTAN accumula-
tion ring. The wire is connected to a high voltage dc power
supply (Max. — 35kV). Voltage was slowly applied to the
wire using a function generator. To observe the resulting
motions of sample dust particles, a video camera was used
with a zoom lens (maximum magnifying power 2) con-
nected to a video tape recorder.

The experiments were carried out with sample dust
particles composed of Al or organic matter containing TiN
and TiC. The dust particles made of organic matter were
collected from an ion pump as described in Ref. 1. The size
of the dust particles ranged from (.4 to 0.6 mm. First, the
sample dust particles were placed carefully on the inner
surface of the chamber, to prevent them from charging.
Then, the experiment was started, After the video camera
system was running, a voltage was applied to the wire
ramping at a rate of — 70 V/s. The maximum voltage
applied was — 17.3 kV. The voltages required for trapping
were recorded, as well as the corresponding motions of the
dust particles.

Figures 2(a}, 2(b)}, 2(c), and 2(d) show the vertical
oscillation of an aluminum dust particle about the wire.

2568 Rev. Sci. Instrum. 62 (11), November 1991 0034-6748/91/112568-04502.00 @ 1991 Amerlcan Institute of Physlcs 2568
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FIG. 1. Schematic drawing of the experimental apparatus using the Cu
wire and no magnetic field.

The durations from (a) to (b), (b) to {¢), and (c) to (d)
were each 33.3 ms. The voltage required to trap the dust
particle was — 9.5 kV. The distance between the center of

c)

the wire and the peak of the vertical motion was about
21-23 mm. Some of the aluminum dust particles were re-
pelled when the particle touched the wire. However, most
of the trapped dust particles made of Al or of organic
matter were not repelled because either the dust particle
was an insulator {TiC and TiN} or covered with insulator
(AlLO3).

B. Experiments in a vertical magnetic field

Figure 3 shows the experimental apparatus using the
Cu wire with a vertical magnetic field. The magnetic field
strength of the permanent magnet made of Fe-Al-Ni is
0.135 T. The magnet is mounted on the table with the
beam chamber inside. The chamber is connected to
ground. The experimental apparatus except for the magnet
was the same one as that described in Sec. 1L A.

Figures 4(a}, 4(b}, 4(c), and 4(d) show that the mo-
tion consisted of horizontal and vertical oscillations for a
dust particle made of Al, this was about 100 ms after the
dust particle was trapped at an applied voltage of — 10.1
kV. The amplitude of the horizontal oscillation perpendic-
ular to the wire was about 35 mm, as calculated using the
angle measured between the wire and the video camera as

{d)

FIG. 2. Vertical motion of the charged dust particle made of Al. (a) The beginning of the dust particle entrappment. (b) The dust particle is nearly at
the peak of its vertical cscillation. (¢) The dust particle is passing near the wire. (d) The dust particle is at the bottom of the vertical oscillation.

2569 Rev. Scl. Instrum., Vol. 62, No. 11, November 1991
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FIG. 3. Schematic drawing of the exper-
imental apparatus with a vertical mag-
netic field.
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FIG. 4. Motions of the trapped dust particle made of Al in the vertical magnetic field. The motion perpendicular to the wire consists of horizontal and
vertical oscillations. The dust particle drifts in the longitudinal direction of the wire. (a) The trapped dust particle is nearly over the Cu wire, moving
in the right-hand direction of the photograph. (b) The dust particle moves to the left. (c) The dust particle moves to the right. {d} Nearly over the wire.

2570 Rev. Scl. Instrum,, Vol, 62, No. 11, November 1991 Dust particles 2570
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shown in Fig. 3. The duration from (a) to (d) was about
160 ms. The vertical distance between the center of the
wire and the peak of the vertical motion was about 8 mm.
The dust particle soon escaped to the righthand direction
of Fig. 4(d). When using dust particles made of organic
matter, the motion consisted of vertical oscillations and
horizontal oscillations were also observed.

Hl. DISCUSSION

It was found that a charged dust particle picked up
from directly under the wire mainly makes a vertical os-
cillation when there is no magnetic field; and that it mainly
makes a horizontal oscillation with a small vertical oscil-
lation when there is a bending magnetic field.

