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Photoelectron trapping in quadrupole and sextupole magnetic fields
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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.
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I. INTRODUCTION photoelectrons are produced by the reflective photons. The
center of photoelectron energy distribution is at 5 eV with an
A blowup of the vertical beam size is observed in therms(root mean squalenergy spread of 5 eV. The secondary
KEKB positron ring(LER) [1] and it is one of the serious emission also is included. In our simulation, the photoelec-
problems limiting the luminosity of KEKB. A numerical trons are represented by macroparticles, which move in
method has been applied to study the electron-cloud effectfiree-dimensional space under the space charge force of the
in different magnetic fields. Among them, a trapping phe-photoelectron cloudl6], positron beam force, and magnetic
nomenon was found in quadrupole and sextupole magnetfield force. The longitudinal boundary of the photoelectron
The trapped electron cloud density near the beam is lownotion is periodical. Therefore, there is no electron loss due
which means the trapped electron cloud does not contribute the longitudinal boundary. The average velocity of the
to the blowup of the positron bunch according to Ohmi andelectron cloud in positron beam direction, which is very
Zimmermann's mode[2]. However, it may cause coupled small due to the strong transverse magnet fields, can explain
bunch instability due to its long trapping time. Experimentalthe magnet length effect.
studies in KEKB LER show that the electron cloud can cause The parameters used in the simulation are shown in
coupled bunch instability even with the solenoid in the drift Table I.
region, which means that the cloud inside the magnets is the Figure 1 shows a typical simulation result of the photo-
source of the instability. Among them, the cloud in the dipoleelectron volume density for a passage of 200 bunches with a
magnet can decay quickly after the passage of positropunch spacing of four rf buckets followed by a long train
bunches. On the other hand, the electron cloud in quadrupokeparation in dipole, normal quadrupole, and sextupole mag-
and sextupole magnets has a long decay time. Therefore, tietic fields. The electron-cloud density is almost constant
cloud in quadrupole and sextupole magnets is the maiduring the bunch train separation in both quadrupole and
source of the coupled bunch instability. The trapping phesextupole magnets because most of the electrons have been
nomenon and mechanism is presented in detail. trapped by the magnetic fields. More than 80% of the elec-
trons at the end of bunch train can be trapped. However, the

Il. TRAPPING PHENOMENON

. . . . TABLE I. Simulation parameters.
A three-dimensional3D) particle-in-cell prograni{3-5]

was developed to study the effects of various magnetic fieldggigple Symbol Value
on the photoelectron formation, distribution, space charge
effect, multipacting, and so on. It is assumed that the posiRing circumference C 3016.26 m
tron bunch is longitudinally divided into a number of slices Rf bucket length Sr 0.589 m
according to the Gaussian distribution in simulation. SucHBunch spacing Sh 7.860 ns
slices interact with photoelectrons transversely and oscillat&unch population N 3.3x10%
according to the transfer matrix of the linear optics. Photo-Average horizontal/vertical By ! Bx 10/10 m
electrons are emitted when the positron bunch slices passbetatron function
through a beam pipe with period length A photoelectron  Horizontal emittance £y 1.8x10 8 m
yield of 0.1 is also assumed in the simulation and 30% of thevertical emittance &y 3.6x10 m
Rms bunch length o 4 mm
Chamber diameter R 100 mm
*On leave from IHEP, Beijing. Rf harmonic number h 5120
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x 10" tion. It is better than the configuration with alternating cur-
] rent direction[4]. In the equal polarity case, there are less

8

- 32’:;30,6 than 1% of electrons with long lifetime. Among them, some
gl o= sextupele | f ML __ | of electrons are trapped by the solenoid magnetic field. Other

~N electrons move along the longitudinally periodical magnetic
5 P S ] field line forever and never turn around. Therefore, the trap-
i ping phenomenon is not dominant in the solenoid case. We
do not discuss it in the present study.

