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Photoelectron trapping in quadrupole and sextupole magnetic fields

L. F. Wang,* H. Fukuma, S. Kurokawa, and K. Oide
High Energy Accelerator Research Organization (KEK), Tsukuba, Ibaraki 305-0801, Japan

~Received 22 April 2002; published 20 September 2002!

A photoelectron-trapping phenomenon has been found in the simulation of the photoelectron cloud. It is
found that the photoelectrons can be trapped in the quadrupole and sextupole magnetic fields for very long time
until it longitudinally drifts out of the magnets, even a long bunch train separation is not sufficient to clear up
the photoelectrons. Therefore, such a kind of long time trapped photoelectron cloud can cause coupled bunch
instability. The trapping phenomenon is strongly beam dependent, especially on the bunch length. There is no
such kind of trapping if the positron beam does not disturb the photoelectrons during the whole process. There
is also no trapping for positron bunch with bunch length longer than the period of the photoelectron’s gyration
motion at the mirror points. The trapping is a mirror field trap which is caused by beam disturbance. The
trapping phenomenon and mechanism will be presented in detail.

DOI: 10.1103/PhysRevE.66.036502 PACS number~s!: 29.27.Bd, 52.20.Dq, 29.85.1c
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I. INTRODUCTION

A blowup of the vertical beam size is observed in t
KEKB positron ring ~LER! @1# and it is one of the seriou
problems limiting the luminosity of KEKB. A numerica
method has been applied to study the electron-cloud eff
in different magnetic fields. Among them, a trapping ph
nomenon was found in quadrupole and sextupole magn
The trapped electron cloud density near the beam is
which means the trapped electron cloud does not contrib
to the blowup of the positron bunch according to Ohmi a
Zimmermann’s model@2#. However, it may cause couple
bunch instability due to its long trapping time. Experimen
studies in KEKB LER show that the electron cloud can ca
coupled bunch instability even with the solenoid in the d
region, which means that the cloud inside the magnets is
source of the instability. Among them, the cloud in the dipo
magnet can decay quickly after the passage of posi
bunches. On the other hand, the electron cloud in quadru
and sextupole magnets has a long decay time. Therefore
cloud in quadrupole and sextupole magnets is the m
source of the coupled bunch instability. The trapping p
nomenon and mechanism is presented in detail.

II. TRAPPING PHENOMENON

A three-dimensional~3D! particle-in-cell program@3–5#
was developed to study the effects of various magnetic fie
on the photoelectron formation, distribution, space cha
effect, multipacting, and so on. It is assumed that the p
tron bunch is longitudinally divided into a number of slic
according to the Gaussian distribution in simulation. Su
slices interact with photoelectrons transversely and oscil
according to the transfer matrix of the linear optics. Pho
electrons are emitted when the positron bunch slices p
through a beam pipe with period lengthL. A photoelectron
yield of 0.1 is also assumed in the simulation and 30% of
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photoelectrons are produced by the reflective photons.
center of photoelectron energy distribution is at 5 eV with
rms~root mean square! energy spread of 5 eV. The seconda
emission also is included. In our simulation, the photoel
trons are represented by macroparticles, which move
three-dimensional space under the space charge force o
photoelectron cloud@6#, positron beam force, and magnet
field force. The longitudinal boundary of the photoelectr
motion is periodical. Therefore, there is no electron loss d
to the longitudinal boundary. The average velocity of t
electron cloud in positron beam direction, which is ve
small due to the strong transverse magnet fields, can exp
the magnet length effect.

The parameters used in the simulation are shown
Table I.

Figure 1 shows a typical simulation result of the pho
electron volume density for a passage of 200 bunches wi
bunch spacing of four rf buckets followed by a long tra
separation in dipole, normal quadrupole, and sextupole m
netic fields. The electron-cloud density is almost const
during the bunch train separation in both quadrupole a
sextupole magnets because most of the electrons have
trapped by the magnetic fields. More than 80% of the el
trons at the end of bunch train can be trapped. However,

TABLE I. Simulation parameters.

