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Dark currents and their effect on the primary beam in an X-band linac
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We numerically study properties of primary dark currents in an X-band accelerating structure. For the
H60VG3 structure considered for the Next Linear Collider (NLC) we first perform a fairly complete (with
some approximations) calculation of dark-current trajectories. These results are used to study properties of
the dark current leaving the structure. For example, at accelerating gradient of 65 MV=m, considering two
very different assumptions about dark-current emission around the irises, we find that the fraction of
emitted current leaving the structure to be a consistent �1%. Considering that �1 mA outgoing dark
current is seen in measurement, this implies that �100 mA (or 10 pC per period) is emitted within the
structure itself. Using the formalism of the Liénard-Wiechert potentials, we then perform a systematic
calculation of the transverse kick of dark currents on a primary linac bunch. The result is �1 V kick per
mA (or per 0:1 pC per period) dark current emitted from an iris. For an entire structure we estimate the
total kick on a primary bunch to be �15 V. For the NLC linac this translates to a ratio of (final) vertical
beam offset to beam size of about 0.2. However, with the assumptions that needed to be made—
particularly the number of emitters and their distribution within a structure—the accuracy of this result
may be limited to the order of magnitude.
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I. INTRODUCTION

In high gradient, normal conducting accelerator struc-
tures electrons are emitted spontaneously from the walls
and then move under the influence of rf fields. Of this
‘‘dark current,’’ what leaves the structure is typically mea-
sured to be on the mA (average current) level. A question
of interest for accelerators of low emittance beams is, What
is the effect of dark-current electrons on bunches, e.g., can
they significantly affect the orbit or emittance? This ques-
tion has significant relevance for normal conducting linear
colliders such as the Next Linear Collider (NLC/GLC) or
the CLIC designs [1]. It has been suggested that dark
currents might have been a source of beam jitter in the
Stanford Linear Collider (SLC) [2]. In this report we study
the dark current of an X-band structure and its impact on
the beam in the NLC linac using simulations.

Dark currents have been studied by many authors, both
experimentally (see, e.g., Refs. [3–5]) and through numeri-
cal tracking (see, e.g., Refs. [6–11]). A difference from
earlier numerical work is that, instead of randomly choos-
ing many times and positions within a structure for dark-
current emission, that is then followed, we begin with a
fairly complete calculation of possible emission times and
positions (with some approximations). We then apply as-
sumptions about the spacial distribution of emitters to
weight these results. For this study, we use a tracking
program, written in MATHEMATICA, by Setzer [8]. The
program was originally written for standing wave struc-
tures; we have modified it to be applicable to traveling
wave structures and to include the calculation of dark-
current kicks on a primary beam moving through the
structure. For purposes of normalization we will refer to
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measurements performed on the same X-band structure at
SLAC, at the NLC Test Accelerator (NLCTA) [12].

In the first part of this report, we address such questions
as: what fraction of dark current reaches the ends of a
structure, what are the temporal and spectral distributions
of outgoing dark current, and what is the dependence on
accelerator gradient. Where possible these results are com-
pared against measurements. In the second part of the
report we use the Liénard-Wiechert potentials formalism
to estimate the kick of the dark current on a primary beam
traversing the structure. Note that this is a study of the
behavior and effects of primary dark-current electrons in
X-band accelerator structures and does not include effects
of secondary electrons.

II. SIMULATION PROGRAM

Our simulation program can be applied to cylindrically
symmetric, periodic, traveling wave structures of any
length. First MAFIA [13] is used to obtain electric and
magnetic fields (complex quantities) over a fine grid that
covers one cell. This data is splined to give the fields as
functions of radial and longitudinal coordinates (r, z). The
Floquet condition then gives the fields in any cell of a
repeating structure. Finally, time dependence is added by
multiplying (with the proper phase) with ei!t, where ! is
the (rf) radial frequency and t is time.

The specific structure that we consider in this report is
the H60VG3 disk-loaded structure, a 54-cell, approxi-
mately constant gradient cavity that was built for the
NLC project and that operates at 11.4 GHz at a per cell
phase advance of 5
=6 [14]. Note that our program ap-
proximates the fields of a constant gradient structure, but it
does not include the gradual change in cavity dimension
1-1  2005 The American Physical Society



FIG. 1. (Color) Two cells of the model geometry, showing the
angle � (the emission point is in the x-z plane and indicated by
the red dot).
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found in the real structure. For our calculations we take a
(cylindrically symmetric) lossless model with dimensions
of the average H60VG3 cell: iris radius a � 4:7 mm,
cavity radius b � 11:1 mm, gap g � 6:9 mm, and period
p � 10:9 mm (see Fig. 1).
FIG. 2. (Color) Absolute value of the electric field in one cell of
the H60VG3 structure.