The positron beam force plays an important role in the
trapping phenomenon. There would be no such trapping in
quadrupole and sextupole magnetic fields if the positron
beam did not perturb the photoelectron during the whole
0 500 1000 1500 2000 2500 process. The trapping phenomenon depends on the positron

Time [ns] bunch length, bunch current, and bunch spacing, which af-
FIG. 1. Photoelectron average volume density in different mag-feCt the in_teraction of the photoelectron and positron beam.
net fields as a function of time for a bunch train with 200 bunchesThe trapping _phenomel_’lon occurs 9'““”9 both bunch_ train
spaced by 7.86 ns and followed by a long separation. and bunch train separation. The positron beam force disturbs
the photoelectron during the bunch train and brings on pho-

cloud density in the dipole magnet decreases continuousfiPelectron trapping during the bunch train separation. The

with a short decay time during the bunch train separationcharacters of the trapping phenomenon can be summarized

Therefore, there is no trapping in the dipole magnet. Figure 2s follows.

shows a typical orbit of a trapped electron in the quadrupole (1) The trapping phenomenon occurs in quadrupole and

field during the bunch train separation with drift time 943 ns.sextupole magnets. More than 80% of the photoelectrons can

The normal value of the quadrupole field gradient in KEKB be trapped in these magnets during the bunch train separa-

LER is 10.3 T/m. A smaller gradient of 0.5 T/m is applied in tion. The longer the bunch train, the more the trapped elec-

Fig. 2 in order to show the clear orbit with large gyration tron percentage. Periodic solenoid field can also trap less

radius. The energy of the electron is 5.9 eV. The electrorihan 1% of photoelectrons. However, there is no such trap-

drifts along the field line and is reflected by the strong mag-ing in dipole magnet.

net field, which means the electron spirals in an ever-tighter (2) The photoelectron can be trapped in the quadrupole

orbit along the lines of force, converting more and moreand sextupole magnets for a very long time until it drifts out

translational energy into energy of rotation, until its transla-of the magnet longitudinally.

tional velocity vanishes. Then it turns around, still spiraling (3) The trapping phenomenon is strongly beam depen-

in the same manner, and moves back in the opposite translgent, especially on the bunch length.

tional direction. The average orbit over the cyclotron in the

transverse plane is the magnetic field line as shown in Fig. IIl. TRAPPING MECHANISM

2(b). There is also a very slow average velocity along the

beam directior{z direction in Fig. 2a)], which decides the We first describe the motion of a photoelectron in a pure

trapping time. There is a very similar trapping phenomenomagnetic field and then focus on the effects of the positron

in the sextupole magnet. One sample orbit of a trapped eledbseam.

tron in the sextupole magnet is shown in Fig. 3. The gradient First we consider the case of no electric field, which is

of the sextupole field is 350 T/m almost true for the electron cloud during the bunch train
Some photoelectrons also have very long lifetime duringseparation, where the space charge potential of the electron

the bunch train separation in the periodic solenoid casecloud is negligible compared with the magnetic potential in

There is no electron cloud in the chamber center when thaormal magnets. Since the direction of magnetic force acting

periodic solenoids are arranged with the same current dire@n the electron is perpendicular to the electron velocity, the

tion in the coil, which is called the equal polarity configura- electron kinetic energy is therefore conserved,

Photoelectron Volume Density [nﬁa]
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mv? is the magnetic momenty, is the gyration velocity,pg
W= ——=const. (1) =mu, /|e|B is the Larmor radius, and, is the parallel or

longitudinal velocity, which is parallel to the magnetic field.

