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New injection scheme using a pulsed quadrupole magnet in electron storage rings
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We demonstrated a new injection scheme using a single pulsed quadrupole magnet (PQM) with no
pulsed local bump at the Photon Factory Advanced Ring (PF-AR) in High Energy Accelerator Research
Organization (KEK). The scheme employs the basic property of a quadrupole magnet, that the field at the
center is zero, and nonzero elsewhere. The amplitude of coherent betatron oscillation of the injected beam
is effectively reduced by the PQM; then, the injected beam is captured into the ring without largely
affecting the already stored beam. In order to investigate the performance of the scheme with a real beam,
we built the PQM providing a higher field gradient over 3 T/m and a shorter pulse width of 2.4 us, which
is twice the revolution period of the PF-AR. After the field measurements confirmed the PQM
specifications, we installed it into the ring. Then, we conducted the experiment using a real beam and
consequently succeeded in storing the beam current of more than 60 mA at the PF-AR. This is the first
successful beam injection using a single PQM in electron storage rings.
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L. INTRODUCTION

In a conventional injection scheme for electron storage
rings such as synchrotron light sources or electron-positron
colliders, several pulsed dipole magnets, which are called
kicker magnets, are employed to reduce the effective am-
plitude of the injected beam and facilitate beam injection
while preserving an already stored beam [1]. Such a
scheme enables us to accumulate the electron beam in
the storage ring by utilizing the radiation damping charac-
teristics of the electron beam. The beam injected into the
ring is instantaneously perturbed by the kickers located
downstream from an injection point. Simultaneously, the
kickers are turned off and the beam executes betatron
oscillation. It is essential that the kickers are operated at
a speed of the order of several microseconds. Sub-
sequently, the beam is captured in the acceptance of the
ring and it is damped down to the equilibrium emittance by
radiation damping. On the other hand, the stored beam with
the equilibrium emittance passes a pulsed local bump,
which is formed by the kickers around the injection point;
the beam preserves its central orbit in other parts of the
ring. This is repeated at a rate of several hertz or several
tens of hertz. Figure 1 shows a schematic diagram of a
conventional injection scheme using a pulsed local bump
with four kickers.

However, it is difficult to make a complete closed bump
for the stored beam because of field errors, timing jitters,
individual differences of the kickers, and nonlinear ele-
ments like sextupole magnets inside the bump. These
factors produce a leakage of the bump and generate coher-
ent dipole oscillations in the stored beam during the injec-
tion time. Usually, this problem was not very serious since
the beam shutters are closed and the experiments stopped
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in most synchrotron light sources. However, in light
sources operating in top-up mode (continual injection
with shutters open), the oscillations are a serious problem
because the intensity of a photon beam is modulated by the
oscillations. In order to solve the problem, it has been very
important to suppress the coherent dipole oscillations pro-
duced by the leakage of the bump [2].

The PF-AR is a unique synchrotron radiation light
source dedicated to single-bunch operation for a pulsed x
ray. It was originally constructed as a booster synchrotron
for the TRISTAN, which was an electron-positron collider.
Since 1997, the PF-AR has dedicatedly delivered the syn-
chrotron radiation, finishing the role as a booster [3]. In the
upgrade carried out in 2001, the vacuum system was sig-
nificantly improved. As a result, the beam lifetime in-
creased to about 10 times its previous lifetime and now
exceeds 15 h at an initial current of 60 mA. An electron
beam is injected at a lower energy of 3.0 GeV and ramped
up to 6.5 GeV. However, the lower energy injection causes
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FIG. 1. (Color) Schematic drawing of a conventional injection
scheme. After the injected beam is bent into the orbit by the
septum magnet, the injected beam is perturbed by two kicker
magnets KC; and KCy; it then oscillates with a large amplitude
in the ring. For the stored beam, the pulsed bump orbit is
produced by four kicker magnets KC;, KC,, KC5, and KCj,.
B, Q, and S denote the bending, quadrupole, and sextupole
magnets, respectively. The cross represents the injection point.
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some difficulties in storing a higher beam current even in
single-bunch operation. Normal conducting multicell rf
cavities with an alternating periodic structure were adopted
to realize a higher accelerating voltage of 3 MV in short
straight sections [4]. The multicell-type cavities have many
higher order modes, which cause dangerous beam insta-
bilities at a higher beam current. A delicate tuning of the rf
voltage is essential to avoid the instabilities. In addition, a
transverse bunch feedback system and octupole magnets
are also required to suppress the transverse instabilities
during beam injection. Much effort was devoted to accom-
plish storing the beam up to a current of more than 60 mA.

For the injection in the PF-AR, we introduce an
unclosed-bump technique. Since the septum magnets of
the PF-AR are placed outside of the vacuum chamber for
the storage ring, an injection point is somewhat distant
from the central orbit of the stored beam. The injection
position is about 50 mm away from the beam axis, and this
value is 2 or 3 times larger than that of recent third-
generation synchrotron radiation sources. The unclosed
local bump is obtained by providing stronger kicks to the
kickers downstream from the injection point. This allows
us to further reduce the amplitude of the oscillations in the
injected beam compared with using a closed bump. The
result is a coherent dipole oscillation in the stored beam
due to an intentional leakage of the bump. When the
transverse and/or the longitudinal instabilities are gener-
ated by the rf cavities at a higher beam current and the
horizontal beam size increases, a part of the stored beam is
lost at the vacuum chamber around the injection point due
to the pulsed bump. For the operation of the PF-AR, it is
very important to balance the amplitude reduction of the
injected beam with the amplitude of the oscillation pro-
duced in the stored beam. If we can inject a beam without
producing the pulsed local bump in the stored beam, we
may easily accumulate the beam up to a much higher beam
current [5]. For general top-up operation and resolving the
problem in the PF-AR, we have promoted a new injection
scheme using the single PQM so that no local bump is
generated in electron storage rings [6]. Note that by adding
a PQM the stored beam will suffer a beam size modulation
after the injection process.
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FIG. 2. (Color) Same as Fig. 1, but the injection scheme is using
the PQM instead of the four kicker magnets. The injected beam
is perturbed by the PQM; it then oscillates with a large amplitude
in the ring. The stored beam passes through the central position
of the PQM and its orbit is preserved on a central orbit.