FIG. 3. (Color) The longitudinal electric field seen by a test particle
speed of light) against the wave (b).

06440
In experiments at SLAC, at the NLCTA, a full cavity is
connected at both ends to 20 cm of vacuum chamber and
then to detectors (beam current monitors). In our simula-
tions, in order to be able to compare with measurement the
current reaching the detectors, we also add 20 cm tubes of
radius a (with no fields) to the ends of the structure. The
correct end effects, including those due to the 3D nature of
the coupling cells, are not included. Note that in our
simulations, unless otherwise indicated, we scale the fields
so that the accelerating gradient, when averaged over a
cell, is Eacc � 65 MV=m. The pattern of the absolute value
of the electric field in one cell is shown in Fig. 2. In Fig. 3
we show the longitudinal electric field in the frame of a test
particle moving through the structure on the crest of the rf
wave (a), and by one moving (at the speed of light) against
the wave (b). In Fig. 3(b) we see 5 oscillations over a
superperiod of 6 cells, because the per cell phase advance
of the mode is 5
=6.

For dark-current simulations consider now emission in
the x-z plane, beginning on an iris at angle �, defined in
Fig. 1. In our figures of the structure, here and in what
follows, emission is from above (positive x), and down-
stream, the direction of acceleration and power flow, is to
the right. We allow charged macroparticles, initially at rest,
to be pulled away from the walls by the rf fields. We let the
time development of the charge of emitted particles follow
the Fowler-Nordheim (FN) equation [15]

J�1:54�10�6�
2E�t�2

’
104:52’�0:5

exp
�
�

6:53�109’1:5

�E�t�

�
;

(1)

with J the current density (in A=m2), � the field enhance-
ment factor, ’ the work function of the metal (in eV), and
E�t� the applied surface electric field (in V=m). Note that,
in our structure, the maximum of the surface field, Ê, varies
from 85–130 MV=m, depending on the location on an iris
of the emission point. In our simulations we take ’ �
4:7 eV (copper) and � � 30, a value that has typically
been found in measurement at the NLCTA [12]. Note
moving with the rf wave on crest (a), and by one moving (at the
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that, as a function of time (or rf phase �) the emitted

current is approximately Gaussian, with rms width �� ���������������������������������������������
�Ê=�6:53 � 109’1:5�

q
, which in our case varies from

11�–14�. In our simulations we consider relative currents,
and the cross-sectional area of emitters is not important
(absolute current, however, will be deduced at the end from
comparison with experiments at the NLCTA).

After macroparticles leave the wall they move under the
influence of the Lorentz force due to the rf fields; their
motion is tracked, with the aid of Boris rotation (see, e.g.,
[16]), until they either hit a wall or leave the structure.
Among the simplifications in our calculations are

(i) The particles are assumed to have no initial energy
and to be emitted perpendicular to the (ideal) metal sur-
face. In reality particles emitted from a metal have initial
energy on the order of a few eV and initial angle that will
deviate from the normal [10]. These assumptions affect the
longer term trajectory of the particles.

(ii) Dark current is thought to emit from local micro-
scopic protrusions on the metal surface, which enhance the
local electric field and will tend to change the (normal)
emission direction. Such microscopic perturbations and
FIG. 4. (Color) Trajectories (in the x-z plane) of dark-current macr
emission angles �. Color coding indicates relative charge of the asso
iris from above (positive x); downstream is to the right (positive z). B
with the time they have all left the iris surface (t � 0), and then in tim
snapshot times (the red dots).
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their effects on the beam dynamics are not included in
our simulations.

(iii) The self-fields of the dark-current particles are
assumed to be small and are not considered.

(iv) This is a study of primary dark-current electrons and
their effects. In real structures, however, there will be
secondaries also, and they may even outnumber the pri-
mary electrons (as was found, for example, in a high
gradient S-band study [6]).