Variable Symbol Value

Ring circumference C 3016.26 m
Rf bucket length srf 0.589 m
Bunch spacing sb 7.860 ns
Bunch population N 3.331010

Average horizontal/vertical
betatron function

by /bx 10/10 m

Horizontal emittance «x 1.831028 m
Vertical emittance «y 3.6310210 m
Rms bunch length s l 4 mm
Chamber diameter 2R 100 mm
Rf harmonic number h 5120
©2002 The American Physical Society02-1
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cloud density in the dipole magnet decreases continuo
with a short decay time during the bunch train separati
Therefore, there is no trapping in the dipole magnet. Figur
shows a typical orbit of a trapped electron in the quadrup
field during the bunch train separation with drift time 943 n
The normal value of the quadrupole field gradient in KEK
LER is 10.3 T/m. A smaller gradient of 0.5 T/m is applied
Fig. 2 in order to show the clear orbit with large gyratio
radius. The energy of the electron is 5.9 eV. The elect
drifts along the field line and is reflected by the strong m
net field, which means the electron spirals in an ever-tigh
orbit along the lines of force, converting more and mo
translational energy into energy of rotation, until its trans
tional velocity vanishes. Then it turns around, still spirali
in the same manner, and moves back in the opposite tran
tional direction. The average orbit over the cyclotron in t
transverse plane is the magnetic field line as shown in
2~b!. There is also a very slow average velocity along
beam direction@z direction in Fig. 2~a!#, which decides the
trapping time. There is a very similar trapping phenomen
in the sextupole magnet. One sample orbit of a trapped e
tron in the sextupole magnet is shown in Fig. 3. The grad
of the sextupole field is 350 T/m2.

Some photoelectrons also have very long lifetime dur
the bunch train separation in the periodic solenoid ca
There is no electron cloud in the chamber center when
periodic solenoids are arranged with the same current di
tion in the coil, which is called the equal polarity configur

FIG. 1. Photoelectron average volume density in different m
net fields as a function of time for a bunch train with 200 bunch
spaced by 7.86 ns and followed by a long separation.
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tion. It is better than the configuration with alternating cu
rent direction@4#. In the equal polarity case, there are le
than 1% of electrons with long lifetime. Among them, som
of electrons are trapped by the solenoid magnetic field. O
electrons move along the longitudinally periodical magne
field line forever and never turn around. Therefore, the tr
ping phenomenon is not dominant in the solenoid case.
do not discuss it in the present study.

The positron beam force plays an important role in t
trapping phenomenon. There would be no such trapping
quadrupole and sextupole magnetic fields if the posit
beam did not perturb the photoelectron during the wh
process. The trapping phenomenon depends on the pos
bunch length, bunch current, and bunch spacing, which
fect the interaction of the photoelectron and positron bea
The trapping phenomenon occurs during both bunch tr
and bunch train separation. The positron beam force distu
the photoelectron during the bunch train and brings on p
toelectron trapping during the bunch train separation. T
characters of the trapping phenomenon can be summar
as follows.

~1! The trapping phenomenon occurs in quadrupole a
sextupole magnets. More than 80% of the photoelectrons
be trapped in these magnets during the bunch train sep
tion. The longer the bunch train, the more the trapped e
tron percentage. Periodic solenoid field can also trap
than 1% of photoelectrons. However, there is no such tr
ping in dipole magnet.

~2! The photoelectron can be trapped in the quadrup
and sextupole magnets for a very long time until it drifts o
of the magnet longitudinally.

~3! The trapping phenomenon is strongly beam dep
dent, especially on the bunch length.

III. TRAPPING MECHANISM

We first describe the motion of a photoelectron in a pu
magnetic field and then focus on the effects of the posit
beam.

First we consider the case of no electric field, which
almost true for the electron cloud during the bunch tra
separation, where the space charge potential of the elec
cloud is negligible compared with the magnetic potential
normal magnets. Since the direction of magnetic force ac
on the electron is perpendicular to the electron velocity,
electron kinetic energy is therefore conserved,

-
s

a
in

es
FIG. 2. Orbit of a trapped photoelectron in
normal quadrupole magnet during the bunch tra
separation.~a! 3D orbit, ~b! 2D orbit. Black solid
line shows the 2D orbit and black arrow denot
the quadrupole magnetic field.
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FIG. 3. Orbit of a trapped pho-
toelectron in a normal sextupol
magnet during the bunch train
separation.~a! 3D orbit, ~b! 2D or-
bit. Black solid line shows the 2D
orbit and black arrow denotes th
sextupole magnetic field.
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The motion of the electron in the magnetic field can
regarded as the superposition of the gyration motion aro
the guiding center and the motion of the guiding center. T
gyration motion of the electron is a rapid rotation around
magnetic field line. The motion of the guiding center is t
average motion over the gyration motion.