In this paper, since the PF-AR injection optics is not
standard in recent light sources, it is easier to explain the
PQM injection scheme with a conventional optics layout
first (i.e. shown in Fig. 2). Then, we apply the scheme to the
special case of PF-AR in order to obtain the optimized
strength of the PQM and confirm it using a multiparticle
tracking simulation. Next, we describe the hardware of the
PQM system to realize beam injection. Finally, we report
the experimental result using a real beam.

II. FORMULATION OF THE INJECTION SCHEME
USING A SINGLE PQM

A. Conventional injection scheme using a pulsed local
bump

The beam, which comes from an injector, is injected into
an electron storage ring after being bent into an orbit by a
septum magnet, as shown in Fig. 1. The exit of the septum
magnet is referred to as the injection point of the ring. The
injection point is outside of the septum wall and horizon-
tally far from the central orbit of the ring. The injected
beam executes coherent betatron oscillation with large
amplitude. In general, the betatron oscillation is affected
by the magnetic nonlinearities of the ring. Here, for sim-
plicity, we assume that nonlinearities are negligible and the
betatron oscillation is linear. In addition, the beam is
treated as a single particle. Then, the betatron oscillation
of the beam follows an ellipse in the physical phase space,
which is expressed by

L
Bx,i

where x; is the position, x} is the divergence angle, and
(xx;, x!) denote the coordinates of the betatron oscillation at
an injection point. Here, «,; and @B, ; represent Twiss
parameters in a horizontal direction, and (X;, P;) are the
normalized phase-space coordinates, and each of their
elements is expressed by

W, = {x? + (e x; + Boix)?} =X} + P2, (1)

xi P — ax,i'xi + BX,['X; (2)
l ]

b
IB)C,i ﬁx,i

where we call the ellipse W; an injection invariant.

Since the injection invariant without a perturbation to
the beam is larger than the horizontal acceptance of the
ring, we must reduce the invariant to facilitate beam injec-
tion. In order to achieve this, the kicker magnets are usually
employed to produce a pulsed local bump. A reduced
injection invariant using the local bump is represented by

Xi:

j

W] = BL{AX2 + (ax’l'Ax + Bx,iAx’)2} = AXZ + APZ,

3)

where Ax = x; — x, and Ax’ = x| — x|, denote the differ-
ences between the coordinates of the injection point and
the coordinates of the pulsed bump, which are given by
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(xp, x3,). Here, the invariant with subscript 1 indicates the
invariant for the injection beam after the bump. Then, the
differences of the normalized coordinates, (AX, AP), are
represented by

AX =X, —X,= %,
AP —p. —p = o, Ax+ B Ax (4)
— L b — T L.

B)k,i

where (X,, P,) are the normalized coordinates of the
pulsed local bump at the injection point. Figure 3 displays
the injection invariant on the normalized phase space of the
betatron oscillations using the local bump. When the in-
jection position x; and the bump position x,, are given, W,
is minimized by the condition AP =0, ie. Ax' =
—(a,.;/B.i)Ax. The optimum W, is followed by
Ax? (x; — xp)?

W, =Ax2="1 =

, 5
ﬁx,i ﬁx,i ( )

where the bump angle is

x, = x; + %(x,» — Xp). (6)
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FIG. 3. (Color) Trajectories of the injected and stored beams
using a pulsed local bump are displayed in the normalized phase
space. The closed and open circles denote the injected and stored
beams, respectively. (X;, P;) are the coordinates of the injected
beam and (X}, P;,) are the coordinates of the bumped orbit of the
stored beam at the injection point. AX is the difference between
the injection position and the bump position. W; and W, indicate
the injection invariant and the reduced invariant, respectively.
The rectangle shows the septum wall as a horizontal physical
aperture.

In other words, the reduced invariant W, is obtained by
dividing the difference between the injection and bump
positions by the horizontal betatron function at the injec-
tion point. In order to obtain a smaller reduced invariant
using the local bump, it is essential to use a thin septum
wall and move the stored beam as close to the wall as
possible. A larger betatron function at the injection point
also allows us to obtain a smaller reduced invariant.
However, we must consider the beam size of the stored
beam to determine the height of the bump so that the beam
is not lost by the septum wall.

Next, we explain the conventional injection scheme
from the viewpoint of deriving the kick angle of the
kickers. Figure 4 shows the trajectories of both the injected
and stored beams using four kickers from KC; to KCjy in
the normalized phase space. The stored beam is at the
origin of the coordinate axes, the central orbit. The beam
passes through the bump coordinate of (X, P;,) because of
the upstream kickers KC; and KC,, and then returns to the
origin because of the downstream kickers KC3 and KCy.
The trajectory drawn by the dotted line indicates the closed
bump of the stored beam. If we did not have the upstream
kickers, the stored beam would be kicked by a large
amount and may be lost from the acceptance of the ring.
Thus, it is essential for the stored beam to form the local
bump around the injection point.

On the other hand, the injected beam is at (X;, P;), which
are the injection coordinates. The beam is perturbed by the
downstream kickers KC5 and KC,, and then reaches the
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FIG. 4. (Color) Same as Fig. 3, but the trajectories are generated
by four kickers to give the closed local bump. The closed and
open circles indicate the injected and stored beam, and the
dashed and dotted lines show their trajectories, respectively.

123501-3



HARADA, KOBAYASHI, MIYAJIMA, AND NAGAHASHI

Phys. Rev. ST Accel. Beams 10, 123501 (2007)

coordinate of (X;, P,) of the reduced invariant. The trajec-
tory of the injected beam is shown by the dashed line, as
shown in Fig. 4. Therefore, for the injected beam, the
downstream kickers KC; and KC, are important in order
to obtain the reduced invariant.