In Fig. 4 we plot the trajectories followed by dark-
current macroparticles that are emitted at rf phase interval
�� � �180=
�!�t � 1�, for 4 example iris emission
locations (corresponding to � � 65�, 90�, 115�, and
140�). Color coding gives relative charge of the macro-
particle following the trace (maximum in each plot is blue,
small is red), and also indicates relative time of emission.
Only trajectories of particles with charge greater than 10�5

of the maximum value are shown. Black dots give snap-
shots of macroparticle positions, beginning with the time
the last particle is emitted from the iris (t � 0), and then in
time steps c�t � 1 cm (c is speed of light). One on-axis rf
crest position (for electrons) is also given at snapshot
times, by red dots. (These will be referred to later when
oparticles emitted at rf phase interval �� � 1�, for 4 selected
ciated macroparticle. In each frame particles are emitted from an
lack dots give snapshots of the macroparticle positions, beginning
e steps c�t � 1 cm. One on-axis rf crest position is also shown at
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FIG. 5. (Color) Fraction of emitted current that reaches 54 cells
downstream of emitting iris vs �.
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we discuss the kicks of dark currents on the primary
beam.)

For � near 0� and 180� (not shown) the dark current
does not cross the axis and is confined to the cell neighbor-
ing the emitting iris. However, away from these regions we
find that typically a large part of the dark current ends up
colliding with the emitting iris (or neighboring cells) on the
opposite side of the axis from the emission point. In Fig. 4
we see that the case � � 65� has significant ‘‘capture,’’ by
which we mean particles that become caught by the rf
wave and travel long distances through the structure. We
see that the captured particles are emitted later in time than
peak emission. The captured dark current begins by filling
almost the entire aperture of the cavity; gradually after
many cells (not shown), due to adiabatic damping, the
transverse beam size reduces. We note that the traces
seem to vary rather uniformly from one to the next; how-
ever, there are a few (blue) traces that, after beginning like
their neighbors, suddenly move in very different directions.
From the black dots in the figure we see that, after initially
moving upstream, the captured particles continue down-
stream coherently. The case � � 115�, in contrast, shows
significant upstream drift. The drifting particles are emitted
earlier in time than peak emission, and the drift distance is
limited to a half dozen or so cells.

As a practical device we now take a 108-cell, periodic
model, have it emitting from the middle iris and calculate
possible dark-current traces (with some resolution). We
consider emission angles � from 0 to 180� in 2:5� steps,
and all rf phases of emission, in fine steps of �� � 0:1�.
We store the information as large lists with elements {x, z,
px, pz, t, �g (position, momentum, time, and phase of the
macroparticles) in time steps c�t 
 1 mm; the head of the
list also includes the surface electric field at emission.
Once these lists have been generated tracking no longer
needs to be done; the lists themselves—with the aid of
interpolation—suffice for the study of dark currents for
any emission scenario in a 54-cell structure. These lists
will be used in outgoing current and kicks to the primary
beam studies that follow.
III. OUTGOING CURRENT

Let us study the outgoing current (both up- and down-
stream) from a 54-cell structure. We assume that there are
many emitters, so that we can average over trajectories.
From the stored lists of trajectories, by making assump-
tions about the � dependence of emitted current and per-
forming sums, we obtain properties of the outgoing current
in a 54-cell cavity.

First, to study capture, we calculate the fraction of
emitted current that reaches 54 cells downstream, Idn=Ie
(Ie is emitted current), as function of �, in 2:5� steps (see
Fig. 5). We note that the curve is not smooth, due to the
nonuniform nature of some trajectories; and that capture is
06440
very sensitive to � and is maximized when emission is
from the upstream end of an iris, at angle 62:5�.

Images of dark currents are routinely obtained during
commissioning of rf guns; these images indicate that dark-
current emitters tend to be relatively few and steady in time
(see, e.g., [17] for s band, [18] for x band). Therefore, in
our structure we expect there to be relatively few emitters
on any iris. However, the � dependence of dark current
emitted from an iris is not known. We will, therefore, make
two very different assumptions about the � dependence
and compare results, with the idea of obtaining a range in
which the real answer is likely to lie. The first assumption,
which we call the nonuniform emission assumption, is
that the FN equation, with the same �, also applies at
different iris positions. The maximum electric field on
the iris surface varies from 85 MV=m at � � 90�, to
130 MV=m at � � 25�, 155� (see Fig. 2). Under the
nonuniform emission assumption the importance of emis-
sion angles near 25�, 155�, will be strongly enhanced.
However, this assumption does not seem to agree with
observation; e.g., pitting on iris surfaces, which is thought
to be indicative of dark-current emission [19], is not pref-
erentially found at the angles of maximum field. The
second assumption about the � dependence, which we
call the uniform emission assumption, is that the peak
current density is independent of �. A motivation for this
assumption is to consider the FN equation to be applicable
microscopically—with � a measure of the spikiness of
local protrusion on the surface. If the probability of finding
a relatively large spike is independent of �, we might then
expect the uniform emission assumption to be the more
applicable.