The motion of the electron in the magnetic field can bedi and J; are called the transverse and parallel adiabatic
regarded as the superposition of the gyration motion arountivariations, respectively.
the guiding center and the motion of the guiding center. The AS the guiding center of the electron moves along the
gyration motion of the electron is a rapid rotation around thefield line, which will be explained below, the magnetic field
magnetic field line. The motion of the guiding center is theStrength at the electron changes. Because the magnetic mo-
average motion over the gyration motion. ment and kinetic energy of the electron are conserved, the

Consider the case in which the magnetic field slowly var-kinetic energy of the parallel motion varies according to the
ies in space. The variation is assumed to be sufficiently slowelation
that the magnetic field at the electron position hardly changes
during the cyclotron motion. This is true for our case where
the magnetic field is strong except for the central region of
the chamber and the electron energy is low, which means a
small Larmor radius and a short period. While the period ofRecalling the motion of a pendulum in the earth’s gravitation
a spiraling electron changes as the electron moves into rgotential, Eq.(6) implies that the guiding center motion
gions where the magnetic field is weaker or stronger, thalong the field line behaves like a particle motion in a mag-
product TE, the periodT times the energyE, is almost a netic potential energy.,B. The magnetic field is a mirror
constant. It is not an exact constant, but if the rate of changéeld in the quadrupole and sextupole magnets, in which the
is slow enough, e.g., if the field changes rather slowly, itmagnetic field is weaker at the center and is stronger at both
comes very close. A certain quality, an “adiabatic invariant,” ends of the mirror field line. When the guiding center of the
is almost kept at a constant value. In a more general way, thelectron moves along the field line from a weaker field re-
action of a system with canonical variablgsandp defined gion to a stronger field region, the parallel velocity decreases
by and the gyration velocity increases and the electron is heated.
This kind of heating is called adiabatic heating in the plasma
field. Therefore, the electron spirals in an ever-tighter orbit
because the period of gyration motion and parallel velocity
become smaller and smaller. When the electron comes to the
is a constant under a slow change in an external parametgfoint where the parallel velocity vanishes, the electron is
Equation(2) represents an integral over one period of thereflected. The parallel velocity of the reflected electron is
motion. Therefore, for such a quasiperiodic motion, therencreased when it moves along the field line and gets the

Imuf+ u,B=const. (6)

J= épdq 2

exist two adiabatic invariations given §y] maximum value at the weakest field poiirror poind.
A Then it continues a similar motion along the other side of the
- . X . : o
J=dm do= , 3 mirror point. Such a kind of trap is called'a ma}gne'tlc mirror
* é vLpsTe e Hm ® trap. The motion of the electron in the mirror field is shown
in Fig. 4. The trap condition is
J= 35 mydl, 4 ,
MV /2< pm(Bmax—B), (7)
where
5 wherev, is the parallel velocity at position with magnetic
_ My, (5) field B, Bhax iS the maximum magnetic field along this field
Km=7B line, which is located near the vacuum chamber wall in our
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FIG. 4. Motion of an electron in a mirror magnetic field. 10b )

case. Note that the trap strongly depends on the electron

velocity v g andv, . According to Egs(1), (3), and(5), the 20, .
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vfo—k Uﬁo B max .
antee that the electron trapped outside of the chamber center
where By, is the field at one position with velocity,q and will still be trapped after passing through the nonadiabatic
v,0. The trap condition Eq(8) can be more conveniently region. Figure 5 shows the orbit of an electron in the strong
described as radial field region. The electron, which satisfies the trap con-
dition at the initial position far from the central region, drifts
Tyap>1, 9) along the strong radial field lines in a special way and finally
meets the chamber wall. The special motion in the nonadia-
with the trap factor batic region(central region of the chambeis very clear.
F, is governed by the photoelectron-beam interaction,
F, Ufo Binax which is dependent on both beam force and magnetic field.
Pvap=F = (10 The beam force plays a very important role in the
B photoelectron-beam interaction. It can accelerate the photo-
electron and change the distribution of photoelectron cloud.
. 2 The trap condition Eq9) can be satisfied due to the effect of
respectively. When the trap factbly,, is bigger than 1, the the pos?tron beam f((:)(rc)e. The beam potential of a Gaussian

electron is trapped. b
. unch can be expressed as
All photoelectrons are emitted from the vacuum chamber P