For the closed bump, the kick angles are calculated
under the following conditions: both the entrance and
exit coordinates are (0, 0) and the coordinate of (X, P;,)
exists between KC; and KC,. The normalized kick angles
of four kickers are ®; (i = 1, 2, 3, 4), and they are given by

0, = M(Xb CoS¢hy, — Py sing,y,),
0, = —M{Xb cos(1n + ¢ap) = Ppsin(din + dop)},
03 = — g iXpcos(dps + ¢34) + Pysin(dys + haa)h
0, = M(Xb cosyz + Py sing,3),

(7

where ¢;; = ¢; — ¢, is the phase advance from ¢, to ¢,
which corresponds to the location of the kickers and the
bump. In the case of four kickers, we can generate the
closed local bump of an arbitrary position and angle.

As shown in Fig. 5, when both the phase advances ¢,
and ¢, between the injection point and the location of the
kickers are 90°, only two kickers allow us to generate the
closed bump and P, equals zero. Then, the kick angles are
simply given by ®, = 0, = X, and the reduced invariant
W, is calculated to be AX? = (X; — X, ), where the coor-
dinates of the injection point are (X;, P; = 0). In the two-
bump method, the phase advance between the kickers and
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Injected
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FIG. 5. (Color) Same as Fig. 4, but the trajectories generated by
two kickers that are located at a special phase advance of 7 are
represented.

the injection point is severely limited to close the bump;
however, we have an economic advantage: we can reduce
the number of the expensive kicker magnets.

By using the two-bump method, we can easily under-
stand the unclosed-bump technique. When the kick angle
0, of the upstream kicker KC, is larger than the kick angle
0, of the downstream kicker KC|, i.e., ®, > 0@, we can
further reduce the invariant of the injected beam compared
with the closed bump while the coherent dipole oscillation
is generated in the stored beam. When the kick angles 0,
and O, are given by

@1 = Xb!

(a>0),

where « is an enhancement factor, the reduced invariant
W, ., of the injected beam and the produced invariant W,
of the stored beam are expressed by

Wi, =& —0)"={X,— 1+ a)X,}
>(Xl - Xb)2 = Wl,C’ (9)
Ws,u = (®2 - ®1)2 = (a(Xb)2 >0,

where W, . is the reduced invariant for the closed bump. If
the produced invariant W, is acceptable, the intentional
unclosed-bump method is effective to obtain much smaller
invariant Wy, than that of the closed bump W, .. In prac-
tice, it appears that the enhanced factor & of 0.1 to 0.2 is
adequate. This technique is available in the case of the
four-bump method.

B. Injection scheme using a single PQM

Next, we formulate the injection scheme using a single
PQM and derive its strength to realize the beam injection in
electron storage rings. Here, we assume that the PQM
provides a single kick to the injected beam until next
injection. The beam is also treated as a single particle.
This injection scheme is similar to that by using the two-
bump method. However, since the quadrupole magnet has
a zero field at the center of its magnetic pole, the stored
beam is not kicked when it passes through the central
position. Thus, the single PQM enables us to inject the
beam into the ring because upstream magnets are not
required for the stored beam. In addition, since the orbit
of the stored beam is preserved on the central orbit even if
the PQM is excited, we only need to treat the formulation
of the injected beam motion.

The orbit of the injected beam follows a circle W;, as
shown in Fig. 6. When x} = —(a,;/B,.:)x;, P; becomes
zero and W; assumes the minimum value of X7, and the
normalized injection position is simply expressed by

X; =W, (10)

when X; is positive. The PQM is located at the normalized
coordinates (X, Py) from where the injected beam passes

123501-4



NEW INJECTION SCHEME USING A PULSED ...

Phys. Rev. ST Accel. Beams 10, 123501 (2007)

Septum
Wall

Injected
Beam

(X, Pi=0)

/|

~
—
e

hU
=

™~

(Xo, Po)

FIG. 6. (Color) Same as Fig. 4, but using a single PQM instead
of several kickers for the beam injection. ¢ denotes the phase
advance between the injection point and the location of the
PQM, and K, represents the normalized strength of the PQM.
The dashed line shows the trajectory of the injected beam.

during the first turn. When the phase advance between the
location of the PQM and the injection point is ¢, The
elements of the normalized coordinate are represented by

Xy = X;cos¢p = /W, coso,
{PO —X;singg = —/W; sing,
where ¢ rotates in the clockwise direction. Since the PQM
also provides a kick to the beam, only the normalized angle

is changed. When the amount of change is AP, new
normalized coordinates (X, P;) are given by

X, = Xo=JW,coso,
{Pl =P0+AP=_«/WiSin¢+AP,

an

12)

and the new circle W, is expressed by
W, = X7 + P2 =W, — 2AP\/W;sing + AP?,  (13)

as shown in Fig. 6. This W becomes the reduced invariant
of the injection beam after the PQM. Then, AP is obtained
by solving Eq. (13). Using W;, Wy, and ¢, it is given by

AP = — /W;sing F /W, — Wicos>¢b. (14)

Here, we represent AP using the normalized focusing
strength K, in the thin-lens approximation,

VRS G

and then
AP = — KX, = —K;/W, cosg, (16)

where K; > 0 indicates a focusing quadrupole magnet in
the horizontal direction. As a result, the strength becomes

—JW;sing + /W, — W;cos’¢
VW, cosg
W

1

K1=

The strength K; depends on the phase advance and the
reduction ratio r, which is defined by

W,
r=—-.

W, (18)

In order to make the beam injection easier, the goal of the
PQM injection scheme is to make the ratio r lower.
However, this has to be done without making K too large.
In addition, there is a restriction on where the PQM can
positioned: it has to be positioned away from where the
injection trajectory crosses the beam axis.