Consider the case in which the magnetic field slowly v
ies in space. The variation is assumed to be sufficiently s
that the magnetic field at the electron position hardly chan
during the cyclotron motion. This is true for our case whe
the magnetic field is strong except for the central region
the chamber and the electron energy is low, which mean
small Larmor radius and a short period. While the period
a spiraling electron changes as the electron moves into
gions where the magnetic field is weaker or stronger,
product TE, the periodT times the energyE, is almost a
constant. It is not an exact constant, but if the rate of cha
is slow enough, e.g., if the field changes rather slowly
comes very close. A certain quality, an ‘‘adiabatic invarian
is almost kept at a constant value. In a more general way
action of a system with canonical variablesq andp defined
by

J5 R p dq ~2!

is a constant under a slow change in an external param
Equation ~2! represents an integral over one period of t
motion. Therefore, for such a quasiperiodic motion, th
exist two adiabatic invariations given by@7#

J'5 R my'rsdw5
4pm

e
mm , ~3!

Ji5 R my idl, ~4!

where

mm5
my'

2

2B
~5!
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is the magnetic moment,v' is the gyration velocity,rs
5my' /ueuB is the Larmor radius, andv i is the parallel or
longitudinal velocity, which is parallel to the magnetic fiel
J' and Ji are called the transverse and parallel adiaba
invariations, respectively.

As the guiding center of the electron moves along
field line, which will be explained below, the magnetic fie
strength at the electron changes. Because the magnetic
ment and kinetic energy of the electron are conserved,
kinetic energy of the parallel motion varies according to t
relation

1
2 my i

21mmB5const. ~6!

Recalling the motion of a pendulum in the earth’s gravitati
potential, Eq.~6! implies that the guiding center motio
along the field line behaves like a particle motion in a ma
netic potential energymmB. The magnetic field is a mirror
field in the quadrupole and sextupole magnets, in which
magnetic field is weaker at the center and is stronger at b
ends of the mirror field line. When the guiding center of t
electron moves along the field line from a weaker field
gion to a stronger field region, the parallel velocity decrea
and the gyration velocity increases and the electron is hea
This kind of heating is called adiabatic heating in the plas
field. Therefore, the electron spirals in an ever-tighter or
because the period of gyration motion and parallel veloc
become smaller and smaller. When the electron comes to
point where the parallel velocity vanishes, the electron
reflected. The parallel velocity of the reflected electron
increased when it moves along the field line and gets
maximum value at the weakest field point~mirror point!.
Then it continues a similar motion along the other side of
mirror point. Such a kind of trap is called a magnetic mirr
trap. The motion of the electron in the mirror field is show
in Fig. 4. The trap condition is

my i
2/2,mm~Bmax2B!, ~7!

where v i is the parallel velocity at position with magnet
field B, Bmax is the maximum magnetic field along this fie
line, which is located near the vacuum chamber wall in o
2-3
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case. Note that the trap strongly depends on the elec
velocity v i0 andv'0. According to Eqs.~1!, ~3!, and~5!, the
trap occurs if

y'0
2

y'0
2 1y i0

2 .
B0

Bmax
, ~8!

whereB0 is the field at one position with velocityv i0 and
v'0. The trap condition Eq.~8! can be more convenientl
described as

G trap.1, ~9!

with the trap factor

G trap5
Fy

FB
5

y'0
2

y'0
2 1y i0

2

Bmax

B0
, ~10!

where Fv and FB are the left and right parts of Eq.~8!,
respectively. When the trap factorG trap is bigger than 1, the
electron is trapped.

All photoelectrons are emitted from the vacuum cham
wall, where the magnetic field is the strongest along the fi
line. If the space charge force of the positron bunch and
electron cloud did not disturb the electron during t
whole drift process, the trap factor would be a const
value at any time withG trap5mmBmax/W5Fy

pipe5y'
2 /(y'

2

1y i
2)uat chamber surfaceand it is always smaller than 1. There

fore, the electron could not be trapped if there was no ot
force, for instance, in the beam line of a light source.