2 2 ’
Vot Vo Bo

where F, and Fg are the left and right parts of E{8),

wall, where the magnetic field is the strongest along the field X2 y2

line. If the space charge force of the positron bunch and the x;{ — -

electron cloud did not disturb the electron during the _eN f* 205+t 20+t dt (11)
whole drift process, the trap factor would be a constant C4meg Jo (t+20)YAt+205)M T

value at any time Withlyay= sBma/ W=FP= %/ (47
+17)| at chamber sutac@nd it is always smaller than 1. There- whereN is the number of particles per bunch amgl, is the
fore, the electron could not be trapped if there was no othetransverse beam size. If an electron remained at its location
force, for instance, in the beam line of a light source. during the bunch passage, the largest beam kick is about 30
ConsiderFg, which is only magnetic field dependent. keV for theN=3.3x 10'%, o,=0.4 mm, o,=0.06 mm case,
The maximum magnetic fiel8 ., is the same for all field which are the typical parameters of KEKB LER. Therefore,
lines, supposing round chamber and constant field gradientne beam force can effectively change the photoelectron en-
On the other hand, the field at the mirror point is the weakesérgy, which is very smal{~10 eV) when one photoelectron
one along the field line. ThereforEg is smaller for the field is emitted. The more important point is that the acceleration
lines along which the mirror points are near the chambenf the electron strongly depends on the magnet field distri-
center. These are the field lines with the azimuth angléution. As a result, the energy distribution of photoelectron,
around *7/4, +37/4 and £7/6, +7/2, +*57/6 for normal  F,, is also strongly magnetic field dependent. Hereg,
quadrupole and sextupole fields, respectively. The zero azdepends on the field line shape and the positron beam related
muth angle is defined as the direction witte0 andx>0.  parameters such as bunch length, bunch spacing, and bunch
All these field lines have strong radial field near the chambecurrent.
wall, and they are called strong radial field lines in this paper. The strong radial field lines cannot usually trap any elec-
The electron motion is nonadiabatic along these field lines arons because photoelectrons moving along these field lines
the chamber center. The local Larmor radius near the centean be easily accelerated in the parallel direction by the pos-
is larger than the chamber radius. Since Bhield vanishes itron bunch due to the parallel magnetic field with the bunch
at the chamber center, the magnetic momeptis not pre-  electric field. Therefore, these electrons can receive enough
served. Because of this, the adiabatic invariant does not guaparallel energy, which then reduces the quantity-pf and
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quickly drift through the magnetic field line until it meets the ter. Therefore, the bunch length is shorter than the cyclotron
chamber wall, althougF g is small for these field lines. The period in all regions of theses two magnets.
additional nonadiabatic region in the chamber center, as ex- When the bunch length increases, the photoelectrons can
plained above, causes larger losses. only be trapped along the field lines on which the cyclotron
According to Egs(9) and(10), a photoelectron could be period at mirror points is shorter than bunch length. The
trapped if its kinetic energy of gyration motion increases.mirror points of these field lines are near the chamber center.
The electron can receive transverse energy around the mirrdiherefore, the longer the bunch length, the smaller the pos-
point where the electric field direction of the positron bunchsible trapping area. Figure 6 shows the photoelectron distri-
is in the gyration motion plane. However, a short bunch isbution in a quadrupole magnet during the bunch train sepa-
required for the electron to efficiently receive transverse enration for different bunch length cases. The bunch length
ergy because the effect of a long positron bunch on the tran®ffect on the trap region is very clear. Figure 7 shows the
verse energy can cancel over many periods of gyration moaormalized trap factor distribution of the electron cloud at
tion. Therefore, a short positron bunch, when compared witttifferent times within the bunch train and at the bunch train
the cyclotron period at the mirror point, is very effective to separation in quadrupole magnets. The trap factor is normal-
increase the photoelectron energy distributignby increas- ized by the number of total electrons at each moment. There-
ing the kinetic energy of the gyration motion and then canfore, the integral of the trap factor, which is the area under
cause the trapping of the photoelectrons. In the case of thie trap factor line in Fig. 7, is 1. The bunch length is 4 mm.
short positron bunch, electrons can get more kinetic energiB in the figure is the number of positron bunches which pass
of the gyration motion around the mirror points due to thethrough the electron cloud. For example,4B0 means the
high beam potential at that point and the short interactiortime after ten positron bunches passages. The percentage of
time. A long positron bunch has less average effect on th¢he trapped electrons at different times is also shown in the
transverse energy of the photoelectron for all the field lineslegend of Fig. 7. As more and more bunches pass through the
Therefore, there the effect is weak on the trap of the photo-
electron. The trapping requirement for the positron bunch 0.0 - - - - -