We numerically examine the behavior of K| as a func-
tion of ¢ and r. Figure 7 shows K, which is calculated by
substituting some proper values of r in Eq. (17). We
provide the values of r from 0.2 to 0.5 in steps of 0.1.
The horizontal axis shows ¢ from 40° to 140°, and the
vertical axis shows K| from —0.4 to 0.4. K; is a double-
valued function of ¢. The sign in Eq. (17) that produces the
smaller absolute value of K; will be taken as the desired
solution for ¢, as shown in Fig. 7 and others. From Fig. 7,
we can determine some important aspects of the behavior
of K;. K; is limited in some ranges of ¢, and the range
becomes narrow with a decrease in r. In addition, K;
increases with a decrease in r. This indicates that it is

4.0 ‘
—r=0.1
30F T 200 “
20F —r = 82
—r=0.
) R
0.0
-1.0}
=20}
3.0}
—4.0 ‘ \\ L ‘
40 60 80 100 120 140
Phase advance ¢ (deg)

FIG. 7. (Color) Normalized strength K is displayed as a func-
tion of the phase advance ¢ from the injection point and
reduction ratio r.
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TABLE L.

Main parameters of the PF-AR at an injection energy of 3.0 GeV. The Twiss
parameters at the injection point are included.

Parameters Symbol Value
Injection beam energy E 3.0 GeV
Circumference C 37726 m
Betatron tunes Vy, Vy 10.15, 10.19
Revolution period Trevf 1.257 us
Horizontal emittance &, 63.0 nmrad
Vertical emittance g, 0.63 nmrad
rf voltage Vi 3.5 MV
Radiation damping time Tys Tys T 25.0, 25.0, 12.5 ms
Energy spread g, 0.00053
Bunch length o, 10.385 mm
Horizontal beta function B.i 2048 m
Horizontal alpha function a,; —3.257
Vertical beta function By,i 5.568 m
Vertical alpha function ay; 0.435
Horizontal dispersion function N 0.480 m
Horizontal dispersion function derivative N —0.012

difficult to obtain a small reduced invariant because we
require a large strength of the PQM. For ¢ close to 90° the
beam passes through the quadrupole near its center, where
the quadrupole field is zero. Thus, there is little kick
possible. As a result, we recognize that it is essential to
locate the PQM in the range of ¢ from 57° to 123° from
the injection point in order to obtain r less than 0.3. Further,
the solutions corresponding to the choice of ¢ require that
the normalized K| with an absolute value of more than 1.3.
In practice, we require a physical strength k; or an inte-
grated field gradient B'¢ to produce the magnet. The k; is
expressed by

ky =—, (19)

where B, ; is the horizontal betatron function at the PQM.
B'{ is given using k; as

Bt = k,Bp, (20)

where B’ is the field gradient of the magnet; ¢, the magnetic
length, and Bp, the magnetic rigidity. For example, k; is
calculated to be 0.065 m~!' when K, is 1.3 and B, is
20 m; then, B'€ is estimated to be 0.65 T at a beam energy
of 3.0 GeV. 8, ; depends on the lattice configuration and
focusing system of the ring, and it becomes a function of
¢. Therefore, as a next step, we apply the formulation of
the injection scheme using the PQM to the PF-AR, which
is an existing machine, and obtain the optimized value of
k| to realize the beam injection in the PF-AR.

C. Application to the PF-AR

The PF-AR was originally constructed as a booster
synchrotron for the TRISTAN, which was the electron-
positron collider. The main parameters of the PF-AR are

listed in Table 1. The lattice consists of four arc sections,
four long straight sections of length greater than 20 m, and
eight short straight sections of length 5.5 m. The injection
point is located at one of the short straight sections in the
south region of the ring. The lattice configuration and
optical functions around the injection point are shown in
Fig. 8. The coordinate at the injection point of the PF-AR is

VB, (Vm)

VB, (Vm)

B - N W s OO = DB A O

7y (m)
o 9o O =
Hh O

e
©

INJ.Point °
Qces
BSE2
KC2
Qces
BSEl
Qc4s
KCl1
qQcas
OCTI
PQM
Qces
Qci1s
Qci1s
Qces

FIG. 8. (Color) Lattice configurations and optical functions of
the PF-AR around the injection point. The upper, middle, and
lower parts show the square root of the horizontal betatron
function /B,, square root of the vertical betatron function
/By, and horizontal dispersion function 7,, respectively. The
rectangular boxes indicate bending magnets (BSE2 and BSE1),
quadrupole magnets (QC6S, QCS5S, QC4S, QC3S, QC2S, and
QC1S), octupole magnets (OCT1), kicker magnets (KC1 and
KC2), and a pulsed quadrupole magnet (PQM).
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designed to be (x;, x}) = (48.0 mm, 7.63 mrad). The Twiss
parameters at the point are «,; = —3.257 and B,; =
20.48 m, the normalized coordinate is (X;, P;) =
(10.61, 0.00); thus, the injection invariant W; is calculated
to be W; = 112.5 mm mrad. The acceptance of the ring in
the horizontal direction is estimated to about 60 mm mrad.
We have four kicker magnets to form a pulsed local bump
with the coordinate of (x;, x}) = (22.0 mm, 3.50 mrad).
The reduced invariant W; is obtained to be
33.0 mm mrad, which corresponds to r of about 0.3. We
assume that we can achieve beam injection with a single
PQM if we can obtain r of less than 0.3 by the PQM.

Based on Egs. (17) and (18), the required k; is calculated
as a function of the path length s from the injection point.
Figure 9 shows required k; as a function of s depending on
the six values of » from 0.178 to 0.355. Here, ¢ is estimated
by

¢ = (5] = (o) + B0

xo(s)
(2D

where x(s) and x{,(s) are the position and divergence angle
of the injected beam, respectively; B, and «, are the
Twiss parameters at a path length s from the injection
point. We observe that the locations that yield r less than
0.3 are limited to those between about 7 and 18 m from the
injection point, which correspond to ¢ between 57° and
123°, respectively. For the r values considered, k; is
smaller at around 16 m from the injection point, as indi-
cated by the rectangular region in Fig. 9. This region is
enlarged and shown with the quadrupole magnets in
Fig. 10. Unfortunately, the best location for PQM is inside
the quadrupole magnet QC2S, so we select instead a loca-
tion about 0.3 m upstream of QCS2; at this location we
require k; of more than 0.07 m~! in order to obtain r of
less than 0.3.