ConsiderFB , which is only magnetic field dependen
The maximum magnetic fieldBmax is the same for all field
lines, supposing round chamber and constant field grad
On the other hand, the field at the mirror point is the weak
one along the field line. Therefore,FB is smaller for the field
lines along which the mirror points are near the cham
center. These are the field lines with the azimuth an
around6p/4, 63p/4 and6p/6, 6p/2, 65p/6 for normal
quadrupole and sextupole fields, respectively. The zero
muth angle is defined as the direction withy50 andx.0.
All these field lines have strong radial field near the cham
wall, and they are called strong radial field lines in this pap
The electron motion is nonadiabatic along these field line
the chamber center. The local Larmor radius near the ce
is larger than the chamber radius. Since theB field vanishes
at the chamber center, the magnetic momentmm is not pre-
served. Because of this, the adiabatic invariant does not g

FIG. 4. Motion of an electron in a mirror magnetic field.
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antee that the electron trapped outside of the chamber ce
will still be trapped after passing through the nonadiaba
region. Figure 5 shows the orbit of an electron in the stro
radial field region. The electron, which satisfies the trap c
dition at the initial position far from the central region, drif
along the strong radial field lines in a special way and fina
meets the chamber wall. The special motion in the nona
batic region~central region of the chamber! is very clear.

Fv is governed by the photoelectron-beam interacti
which is dependent on both beam force and magnetic fi
The beam force plays a very important role in t
photoelectron-beam interaction. It can accelerate the ph
electron and change the distribution of photoelectron clo
The trap condition Eq.~9! can be satisfied due to the effect
the positron beam force. The beam potential of a Gaus
bunch can be expressed as

U5
eN

4p«0
E

0

`
expF2

x2

2sx
21t

2
y2

2sy
21tG

~ t12sx
2!1/2~ t12sy

2!1/2 dt, ~11!

whereN is the number of particles per bunch andsx,y is the
transverse beam size. If an electron remained at its loca
during the bunch passage, the largest beam kick is abou
keV for theN53.331010, sx50.4 mm,sy50.06 mm case,
which are the typical parameters of KEKB LER. Therefo
the beam force can effectively change the photoelectron
ergy, which is very small~;10 eV! when one photoelectron
is emitted. The more important point is that the accelerat
of the electron strongly depends on the magnet field dis
bution. As a result, the energy distribution of photoelectro
Fv , is also strongly magnetic field dependent. Hence,Fv
depends on the field line shape and the positron beam re
parameters such as bunch length, bunch spacing, and b
current.

The strong radial field lines cannot usually trap any el
trons because photoelectrons moving along these field l
can be easily accelerated in the parallel direction by the p
itron bunch due to the parallel magnetic field with the bun
electric field. Therefore, these electrons can receive eno
parallel energy, which then reduces the quantity ofFv , and

FIG. 5. Electron orbit around the strong radial field lines.
2-4
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FIG. 6. Trapped photoelectron
distribution in the transverse plan
in a normal quadrupole magne
with field gradient 10.3 T/m dur-
ing the bunch train separation fo
~a! 4 mm and ~b! 4 cm bunch
length cases.
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quickly drift through the magnetic field line until it meets th
chamber wall, althoughFB is small for these field lines. The
additional nonadiabatic region in the chamber center, as
plained above, causes larger losses.

According to Eqs.~9! and ~10!, a photoelectron could be
trapped if its kinetic energy of gyration motion increase
The electron can receive transverse energy around the m
point where the electric field direction of the positron bun
is in the gyration motion plane. However, a short bunch
required for the electron to efficiently receive transverse
ergy because the effect of a long positron bunch on the tr
verse energy can cancel over many periods of gyration
tion. Therefore, a short positron bunch, when compared w
the cyclotron period at the mirror point, is very effective
increase the photoelectron energy distributionFv by increas-
ing the kinetic energy of the gyration motion and then c
cause the trapping of the photoelectrons. In the case of
short positron bunch, electrons can get more kinetic ene
of the gyration motion around the mirror points due to t
high beam potential at that point and the short interact
time. A long positron bunch has less average effect on
transverse energy of the photoelectron for all the field lin
Therefore, there the effect is weak on the trap of the pho
electron. The trapping requirement for the positron bun
length can be described as

s l,
2pcm

eB
, ~12!

whereB is the field at the mirror point. Equation~12! can be
written in a more convenient way ass l (mm)
,10.7/@B (T)#, which means the positron bunch leng
should be shorter than 10.7 mm for a field line with 1
magnetic field at the mirror point.