length can be described as -+ B=10,14% trapped
<=~ |B=40, 43% trapped
0.051 — IB=70, 55% trapped 1
2mcm 5 0 e IB=100, 63% trapfed
o< , (12) —— TRAIN GAP, 100% trapped
eB 0.04

whereB is the field at the mirror point. Equatidd2) can be
written in a more convenient way aso; (mm)
<10.7[B (T)], which means the positron bunch length
should be shorter than 10.7 mm for a field line with 1 T
magnetic field at the mirror point.

The bunch length of KEKB LER is 4 mm. The cyclotron 0.01
period of one electron in a 0.5 T magnetic field is 0.07 ns,
which is about five times of the bunch length. The maximum , | g i —————
field in the quadrupole and sextupole magnets of KEKB LER 0 05 1 Trap1'Fséctor 2 20 :
is 0.52 and 0.44 T, respectively. Note that the magnetic field
is proportional tar andr? in quadrupole and sextupole mag-  FIG. 7. Trap factor distribution of the electron cloud at different
nets, respectively. Herneis the distance to the chamber cen- times in a normal quadrupole magnet for 4 mm bunch length.

0.03

0.02

Normalized Trap Factor Distribution
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electron cloud, more and more photoelectrons will bewhereeis the charge of an electron wig 0 in this section.
trapped. The positron beam effect on trapping is very cleaThere are opposite drift directions for the electron and posi-
After the passage of the last bunch in the bunch train, théron. This is called the gradier® drift. The field line is
nontrapped photoelectrons disappear quickly and the trappexirved in the quadrupole and sextupole magnets. The gradi-
electrons are left. Therefore, all the trap factors of the phoent can be divided into two components: the tangential and
toelectrons during the bunch train separation are larger thamormal gradient relative to the field line. The tangential gra-
1 as shown in Fig. 7. It agrees very well with the E@). dient of the field does not cause the gradient drift according
There is a similar trapping mechanism within the bunchto Eq. (14) because it is parallel to the magnetic field. The
train where the photoelectron is disturbed by the positromormal gradient, which is-Bn/Rg, causes gradient drift,
bunch during the bunch passage and drifts under the magvheren is the unit vector normal to the field line amiy is
netic force as shown above. The bunch spacing 8 ns is mudhe radius of local curvature of the magnetic field line as
longer than the bunch length 0.01 ns. Therefore, the behaviahown in Fig. 4. Using Eq14), we can get the gradient drift
of an electron within the bunch train is similar to that during velocity
the bunch train separation due to the same trapping mecha-
nism. The positron beam force chandes, and hence the — . n B , 15
location of the reflective points. Figure 8 shows the electron vgrad_ZBQS XR_BUL’ (15
orbit in the sextupole magnet during a bunch train with 100
buncheq786 ng. where();=eB/m is the gyration angular velocity. Note that
0 ¢<0 for the electron here.
IV. ORBIT OF THE GUIDING CENTER Now we consider a curved magnetic field line as in the
case of the quadrupole and sextupole magnets. The guiding
The orbit surface of the drift motion in general magnetic center motion that follows the field line is deflected along the
field is given by[7] curve and as a result the electron undergoes an inertial force
or a centrifugal force perpendicular to the field line,

n Y
* — m
A*=A+ oB B=const.,, (13 mu’Rg  muf

c— 7~ N
whereA is the vector potential of the magnetic field. For the Rs Re

translationally symmetric quadrupole and sextupole field, th%herefore, the drift velocity of the guiding center due to the
orbit of the guiding center is given b&,= const. Therefore,

(16)