0.6

—rZ0178 X = 48.0 (mm)
—1r=0.200 !
041 1T 50 x'=7.63 (mrad) ]
—r=0.267
~ 02} —r-0311
n —r=0.355
g 00
A
po—
o~ -02
04
0.6 ‘ ‘ ‘
6 8 10 12 14 16 18

Path length s from injection point (m)

FIG. 9. (Color) Physical strength k; as a function of the path
length s from the injection point and reduction ratio r.
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FIG. 10. (Color) Same as Fig. 10, but the rectangular region in
Fig. 10 is enlarged and the quadrupole magnets QC1S and QC2S
and the PQM are shown together. The perpendicular solid line
indicates the center of the PQM.

Thus, the required location and strength of the PQM are
calculated from the formulation of the beam injection
scheme using the PQM in the PF-AR.

II1. SIMULATION OF BEAM INJECTION USING A
SINGLE PQM

A. For the injected beam

In the formulation, we have treated the barycenter of the
injected beam as a single particle and the particle motion is
assumed to be linear by neglecting the nonlinearities in the
ring. However, from a practical viewpoint, we must con-
sider the beam sizes and include the nonlinearities, which
mainly arise from the sextupole magnets used for the
chromaticity correction and the octupole magnets used
for suppressing the transverse instabilities in the PF-AR.
In order to evaluate these effects, we conducted a multi-
particle tracking simulation in which we provided the
distributions of the particles in the injected beam as an
initial condition. We employed the simulation code SAD
(strategic accelerator design), which is developed in High
Energy Accelerator Research Organization (KEK) [7]. The
injected beam is represented by 1000 macroparticles with
Gaussian distributions in the six-dimensional phase space
(x —x',y —y', z — 8), where § indicates an energy devia-
tion from the designed energy. Table II lists the simulation
parameters of the injected beam.

Figure 11 shows the normalized phase-space plots in the
horizontal direction with the injected beam, the beam just
before the kick, the beam just after the kick by the PQM,
and the circulated beams for five turns for the six values of
ky, namely, 0.05, 0.07, 0.09, 0.11, 0.13, and 0.15 m~!. The
red and blue circles indicate the reduced and injected
invariants of 33.0 and 112.5 mm mrad compared with the
results of the simulation, respectively. The vertical solid
lines indicate the physical apertures normalized by the
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TABLE II. Initial conditions of the injected beam for a multi-
particle tracking simulation.

Parameter Symbol Value
Macroparticle number Npart 1000
Tracking turn number Num 200
Horizontal emittance g, 150 nmrad
Vertical emittance €, 150 nmrad
Energy spread o, 0.00125
Bunch length o, 1.0 mm
Horizontal injection position X; 48.0 mm
Horizontal injection angle x! 7.63 mrad
Vertical injection position y; 0.00 mm
Vertical injection angle ! 0.00 mrad
Longitudinal injection position Z; 0.00 mm
Beam energy deviation o 0.00
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FIG. 11. (Color) Normalized horizontal phase-space plots of the
injected beam and the circulated beam after the kick until five
turns are displayed for the normalized strengths K of (a) 0.989,
(b) 1.384, (c) 1.780, (d) 2.175, (e) 2.571, and (f) 2.967, which
correspond to the physical strengths k; of 0.05, 0.07, 0.09, 0.11,
0.13, and 0.15 m™!, respectively. The beam just before the kick
due to the PQM is also represented by PQM, and PQM,,
respectively. Three solid lines indicate normalized horizontal
physical apertures. The blue and red solid circles represent the
injection invariant W; of 112.5 mm mrad and the reduced invari-
ant W, of 33.0 mm mrad, respectively.

betatron function at the injection point, which correspond
to the narrowest horizontal aperture in the PF-AR. The
physical apertures are included in the simulation. In order
to obtain the reduced invariant of 33 mm mrad, the physi-
cal strength k; of 0.07 m~! is required from the formula-
tion described in the previous section. As shown in
Fig. 11(b), it appears that k; of 0.07 m™! is slightly small
considering the beam size of the injected beam since the
circulated beam is very close to the aperture at the 4th turn.
In the case of the smaller k; of 0.05 m~!, a beam loss
occurs at the 4th turn. The simulation results indicate that
k, more than 0.09 m~! is suitable.

Next, in order to examine the effects of the nonlinearities
in the ring, we carried out the particle tracking simulations
for 200 turns. Figure 12 shows the horizontal phase-space
plots at the injection point at turn 200 of the injected beam.
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e 5|
10
9 51
<
£
-5
10 t t t t t t t t
g 5
=
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o sl
{ {
oLl R
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FIG. 12. (Color) Horizontal phase-space plots of the circulated
beam at turn number 200 at the injection point are displayed for
the physical strengths k; of (a) 0.05, (b) 0.07, (c) 0.09, (d) 0.11,
(e) 0.13, and (f) 0.15 m~!. The injected beam is also repre-
sented. Three solid lines indicate horizontal physical apertures,
which correspond to the vacuum chamber at the injection point.
The green and red solid ellipses represent the injection invariant
W, of 112.5 mmmrad and the reduced invariant W; of
33.0 mm mrad, respectively.
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Since the beam is smeared by the effects of the nonline-
arities, the particles are spread in the phase space. The
effects are not very strong; therefore, all particles survive
the 200 turns when k, is more than 0.09 m~!. In the cases
in which k; exceeds 0.09 m~!, the injected beam may be
captured in the acceptance of the ring without a beam loss.
However, the beam loss is observed in the cases in which
k, is 0.07 m~! since the reduced invariant for the lost
particles is slightly larger than the physical aperture. The
beam losses are estimated to be 15% and 0.2% during the
200 turns for k; of 0.05 and 0.07 m™!, respectively. Thus,
the simulation results indicate k; should be larger than
0.09 m~! in order to avoid the beam loss as much as
possible in the beam injection using the PQM.

Although we have not mentioned the optics matching
between the beam transport and the ring until now, the
rematching may help the beam injection of the PQM
scheme because it is going through the new quadrupole
for the injected beam.