Figure 6 gives, for the uniform emission assumption, the
fraction of emitted current that exits the structure (solid)
and reaches the detectors (dashes), as functions of cell of
origination, ncell. We see from the relatively flat region of
the downstream curves that many particles are captured.
The large difference between both pairs of curves at the
ends indicates that many particles generated near the ends
1-4



FIG. 6. (Color) For emission uniform with �: fraction of emitted
dark current exiting the structure (solid) and reaching the de-
tectors (dashes) as functions of cell of origination ncell.

FIG. 8. (Color) For emission uniform with �: distribution in
kinetic energy of dark current exiting the structure (solid) and
entering the detectors (dashes), at the downstream end.
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have large angles and are collimated away. The sum accu-
mulated from the ends of the cavity gives the total current
outgoing at the downstream and upstream ends; for the
uniform (nonuniform) assumption 3.3% (0.6%) of emitted
current leaves the downstream end of the structure; for the
upstream end the results are 1.0% (0.6%). For the two very
different emission assumptions, the results are of the same
order. In the first two columns of Table I we summarize, for
both uniform and nonuniform emission assumptions, the
fraction of emitted dark current that leaves the structures,
and also the fraction that makes it into the detectors.
FIG. 7. (Color) For emission uniform with �: time distribution of da
(dashes), at the downstream (a) and upstream (b) ends.

TABLE I. Fraction of emitted dark current lea
detectors (first 2 columns); the 11.4 GHz compone
of the exiting currents (in arbitrary units, last 2 c

Emission dependence on � Idn=Ie [%]

Uniform 3.3
Into detectors 2.2

Nonuniform 0.6
Into detectors 0.3
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Figure 7 displays, for emission uniform in �, the time
distributions (normalized to emitted current) of the out-
going current at the ends of the structure and at the detec-
tors (note that � is rf wavelength). We see that the
downstream current is well bunched (for capture 0 � ct �
�=4), whereas the upstream current is not. Note that the
upstream current is mostly collimated away before reach-
ing the detector. In Fig. 8 we display the distribution of the
downstream kinetic energy Ek, again for the uniform as-
sumption. We see that it is low energy particles (which tend
to have large angles) that are collimated away. Note that
the maximum energy is 28 MeV, whereas EaccL � 38 MV
rk current exiting the structure (solid) and entering the detectors

ving ends of the structure, and reaching the
nt of the absolute value of the Fourier integral
olumns).

Iup=Ie [%] FI-down FI-up

1.0 100 10
0.1 75 1.5

0.6 17 3.5
0.05 10 0.5
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FIG. 10. (Color) Fowler-Nordheim plot of dark current reaching
downstream detector, assuming uniform (circles) or nonuniform
(diamonds) emission. Lines give linear fits and the emitted
current.

TABLE II. Selected bunch properties in the NLC linac.

Parameter Value Units

Charge, Q 1 nC
Rms bunch length, �z 100 #m
Energy, E 10–250 GeV
Vertical rms size, �y 4–1 #m
Horizontal rms size, �x 40–10 #m

BANE et al. Phys. Rev. ST Accel. Beams 8, 064401 (2005)
(L is structure length). The upstream distributions (not
shown) are rather uniform and limited to Ek < 2 MeV.

The real detectors are cavities that are tuned to the
structure frequency, 11:424 GHz, and the typical measured
ratio of upstream to downstream current is about a factor of
10 [12]. To compare with measurement we compute the
absolute value of the 11:424 GHz component of the
Fourier integral of the up and down time distributions
(see the right two columns of Table I). We see that the
ratio of the downstream to upstream Fourier components,
after collimation, is 50 (20) for the uniform (nonuniform)
emission assumption. Given the unbunched nature of the
upstream outgoing current, such a rough agreement with
measurement may be the best that we can hope for.

According to measurement �1 mA of current, averaged
over an rf period, leaves the downstream end of the struc-
ture. Therefore, our calculations imply that �100 mA of
average current (or a total of �10 pC of charge over one
period) is emitted within the structure itself.