. O : S » forceF is
the orbit of the guiding center is the magnetic field line
which is clearly shown in Figs. (B) and 3b) with A, _ F.xB n B ,
=A,(x?—y?) for the normal quadrupole field and, 87 T BO, Ry (17)
S

= Az(x3—3xy?) for the normal sextupole field, respectively.
Besides the movement along the field line, the guidingcombining with Eq.(15), we can get the total drift velocity

center also moves along taelirection, which is the positron  of the guiding center along tredirection,

beam direction, as shown in Figs(a and 3a). The drift

along thez direction is due to the magnetic field gradient _ n s 2

drift and the centrifugal force. The gradient of the magnet ng:B_QSXR_B(UH +u/2). (18

field causes the electron drift in the direction perpendicular

to the magnetic fiel® and the gradient of the fiel¥ B [8], Note the dependence af,, on Qg in Eg. (18), which is

particle charge dependent. Therefore, there is a different drift

direction for the positron and electron. All parameters in the

above formula are location dependent and the drift velocities

_om
vgrad:WBXVBv (14
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are the average value over the period of gyration motionquadrupole and sextupole magnetic fields can strongly trap
Applying the law of kinetic energy conservation and mag-the photoelectrons for a very long time with level®Its
netic moment conservation, the above equation can be remtil they drift out of the magnets in the beam direction. The

written as revolution time of the positron beam around the accelerator
is about 1x 10* ns in KEKB LER. Therefore, most photo-

- :i ﬂv_ ) (19) electrons can be trapped for more than one revolution time.

92 eRs\ B Hm /- As a result, the trapped photoelectrons can cause multiturn

_ . effects to the positron beam.
From Eq.(19), vy, is modulated by the field strengtand The positron beam disturbs the photoelectron within a
the radiusRg . Its average value over one period of the par-punch train and hence changes the motion of the guiding
allel motion between the two turning points, which decidescenter as shown in Fig. 8. Firgt, , and hence the reflective

the trapping time of the electron, is point, is modulated by the acceleration of the positron beam.
1 7o Second, the positron beam also causes the photoelectron
g =— jg =924, (20)  zdirection drift due to thé=x B drift, whereE is the beam
T Y electric field. Although the bunch length is short, thx B

drift is still important due to the strong electric field of the

positron bunch (19-10 V/m). Therefore, comparing with

the bunch train separation case, a photoelectron within bunch
dl train has bigger drift velocity along thedirection.

™= O —. (21

L

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

V. CONCLUSION

The electron shown in Fig. 2 drifts about four periods and - 5 gyiking photoelectron-trapping phenomenon has been
6.2 mm in thez direction during 943 ns. Therefore, its period gpcarved in our simulation study. The phenomenon is ex-

and average-direction drift V?IOCity by simulat_ion 15236 NS ylained and agrees well with our analysis. Its mechanism is
and 0.0066 mm/ns, respectively. The analytic results of thg,e mirror field trapping. The trapping is both magnetic field
period andz-direction drift velocity from Eqs(20) and(21) nd beam dependent. There is no trapping for long bunch.

are 228 ns and 0.0063 mm/ns, respectively. They agree wit he trapping time is long due to its very smaltlirection

the simulation results well. Note that a lower field grad'en,tvelocity. Therefore, the trapped electron cloud can cause

0.5 T/m is used for this example. Figure 9 shows the diSt”'multitrain bunch interaction, even multiturn effects. Its ef-

bution of the analyticr and vy, of the trapped electron cloud fects on the beam should be studied in the future.
as shown in Fig. @. The peak of ther distribution is close

to two times that of the bunch spacing, which indicates the
frequency of the interaction between the electron cloud and
the positron bunch electric field. The peakwgf distribution We thank Professor A. Chao, Professor K. Nakajima, Pro-
is around 3.5% 10 3 mm/ns. The length of the quadrupole fessor E. Perevedentsev, Dr. K. Ohmi, and Dr. F. Zimmer-
and sextupole magnets is 0.4 m for KEK LER. Therefore, thanann for helpful discussions.
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