B. For the stored beam

Here, we examine the effect of the PQM on the stored
beam. When the stored beam is treated as a single particle,
it is not influenced by the PQM and it passes through the
central position of the magnet. However, since the real
beam has a distribution, most of the particles are influenced
by the PQM even if the barycenter of the beam passes
through the central position. Therefore, we also simulated
the stored beam using the multiparticle tracking method.

The initial conditions of the stored beam used in the
simulation are listed in Table I. The stored beam is excited
by the PQM with k; of 0.09 m~!. Figure 13 shows the
horizontal and vertical beam sizes o and o, respectively,
as a function of the turn number until 50 turns. o, and o,
are calculated as standard deviations for the Gaussian
distributions projected in each of the horizontal and verti-
cal directions. o, and o, at the central location of the north
long straight section without the kick denoted by o, o and
oy are stable at 0494 and 0.049 mm, respectively.
However, at k; = 0.09 m~ !, o, and o, are modulated by
the PQM: o, varies from 0.3 to 1.2 mm, while o, slightly
varies from 0.047 to 0.053 mm. As a result, o, is strongly
changed by the excitation of the PQM with k; =
0.09 m™!, and the variation from a smaller to a larger
size is estimated to be over 2.4 times larger as compared
with the beam size before the kick. In the single PQM
scheme, the modulation in the beam profile of the stored
beam cannot be avoided. This may be a disadvantage for
top-up operation.

IV. HARDWARE DESCRIPTION OF THE PQM
SYSTEM

In this section, we describe the design consideration of
the PQM system, which consists of a pulsed magnet,
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FIG. 13. (Color) Horizontal and vertical beam sizes, o, and o,
are represented as a function of the turn number. The closed and
open circles show the beam sizes after a kick with the physical
strength k; of 0.09 m~' and without a kick (k; = 0.00 m™").
The beam sizes of the stored beam at the central location of the
north long straight section without the kick, o, and o, are
constant at 0.494 and 0.049 mm, respectively. o, is modulated
by the PQM and varies from 0.3 to 1.2 mm, while o, slightly
varies from 0.047 to 0.053 mm.

pulsed power supply, and ceramic chamber. In addition,
we describe the result of field measurements carried out on
the PQM.

A. Pulsed quadrupole magnet

First, a core length € of 0.3 m was determined in con-
sideration of free space around the candidate location
where the PQM will be installed in the PF-AR. Then, the
magnet with a field gradient B’ of more than 3 T/m at a
beam energy of 3.0 GeV was required from Eq. (20) based
on the result of the simulation that k; of more than
0.09 m~! is necessary for the beam injection. Next, we
evaluated the aperture of the ring to determine the gap or
the bore diameter of the magnet. It is relatively easy to
obtain a higher field gradient in a quadrupole magnet with
a smaller gap while such a gap may limit the physical
aperture of the ring. The aperture in the vertical direction
is fixed by the vacuum chamber with a vertical inner size of
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FIG. 14. (Color) Cross-sectional view of the PQM with mag-
netic field lines calculated by the two-dimensional code POISSON.
The horizontal and vertical gaps are 102 and 36 mm, respec-
tively. The maximum field strength at a current of 2000 A is
about 0.2 T at the locations near upper and lower coils.

20 mm for the insertion device (ID-NEI1) located in the
north long straight section. The vertical beta functions at
the central location of the ID-NEI and at the location of the
PQM are 3.1 and 3.9 m, respectively. Thus, a vertical inner
size of more than 23 mm was required for the vacuum
chamber of the PQM so that the vertical aperture is not
narrowed. In general, a ceramic chamber is employed for
the pulsed magnet, which is operated at a speed of the order
of microseconds. The chamber requires a thickness of
more than 5 mm and a clearance of more than 1 mm for
the installation of the magnet. The vertical gap is deter-
mined to be 36 mm by adding 23 mm to the sum of the
chamber thickness and clearance. The horizontal gap is
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Poisson -
0.05
E
=)
< 0.00
=
2
5]
=
& —0.05
>
—0.10

—40 -20 0 20 40
Horizontal position[mm]

FIG. 15. (Color) Calculated and measured field strengths of the
PQM as a function of the horizontal position. The lines represent
the measured central field strength, measured effective field
strength, and calculated field strength.

TABLE III. Specifications of the PQM system.

Parameter Symbol Value
Field gradient B’ 3T/m
Current 1 2000 A
Voltage Vv 10.5 kV
Horizontal gap gn 102 mm
Vertical gap gy 36 mm
Core length ¢ 0.30 m
Calculated inductance L 4 uH
Pulse width T 2.4 us

also determined to be 102 mm based on a similar
calculation.

A Panofsky-type magnet [8] with a single-turn coil was
adopted to reduce the inductance of the magnet and sup-
press the voltage of the power supply; the estimated induc-
tance was about 3 uH. Figure 14 shows a cross-sectional
view of the PQM with magnetic force line distributions
calculated by the two-dimensional code POISSON [9]. The
horizontal distribution of the magnetic field strength is
shown in Fig. 15. The field calculation confirmed that a
field gradient of 3 T/m was achieved at an excitation
current of 2000 A. The magnet was constructed from
0.15-mm-thick lamination silicon steel in order to mini-
mize the eddy current effects. 0.15 mm was the minimum
thickness that we could easily obtain. The processing
precision of the steel was less than 0.2 mm. The magnet
was manufactured by the Japanese company, IDX Co., Ltd.

In order to prevent a complex process by multiple kicks
during several turns, the pulse width less than 2.4 ws that is
twice the revolution period of the PF-AR was required. The
specifications of the PQM are listed in Table III.

B. Pulsed power supply

We adopted a command charging power supply consist-
ing of two parts: one part is a DC high-voltage power
supply for charging, and the other part is a pulser with
two thyratron switches for forming a current pulse.
Figure 16 shows the conceptual block diagram of the
circuit for the power supply. The circuit is designed as an
LCR resonant circuit. The capacitor is charged by driving
the first thyratron switch (E2V Technologies CX1159);
then, the charge stored in the capacitor goes to an inductive
load on driving the second thyratron switch (E2V
Technologies CX1174). We employed two trigger signals
to drive the thyratron switches; the second discharging
trigger signal is sent after more than 10 ms from the first
charge trigger signal.