A. Accelerator gradient dependence

We have repeated the simulations for different gradients.
In Fig. 9 we give the gradient dependence of the fraction of
emitted current reaching the downstream (a), and upstream
(b) detectors, when assuming uniform (solid line)
and nonuniform (dashes) emission. We note that capture
rises steeply near an (on-axis) acceleration of Eacc �
50 MV=m. Note that this is less than the gradient necessary
to capture a particle from rest, Eacc � 
m0c2=� �
61 MV=m [20]. Finally, in Fig. 10 we plot the downstream
data as ln�Idn=E2:5

acc� vs 1=Eacc (Idn is outgoing dark current,
in arbitrary units). Measured dark current is often plotted
this way, fitted to a straight line, and the slope is used to
obtain the � to characterize a structure [19]. Our fitted
slopes are 13% steeper than the emitted current curve.
Such a measurement procedure will, therefore, overesti-
mate the effective � within a structure by 13%.
Nevertheless, for outgoing current, we see that the FN
FIG. 9. (Color) Gradient dependence of fraction of emitted current r
(solid line), nonuniform (dashes) emission.

06440
dependence (of emission) completely overwhelms such a
‘‘capture’’ dependence.

IV. LIÉNARD-WIECHERT POTENTIALS

We next calculate the effect of dark current on a primary
beam (a bunch) as it moves on-axis at the speed of light
through the structure. (Selected primary bunch properties
in the NLC linac are given in Table II.) In the NLC the
(electron) bunch rides within 20� of rf crest (it is varied
from the crest to compensate wakefield effects), while the
eaching downstream (a) and upstream (b) detectors, for uniform
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positron bunch is shifted by half a wave length. In the
following we present detailed calculations for an electron
test particle on crest only. At the end we discuss also the
result for other rf phases. Finally, we take the scale of these
results to estimate the dark-current kick on the NLC pri-
mary beam.

We can visualize, back in Fig. 4, the progression of the
kicks on the test particle as it moves through the structure.
Recall that the black dots give snapshots of the dark-
current particles, beginning at the time the last particle is
emitted from the iris (t � 0), and then in time steps of ct �
1 cm. One on-axis rf crest position (for electrons) is also
shown at the snapshot times, by the red dots. The specific
crest position that is shown is the one for which a comoving
test particle would experience the largest kick from the
emitted dark current. Consider, for example, the case � �
65� [Fig. 4(a)]. We see that in this case such a test particle
collides with dark-current particles of relatively high
charge (blue in the figure) at time ct 
 1cm; after collision
the test particle overtakes the dark-current particle, and
then moves ever further ahead of it down the structure.
From the 4 frames of the figure it seems that the largest
dark-current-beam interaction (the collision) tends to be
confined to the vicinity (in z) of the emitting iris or the
neighboring cells. Thus we expect the effect to be essen-
tially the same, no matter from which iris (of a multicell
cavity) emission occurred.

We approximate the kick on a test particle (of the
primary beam) due to a source particle (of the dark current)
using the Liénard-Wiechert potentials between two parti-
cles moving in free space. This will not satisfy the bound-
ary conditions at the cavity walls. But since the test particle
never comes close to the walls, and since the dominant
contribution to the kick it experiences comes when source
particles come in close approach, this approximation
should suffice. The electric and magnetic fields due to
the Liénard-Wiechert potentials between source and test
particles are [21]

E�x; t� � q
�

n� �

&2�1 � � � n�3R2

�
ret



q
c

�
n� f�n� �� � _�g

�1 � � � n�3R

�
ret

B�x; t� � �n�E�ret; (2)

with x test particle position and t time; where q is charge
and � � v=c with v the velocity of the source particle and
& its Lorentz energy factor. The quantities on the right
hand side of Eqs. (2) are evaluated at the retarded time tr,
defined as the solution to

c�t� tr� � jx�t� � xs�tr�j � R; (3)

where xs designates the source position. The parameter n
is the unit vector in the direction x�t� � xs�tr�; dot over a
symbol indicates differentiation with respect to time. The
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first term in Eq. (2) is called the ‘‘velocity field’’ (or ‘‘space
charge field’’) and the second term the ‘‘acceleration
field.’’

The net kick on a test particle due to a dark-current
particle is obtained by inserting these fields in the Lorentz
force equation and integrating over time. The charge q is
normalized to total charge emitted per rf period, qe �
Ie�=c, (Ie is current emitted per period); as before, we
normalize in this way so we do not need to know details of
the emitter. Then, the total kick ktot is obtained by summing
over the kicks from all the macroparticles kn: ktot �

P
nkn.