The bunch length of KEKB LER is 4 mm. The cyclotro
period of one electron in a 0.5 T magnetic field is 0.07
which is about five times of the bunch length. The maximu
field in the quadrupole and sextupole magnets of KEKB L
is 0.52 and 0.44 T, respectively. Note that the magnetic fi
is proportional tor andr 2 in quadrupole and sextupole ma
nets, respectively. Herer is the distance to the chamber ce
03650
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ter. Therefore, the bunch length is shorter than the cyclot
period in all regions of theses two magnets.

When the bunch length increases, the photoelectrons
only be trapped along the field lines on which the cyclotr
period at mirror points is shorter than bunch length. T
mirror points of these field lines are near the chamber cen
Therefore, the longer the bunch length, the smaller the p
sible trapping area. Figure 6 shows the photoelectron dis
bution in a quadrupole magnet during the bunch train se
ration for different bunch length cases. The bunch len
effect on the trap region is very clear. Figure 7 shows
normalized trap factor distribution of the electron cloud
different times within the bunch train and at the bunch tra
separation in quadrupole magnets. The trap factor is norm
ized by the number of total electrons at each moment. Th
fore, the integral of the trap factor, which is the area un
the trap factor line in Fig. 7, is 1. The bunch length is 4 m
IB in the figure is the number of positron bunches which p
through the electron cloud. For example, IB510 means the
time after ten positron bunches passages. The percenta
the trapped electrons at different times is also shown in
legend of Fig. 7. As more and more bunches pass through

FIG. 7. Trap factor distribution of the electron cloud at differe
times in a normal quadrupole magnet for 4 mm bunch length.
2-5
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FIG. 8. Orbit of a photoelec-
tron in a normal sextupole magne
within the bunch train.~a! 3D or-
bit, ~b! 2D orbit. Solid line shows
the 2D orbit and arrows denote th
sextupole magnetic field.
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electron cloud, more and more photoelectrons will
trapped. The positron beam effect on trapping is very cl
After the passage of the last bunch in the bunch train,
nontrapped photoelectrons disappear quickly and the trap
electrons are left. Therefore, all the trap factors of the p
toelectrons during the bunch train separation are larger
1 as shown in Fig. 7. It agrees very well with the Eq.~9!.

There is a similar trapping mechanism within the bun
train where the photoelectron is disturbed by the posit
bunch during the bunch passage and drifts under the m
netic force as shown above. The bunch spacing 8 ns is m
longer than the bunch length 0.01 ns. Therefore, the beha
of an electron within the bunch train is similar to that duri
the bunch train separation due to the same trapping me
nism. The positron beam force changesFv , and hence the
location of the reflective points. Figure 8 shows the elect
orbit in the sextupole magnet during a bunch train with 1
bunches~786 ns!.

IV. ORBIT OF THE GUIDING CENTER

The orbit surface of the drift motion in general magne
field is given by@7#

A* 5A1
my i

eB
B5const., ~13!

whereA is the vector potential of the magnetic field. For t
translationally symmetric quadrupole and sextupole field,
orbit of the guiding center is given byAz5const. Therefore,
the orbit of the guiding center is the magnetic field li
which is clearly shown in Figs. 2~b! and 3~b! with Az
5A2(x22y2) for the normal quadrupole field andAz
5A3(x323xy2) for the normal sextupole field, respectivel

Besides the movement along the field line, the guid
center also moves along thez direction, which is the positron
beam direction, as shown in Figs. 2~a! and 3~a!. The drift
along thez direction is due to the magnetic field gradie
drift and the centrifugal force. The gradient of the magn
field causes the electron drift in the direction perpendicu
to the magnetic fieldB and the gradient of the field“B @8#,

ȳgrad5
my'

2

2eB3 B3“B, ~14!
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wheree is the charge of an electron withe,0 in this section.
There are opposite drift directions for the electron and po
tron. This is called the gradientB drift. The field line is
curved in the quadrupole and sextupole magnets. The gr
ent can be divided into two components: the tangential
normal gradient relative to the field line. The tangential g
dient of the field does not cause the gradient drift accord
to Eq. ~14! because it is parallel to the magnetic field. T
normal gradient, which is2Bn/RB , causes gradient drift
wheren is the unit vector normal to the field line andRB is
the radius of local curvature of the magnetic field line
shown in Fig. 4. Using Eq.~14!, we can get the gradient drif
velocity

ȳgrad5
n

2BVs
3

B

RB
y'

2 , ~15!

whereVs5eB/m is the gyration angular velocity. Note tha
Vs,0 for the electron here.