The inductive load consists of the PQM of 3 «H and the
connection cable of 1 uH. The total inductance L is esti-
mated to be 4 wH. While the pulse is rising, the circuit
functions as an LC circuit. The full period 7 of the pulse is
4.8 ws and the main capacitance C is calculated to be
0.12 uF. Then, the charging voltage V is estimated to be
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FIG. 16. Conceptual block diagram of the circuit for the pulsed
power supply. The power supply consists of two parts: a DC part
and a pulser part. Two thyratron switches in the pulser part are
used for the charge and the discharge switches. They are driven
by the independent trigger signals. The magnet serves as an
inductive load.

about 10.5 kV at a current of 2000 A. When the charge
comes back from the load, it passes through a diode, and
then the circuit functions as an overdamped LCR circuit.
Further, by adjusting the values of resistors R; and R,, the
reflection current is sufficiently suppressed and the pulse
width of 2.4 us is achieved. The power supply can be
operated at the maximum repetition rate of 25 Hz, which
corresponds to the repetition rate of the beam injection for
the PF-AR. It was also manufactured by IDX Co., Ltd.

We intended to install the pulser at a neighboring loca-
tion in the accelerator tunnel without protection for a
radiation damage. Hence, the cable length between the
PQM and the pulser was assumed to be about 1 m.
However, before the installation we estimated that the
radiation damage for the pulser was too severe. In order
to avoid the radiation damage the pulser was installed
outside of the accelerator tunnel, and a 10-m connection
cable was used.

C. Ceramic chamber

In the case of a metallic vacuum chamber, the eddy
currents produced due to the rapid variation of the mag-
netic field cause distortion and delay of the magnetic field.
To avoid these problems, we used a ceramic chamber, as
shown in Fig. 17. It has a rectangular inner aperture of
90 mm in width and 24 mm in height. The thickness of the
chamber was 5 mm. Its inner side was coated with a
molybdenum-titanium (Mo-Ti) layer of 3 pwm thickness
to reduce the beam-coupling impedance. Fe-Ni-Co alloys
were deposited at both ends of the ceramic chamber, which
was connected with steel special use stainless (SUS) cham-
bers. An absorber mask of copper (Cu) was also attached in
the upstream SUS chamber to prevent synchrotron radia-
tion from impinging on the chamber. The temperature of

LN
Ceramic (A1203)

FIG. 17. (Color) Ceramic chamber for the PQM: (a) top view
and (b) side view of the chamber. The inner aperture of the
chamber is rectangular; it is 90 mm in width by 24 mm in height.
The thickness of the chamber is 5 mm. The outer aperture is
rectangular; it is 100 mm in width by 34 mm in height. The inner
side of the chamber is coated with a molybdenum-titanium (Mo-
Ti) layer of 3 wm thickness, and an absorber mask of copper
(Cu) is also attached. The dashed line indicates the PQM.

the chamber did not increase much even when a single-
bunch beam of 60 mA was stored in the ring.

D. Field measurements

After the pulsed quadrupole magnet, the ceramic cham-
ber, and the power supply were manufactured, the mag-
netic fields were measured using search coils. In order to
measure the central field and integral field simultaneously,
a pair of coils were employed: a short coil of 5 mm X
5 mm size for the central field and a long coil of 5 mm X
60 cm size for the integral field. Each coil is made of a
single-turn fine copper wire attached to a glass epoxy bar.
The voltage induced in the search coil is expressed by

d(ﬁ dB 1 [peak
V=—"C=—-§—2 B, =-—- vdt, (22
dt dt peak S]o 22)

where ¢ is the magnetic flux penetrating the search coil, S
is the coil area, and B is the magnetic field density. The
peak value of the magnetic field B, was calculated by
integrating the induced voltage.

Data was acquired using a digital oscilloscope
(Tektronix TDS748) connected with an online computer
through general purpose interface board (GP-IB). The
power supply was also remotely controlled through the
GP-IB relay. To produce a timing signal for the charging
and discharging switches, a pulse generator (Agilent
33220A) was employed. The typical waveform measured
at a current of 2000 A is shown in Fig. 18. Line Ch1 shows
a voltage from the short coil, line Ch2 shows that from the
current transfer of the power supply, and line Ch3 repre-
sents that from the long coil. The voltage induced in the
long coil reached about 0.6 kV,_,. The horizontal distri-
bution of the measured field is shown in Fig. 15. The
magnetic field is close to zero near the pole center and it

123501-11



HARADA, KOBAYASHI, MIYAJIMA, AND NAGAHASHI

Phys. Rev. ST Accel. Beams 10, 123501 (2007)

Tek Run: 500MS/s Average
[

Long coil.
(Ch3)
+— Short coil.

(Chl)

" (Ch2)

Y

9.7V 30)un 2004
18:18:39

ehT ’1].‘3‘3 Vo T WS00Rs T 7
FIG. 18. (Color) Typical waveform obtained in a field measure-
ment using a digital oscilloscope. The horizontal axis shows
time; each division is of 50 ns. The lines represent the output
signals from the long search coil on the vertical axis with 100-V
divisions (Ch3: red), the short search coil on the vertical axis
with 1-V divisions (Ch1: black), and the current transformer on
the vertical axis with 5-V divisions (Ch2: green), respectively.

is as a function of the horizontal position near zero. The
field measurements confirmed that the magnet clearly
worked as a quadrupole magnet with gradient of 3 T/m
at a current of 2000 A and a voltage of 12 kV. The voltage
was slightly larger than the predicted voltage of 10.5 kV.
The inductance of the system was estimated to be 4.6 wH.
Since the power supply has the capacity of more than
24 kV for the voltage, we attempted to achieve twice the
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FIG. 19. (Color) Field strength distribution measured at the
horizontal position of 15 mm from the pole center as a function
of the longitudinal position. The measurement is carried out
using a short coil. The blue solid and red dotted lines represent
the measured results with and without a vacuum chamber,
respectively. Since the chamber is almost symmetric, the mea-
surement with the chamber is carried out on only one side of the
magnet.