And finally, as before, we obtain a kick in absolute units
with the help of NLCTA experience. Note that the essen-
tially local (to the emitting iris) nature of the kick means
that the result of one emission in a multicell structure can
be taken to be independent of which iris actually emits; this
fact will simplify our later calculation of the effect in a
structure, where we assume that many irises emit.

A. Kick divergence

Consider now dark current that is emitted in the x-z
plane, and a test particle (of a primary beam) that is slightly
offset in y. The force experienced by the test particle due to
a close encounter with a dark-current macroparticle scales
as �1=d2, where d is the distance between the two parti-
cles. For a continuous string of dark current it scales as
�1=d; and if we integrate over time to obtain the total kick
experienced by the test particle, we are left with a � lnd
dependence, which for small d is a weak divergence. (Note
that the divergence is only in y, since in x the kicks are
antisymmetric about the collision point, as discussed be-
low.) In a real situation, however, there are factors that will
always cause us to have a finite kick. These include, for
example, the fact that the dark current has a finite emit-
tance; that the emitted trajectory will tend to have a slight
azimuthal dependence (due to, e.g., surface irregularities)
and will miss the structure axis (and thus the primary
beam); that the primary beam itself (with its small trans-
verse dimensions) will tend to be slightly off axis in y and
be missed by the dark-current beam; and that dark-current
particles approaching closely will be kicked away by the
field of the primary beam.

However, the main reason for dark-current particles to
miss the test particle may be due to (microscopic) surface
irregularities. Suppose a local protrusion of size �1 #m
emits a dark-current particle. If the electric field at the
surface is 100 MV=m, the particle will have gained
100 eV in 1 #m of travel, of which, let us suppose,
10 eV is in y (perpendicular to the nominal emission
plane). By the time of collision (with the test particle)

the dark-current particle will have drifted in y by �y 


�y0s
���������������������������
�1 
 (�2 � 1

p
=(. Here �y0 � vy0=c the initial (ver-

tical) particle velocity and s is the distance traveled by the
particle before collision; ( � eEs=m0c2, with E the typi-
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cal electric field in the direction of motion and m0 the rest
mass of the electron.

For an initial 10 eV vertical component of energy, taking
s � 1 cm and E � 65 MV=m, we find that by the time of
collision (with the test particle) the dark-current particle
will have drifted �100 #m in the y direction. Considering
that, in the NLC linac, the vertical rms beam size varies
from 4 #m in the beginning to 1 #m at the end (see
Table II), we see that the chance of collision between
dark current and test particles is small. In following calcu-
lations we offset the test particle trajectory by 100 #m in y,
perpendicular to the (x-z) emission plane. The results are
not sensitive to the exact amount (as will be seen when we
present the results).

An approximation in our calculations that also results in
a finite kick is that the dark-current particles are unaffected
by the fields of the primary beam, whereas in reality
particles that come close in approach will tend to be
deflected away (the validity of ignoring this ‘‘recoil’’ will
be explored later).

B. Calculations

To illustrate the calculations we will give, in the next 3
figures, plots of intermediate results for the case of test
particle on crest, and dark-current emission angle � � 65�

and emission phase interval �� � 1� [the traces shown in
Fig. 4(a)]. First, the retarded time solutions for this ex-
ample [the solutions to Eq. (3)] are shown in Fig. 11. We
see that one of the blue traces has the closest approach to
the tr � t line, due to a near collision between dark current
and test particles; after the test particle passes the dark-
current particle, the retarded time tr for this trace remains
fixed at the time of collision.

Next the Liénard-Wiechert Equations, Eqs. (2), need to
be solved for the E and B fields experienced by the test
particle, as functions of time. Note that by the time of near
collision between the dark current and test particles, the
dark-current energy is still relatively low and the space
FIG. 11. (Color) Retarded time tr as function of time t for the
example trajectories of Fig. 4(a). Color code indicates relative
macroparticle charge.
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charge component, with its 1=&2 factor, tends to dominate
over the acceleration component; in addition, the E force
dominates over the B force. In Fig. 12 we plot the space
charge component (subscript s) of the electric field in x and
y as function of time t for the different dark-current macro-
particles shown in Fig. 4(a). High charge (blue) traces give
the largest contribution (on this scale the curves with color
other than blue are all near zero). The maximum field is at
time ct 
 1cm, as we could already see from Fig. 4(a). In
the x direction, earlier emitted macroparticles cross the
axis before the test particle arrives, and therefore give a
kick back, in the positive x direction; and the opposite is
true for macroparticles emitted later in time. Note that
there are fields in the z direction also, that are roughly
antisymmetric about the collision point; the kicks, how-
ever, are weak, are of not much practical interest for a
linear collider, and will not be discussed further here.