If a conducting dust particle is a sphere of diameter &
resting on a conducting plate, and if it is in an electric field
which is approximately parallel, then the force F acting on
the dust particle to pull it up is given by Eq. (1), from Ref.
1:

F=378x10" Y V/[ZxIn(Z/r,) 1% d", (n

where V' is the applied voltage, Z the vertical distance
between the center of the wire and the dust particle, and
ry the radius of the wire. If the force F is larger than mx g,
the particle will be pulled up, where m is the mass of the
dust particle and g the acceleration due to gravity. The
charge () induced on the dust particle by the vertical elec-
tric field E, is given by

Q=4.67x 10" "x E,xd" {2)

The electric field is influenced by the surface of the
chamber and by the size of the dust particle.’ Now if the
actual electric field were 10 times larger than the calculated
nominal value or if the charge deposited on the dust par-
ticle were 100 times larger than that calculated from Eg.
(2), then setting ¥'=9.5 kV at Z=24 mm and d=0.5 mm,
the calculated force ¥ would be 1.82x 10~ Newton,
which is larger than m X g = 1.73 X 10~¢ Newton.
Therefore, the dust particle would be pulled up, When the
dust particle is above the wire in the vertical plane, setting
the vertical distance between the wall of the chamber and
the center of the wire to be Z, and the initial vertical ve-
locity at Z = ry to be ¥V, the vertical velocity Z is given by

Z = —2Z,QE/mXIn(Z/ry) - 28(Z — r,) + V]2

: (3)
When EQ, = F = 1.82 x 10~ * Newton and m = 1.76
% 1077 kg (d=0.5 mm), the calculated initial velocity at
Z = r,is 4.10 m/s. Using this initial velocity, the vertical
velocity 2 at Z=20.3 mm is calculated to be about zero

2571 Rev. Sci. Instrum,, Vol. 62, No. 11, November 1991

and the calculated duration corresponding to the motion as
shown in Fig. 2 is about 80 ms. The observed duration of
100 ms is near the calculated value.

For the horizontal oscillation perpendicular to the
wire, the velocity X at X = r, in the X-direction (see Fig.
3) is given by

X=[—2X,0E/mxIn(X/r,) + V2]'?, (4)

where X, is the maximum horizontal distance between the
dust particle and the center of the wire, X, the horizontal
distance between the wall of the chamber and the center of
the wire, E, the horizontal electric field, and F, the initial
velocity at X = r,. When V= — 10.1 kV as in Figs. 4,
QFE,/m is calculated to be 11.7 Newtonskg, if we use the
factor 22 of enhancement as shown in the example for
vertical oscillation. Setting the maximum distance X to be
35 mm, the velocity X at X = r, is calculated to be 6.36
m/s and the calculated duration of the horizontal oscilla-
tion would be 84 ms. These calculated results agree ap-
proximately with the results of the observation shown in
Figs. 4. For the vertical oscillation, the trapped dust par-
ticle was above the wire shown in Figs. 4 just after the dust
particle was trapped, and that the dust particle will make a
vertical oscillation to below the wire if its motion contin-
ues. We can also see that the trapped dust particle in a
bending magnetic field drifted to the right in Figs. 4 if, as
shown in Ref. 2, the dust particle had an initial velocity in
that directton. Furthermore, the dust particle escaped be-
cause of unbalanced forces acting on it due to the variation
of the electric field at the end of the beam chamber.

From the results of experiments and theoretical anal-
ysis, we expected that a trapped dust particle in the
TRISTAN accumulation ring mainly makes a horizontal
oscillation with a vertical oscillation, and that where there
is a bending magnetic field it drifts in a longitudinal direc-
tion. We also expected that a charged dust particle trapped
directly under the electron beam mainly makes a vertical
oscillation where there is no magnetic field.

ACKNOWLEDGMENTS

The authors would like to thank Professor Y. Mizu-
machi for his help in setting the acrylic experimental ap-
paratus. The authors also would like to thank Mr. R. Bis-
sonnette for corrections to this manuscript.

'H. Saeki, T. Momose, and H. Ishimaru, Rev. Sci. Instrum. 62, 874
(1991).

*H. Saeki, T. Momose, and H. Ishimaru {unpublished).

3G. A. Farral, Vecuum Ares, edited by J. M. Lafferty {Wiley-Inter-
science, New York, 1980), p. 41.

Dust particles 2571

~—106 -