CT (Current).

designed current. We achieved a current of about 4000 A,
which corresponds to k; of 0.18 m™!, at a repetition rate of
25 Hz.

The longitudinal field distribution measured along the
horizontal position of 15 mm from the pole center is
displayed in Fig. 19. The effective field strength was
slightly reduced due to the SUS chambers attached to
both the sides of the ceramic chamber. However, the ef-
fective field gradient was sufficient even with the
reduction.

The magnet itself and the girder were charged due to the
induced voltage from the pulsed field. A ground connec-
tion was very important to prevent the induced voltage
from destroying the instruments or giving an electric shock
to a human being. Therefore, the magnet, the girder, and
the vacuum chamber were connected to a low impedance
metal plate at the ground potential; this plate was located
inside the accelerator tunnel.

V. EXPERIMENTAL RESULT USING A REAL
BEAM

The experiment using a real beam was conducted after
installing the PQM. For the beam injection, we first syn-
chronized the excitation timing of the PQM with the timing
of the injected beam. The excitation timing is the discharge
switch timing of the pulsed power supply. The timing
signal was generated by the injection trigger signal from
the injector linac. Since the trigger signal comes before
about 100 ws of the beam, a delay of about 100 s was
added to the trigger signal. A fine-tuning of the timing was
achieved by controlling a delay module of the order of
nanoseconds by comparing the signal from the PQM cur-
rent transformer with the signal from the ring current

Stored Beam.
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FIG. 20. (Color) Typical waveform in the adjustment of excita-
tion timing of the PQM measured using a digital oscilloscope.
The lines represent a discharge trigger signal (Chl: black), a
signal from the current transformer of the ring (Ch4: cyan), and a
signal from the current transformer of the PQM power supply
(Ch3: red). The peaks in (Ch4: cyan) line indicate the stored
bunch.
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FIG. 21. (Color) Typical coherent dipole oscillation of the stored
beam in the horizontal direction measured using a beam detec-
tion monitor just after the injection. The output voltage of the
monitor is displayed as a function of time. The dipole oscillation
after the excitation of the PQM (red solid line) is greatly reduced
as compared with that after the excitation of the kickers (blue
dashed line).

transformer, as shown in Fig. 20. The pulse shape modu-
lation of the PQM current transformer was generated due
to the impedance mismatch, since the pulser was installed
outside of the accelerator tunnel and a 10-m connection
cable was used instead of a 1-m cable. In practice, this was
not a serious problem for the single PQM injection scheme.

As aresult, we succeeded in storing the beam using the
single PQM and the stored beam current gradually in-
creased. At this time, however, an injection rate rj,j was
quite low. ryy; is defined by

dl
Tinj = — (23)

dr’
where [ is the stored current and ¢ is the injection time.

Next, we corrected the orbit of the stored beam around
the PQM to make the beam pass through a center of the
field. A horizontal local bump of about 1 mm was required
to achieve this, but a vertical local bump was not required.
Figure 21 shows the horizontal oscillations of the stored
beam detected using the beam oscillation detector (BOD),
which enables us to measure the dipole oscillations turn by
turn. The dipole oscillation after the excitation of the PQM
was greatly reduced as compared with that after the exci-
tation of the kickers. Various tuning operations improved
rinj gradually.

Figure 22 shows rj,; as a function of k;. The measure-
ments were conducted with a repetition rate of 25 Hz and a
constant injected beam current. When k; is less than
0.06 m™!, rinj 18 near zero. As k; increases from 0.06 to
0.11 m™1, rinj gradually increases and reaches the maxi-
mum value of 1.0 mA/s, which is comparable with the
value obtained for the beam injection using the kickers. ryy;
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FIG. 22. (Color) Injection rates are shown as a function of the
physical strength k,. k; ranges from 0.06 to 0.18 m™~!. The rates
are calculated from straightline fits over 20 s.

has a constant value of about 0.95 mA /s between 0.11 and
0.14 m™'; then, it gradually decreases as k; exceeds
0.14 m~'. When k; is 0.09 m™!, which is the designed
strength, ry,; is about 0.7 mA/s. This is 30% smaller than
the maximum value of 1.0 mA/s obtained by k; with
0.11 m~!. Though 0.11 m~! may be suitable in the PF-
AR beam injection, the behavior of ri; qualitatively agrees
with the prediction of the beam loss estimated by the
multiparticle tracking simulations.

After this optimization, we attempted to realize a beam
current as high as possible. Figure 23 shows the data when
we realized the maximum current of 68 mA. However, it
was necessary to adjust the rf voltage and other parameters
in order to obtain a higher beam current by overcoming the
strong beam instabilities that occur when the beam injec-
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FIG. 23. (Color) Stored current when a maximum current of
68 mA is realized. Various tuning operations are required to
increase the limit due to strong beam instabilities from 60 to
68 mA.
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tion is done with the kickers. It was hoped that the beam
instabilities would be reduced from not having the stored
beam kicked. We have continued to examine the effects on
the injected and stored beam due to the PQM in the
experiment. More experimental results, including the con-
flicts with the instabilities, will be presented in another

paper.

VI. CONCLUSION

In the PF-AR, we demonstrated a new injection scheme
using a single PQM, which allows us to store the beam
without using a pulsed local bump in electron storage rings.
We developed the PQM system, which consists of a pulsed
magnet, pulsed power supply, and ceramic chamber. The
field measurement confirmed the specifications: the field
gradient of 3 T/m at the excitation current of 2000 A, and
the pulse width of 2.4 ws. After installing the PQM into the
PF-AR tunnel, the experiment using a real beam was
conducted. Then, we succeeded in injecting the beam
into the ring using the PQM and storing the beam at a
current of more than 60 mA. The injection rate is as good
as that using the pulsed local bump when the physical
strength k; is set to be between 0.11 and 0.14 m~!. This
is the first successful beam injection using a single PQM in
electron storage rings. Since the principle of the new
injection scheme is very simple, it can apply to most
electron storage rings.
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