Integrating the Lorentz force due to the fields over time,
we obtain the total kick due to each macroparticle, kn (see
Fig. 13). We clearly see that the space charge component of
the kicks dominates, and the E kicks dominate over the B
kicks. Also, in xwe have large cancellation in the kicks due
to the different macroparticles. Summing over all macro-
particle contributions we obtain the total kick ktot for given
emission angle �. To obtain an accurate result we have
repeated the entire process, but with the much finer macro-
particle emission spacing (�� � 0:1�), and for � in steps
of 5�. The results are shown in Fig. 14.

We see two what look like resonances, near � � 60�

and � � 125�, where the y kick reaches a peak and the x
kick crosses zero. The former (latter) is a case where the
macroparticles are moving downstream (upstream) at the
time of collision. The general features of the curves are
understandable: the charge of the macroparticles is sym-
metric about the phase at peak emission; at the ‘‘resonant’’
values of ktot the timing is such that a maximum charge
macroparticles comes in closest approach with the test
particle, which leads to a maximum kick in y and (because
of the symmetry in the charge) near cancellation of kick in
x. Note that the transverse kicks are �1 V per mA average
emitted current.

We have repeated the calculations with the test particle’s
offset in y (in the out of plane direction) reduced from 100
to 25 #m; we find that ktot��� in x is virtually unchanged,
and in y is changed by & 30%. We have also repeated the
calculations using test particles that in z are not on the rf
crest (remember: in the NLC linac the electron beam can
be shifted—for wakefield compensation—by up to 20�,
and the positron beam is shifted by half a wavelength). The
results are that the details of ktot��� are different, though
the scale and maximum value are about the same.

Finally, to investigate the validity of ignoring the effect
of the primary beam’s fields on the motion of the dark
current (the recoil of the dark current), we compare the
kinetic energy in the dark current to the kick on the primary
1-8



FIG. 13. (Color) Contribution of the individual (dark current) macroparticles to kicks in x (a) and y (b), experienced by a test particle
(on crest) for the example of Fig. 4(a). The macroparticles are indexed by rf phase at emission, � (their spacing is 1�). The E (B) field
contribution is shown in blue (red); the space charge (acceleration) fields contribution is indicated by solid (dashed) curves.

FIG. 12. (Color) Space charge part of electric field components Exs (a) and Eys (b) as functions of time t as experienced by a test
particle on the rf crest for the example of Fig. 4(a). The fields are normalized to average emitted dark current. Color code indicates
relative macroparticle charge.
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beam. Consider the quantity ke � nkEk�=�ecQ�, with nk
the fraction of dark current that contributes most of the
kick, Ek the kinetic energy of these particles at time of near
approach, and Q the charge of the primary beam ( � 1 nC
for the NLC). We expect that our approximation (ignoring
FIG. 14. (Color) Total kick in x (solid) and y (dashes) experi-
enced by a test particle (on crest) as function of dark-current
emission angle �. For the calculation a fine macroparticle
emission spacing was used (�� � 0:1�).
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the recoil in the kick calculations) is good provided that ke
is large compared to our result of 1 V=mA, otherwise our
result is an overestimate. For example, for the NLC with
� � 65� we find that ne � 0:2, Ek � 50 keV, and thus
ke � 0:9 V=mA; with � � 130�, ne � 0:07, Ek �
150 keV, and ke � 0:9 V=mA. It appears that for the
NLC the dark-current recoil is important, and our result
of 1 V=mA kick should be taken as an overestimate.