Now we consider a curved magnetic field line as in t
case of the quadrupole and sextupole magnets. The gui
center motion that follows the field line is deflected along t
curve and as a result the electron undergoes an inertial f
or a centrifugal force perpendicular to the field line,

Fc5
my i

2RB

RB
2 5

my i
2

RB
n. ~16!

Therefore, the drift velocity of the guiding center due to t
force Fc is

ȳF5
Fc3B

eB2 5
n

BVs
3

B

RB
y i

2. ~17!

Combining with Eq.~15!, we can get the total drift velocity
of the guiding center along thez direction,

ȳgz5
n

BVs
3

B

RB
~y i

21y'
2 /2!. ~18!

Note the dependence ofvgz on Vs in Eq. ~18!, which is
particle charge dependent. Therefore, there is a different
direction for the positron and electron. All parameters in t
above formula are location dependent and the drift veloci
2-6
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FIG. 9. ~a! Periodt and~b! av-
eragez-direction drift velocity of
the trapped electron cloud in
quadrupole during the bunch trai
separation for 4 mm bunch length
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are the average value over the period of gyration moti
Applying the law of kinetic energy conservation and ma
netic moment conservation, the above equation can be
written as

ȳgz5
1

eRB
S 2W

B
2mmD . ~19!

From Eq.~19!, ȳgz is modulated by the field strengthB and
the radiusRB . Its average value over one period of the p
allel motion between the two turning points, which decid
the trapping time of the electron, is

y% gz5
1

t R ȳgz

y i
dl, ~20!

wheret is the period of the electron parallel motion, which
defined as

t5 R dl

y i
. ~21!

The electron shown in Fig. 2 drifts about four periods a
6.2 mm in thez direction during 943 ns. Therefore, its perio
and averagez-direction drift velocity by simulation is 236 n
and 0.0066 mm/ns, respectively. The analytic results of
period andz-direction drift velocity from Eqs.~20! and~21!
are 228 ns and 0.0063 mm/ns, respectively. They agree
the simulation results well. Note that a lower field gradie
0.5 T/m is used for this example. Figure 9 shows the dis
bution of the analytict andy% gz of the trapped electron clou
as shown in Fig. 6~a!. The peak of thet distribution is close
to two times that of the bunch spacing, which indicates
frequency of the interaction between the electron cloud
the positron bunch electric field. The peak ofy% gz distribution
is around 3.531023 mm/ns. The length of the quadrupo
and sextupole magnets is 0.4 m for KEK LER. Therefore,
r-
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e

quadrupole and sextupole magnetic fields can strongly
the photoelectrons for a very long time with level 105 ns
until they drift out of the magnets in the beam direction. T
revolution time of the positron beam around the accelera
is about 13104 ns in KEKB LER. Therefore, most photo
electrons can be trapped for more than one revolution ti
As a result, the trapped photoelectrons can cause multi
effects to the positron beam.

The positron beam disturbs the photoelectron within
bunch train and hence changes the motion of the guid
center as shown in Fig. 8. First,Fv , and hence the reflective
point, is modulated by the acceleration of the positron be
Second, the positron beam also causes the photoelec
z-direction drift due to theE3B drift, whereE is the beam
electric field. Although the bunch length is short, theE3B
drift is still important due to the strong electric field of th
positron bunch (103– 105 V/m). Therefore, comparing with
the bunch train separation case, a photoelectron within bu
train has bigger drift velocity along thez direction.

V. CONCLUSION

A striking photoelectron-trapping phenomenon has be
observed in our simulation study. The phenomenon is
plained and agrees well with our analysis. Its mechanism
the mirror field trapping. The trapping is both magnetic fie
and beam dependent. There is no trapping for long bun
The trapping time is long due to its very smallz-direction
velocity. Therefore, the trapped electron cloud can ca
multitrain bunch interaction, even multiturn effects. Its e
fects on the beam should be studied in the future.
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