C. Kick on primary beam in the NLC linac

We have found that the transverse kick due to dark
current is on the order of 1 V per mA of average current
(or per 0.1 pC of charge per rf period) emitted from an iris.
In the first half of this report we estimated that a total of
about 100 mA average current is emitted within the struc-
ture. Now, assuming one emitter on each iris (54 emitters in
all), each emitted at random azimuthal angle, we obtain a
total kick on the primary beam of about 100=

������
54

p
� 14 V

per structure.
In the NLC main linac the average beta function varies

with energy as #�� E1=2. In such a case the rms beam offset
at the end of the linac due to all dark-current kicks, �yrms,
divided by the beam size, �yf, is given by (see, e.g., [22])
1-9
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�yrms

�yf
�

e�ktot�st

E0

�������������������
Nst

#�y0&f

2.yn

vuut f�Ef=E0�; (4)

with f�x� �
�����������������������������������������������
2�x1=2 � 1�=�x�x� 1��

q
; with �ktot�st the kick

from one structure, Nst the number of structures, & the
Lorentz energy factor, and .yn the normalized vertical
emittance; with subscript 0 (f) denoting an initial (final)
quantity. For the NLC we take [1]: �ktot�st � 14 V, Nst �
20 000, #�y0 � 10 m, .yn � 3 � 10�8 m, E0 � 10 GeV,
and Ef � 250 GeV; we find that f�Ef=E0� � 0:12 and
�yrms=�yf � 0:2.

The many uncertainties in the calculation—e.g., the
total emitted current within a structure, the number of
emitters, and the position dependence of the emitted cur-
rents—means that our final result has maybe an order of
magnitude accuracy. Nevertheless, the results indicate that
the dark-current kicks are a small effect for the NLC. This
is true provided that the dark-current distribution is rela-
tively stable from pulse-to-pulse, as seems to be observed
experimentally (see, e.g., [5,17,18]); then the transverse
kicks would also be static or vary slowly in time and can be
corrected with feedback. However, if it is not stable it could
be a problem for the NLC, by significantly increasing the
projected emittance of a train of bunches. Note that an
important reason that the kick of the dark current is rela-
tively small is that the total charge in the emitted dark
current is small, only about 10 pC per rf period per
structure.

We have been talking about an effect on the vertical
orbit of the primary beam. For an effect on the (single
bunch) vertical emittance one needs a differential kick over
a bunch, and the differential kick for the NLC bunch must
be very small. For a noticeable effect a significant part of
the emitted dark current would need to collide directly with
the beam, but such a collision is very unlikely since the
vertical beam size is very small compared to the typical
dark-current offset. Thus we expect the effect of dark-
current kicks on beam emittance to be negligibly small.

V. CONCLUSION

We have numerically studied properties of primary dark
currents in an X-band accelerating structure. Unlike as is
typically done in such calculations—starting with many
random emission times and positions and then tracking the
dark current—we begin with a fairly complete calculation
of possible emissions (with some approximation) that we
follow, and then apply assumptions about the spacial dis-
tribution of emitters to weight the earlier results.

For the H60VG3 structure considered for the Next
Linear Collider (NLC) we give results on the outgoing
dark current and its time and spectral properties (at accel-
erating gradient of 65 MV=m) and the gradient depen-
dence. For example, considering two very different
assumptions about dark-current emission around the irises,
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we obtain the fraction of emitted current leaving the down-
stream end of a structure to be a consistent �1%. Since,
according to measurement, �1 mA of (average) dark cur-
rent leaves the downstream end of a structure, this result
implies that there is �100 mA of current (or 10 pC total
charge per rf period) emitted within a structure. In com-
parison with measurements using cavity monitors at the
ends of a structure, where the ratio of downstream to up-
stream dark current is found to be about a factor of 10, our
result is between 20 and 50.

The H60VG3 structure is meant to be used in the NLC
linac, and we have studied also the kick of the dark current
on a primary beam in such a linac. Using the formalism of
the Liénard-Wiechert potentials we find the transverse kick
to be �1 V per mA of average dark current (or per 0.1 pC
per rf period) emitted from an iris. (Since recoil of dark-
current particles is not included in our calculations and
does not appear to be insignificant, this result should be
taken as an overestimate.) The expected kick on the pri-
mary beam, �15 V per structure, translates to a final ratio
of (vertical) rms offset to beam size of 0.2. This result
depends on many assumptions—such as the total emitted
current within a structure and the number of emitters—and
may be accurate in order of magnitude only. Meanwhile,
the dark-current effect on (single bunch) vertical emittance
should be negligibly small.

Given the apparent stability of dark current as seen in
measurement, it seems that dark-current kicks will not be a
significant effect in an X-band linear collider. Studies are
still needed to determine whether this statement is still true
for the higher gradients and smaller beam emittances of the
CLIC design. Finally, we should note that this study also
suggests that rf breakdown events may be a significant
source of beam jitter in a collider because the emitted
currents are thousands of times higher, and they vary in
time and thus cannot be compensated with feedback [23].
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