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Transport of a space-charge dominated electron beam in a short-quadrupole channe

S. Bernal, P. Chin, R. A. Kishek, Y. Li, M. Reiser, and J. G. Wang
Institute for Plasma Research, University of Maryland, College Park, Maryland 20742

T. Godlove
FM Technologies, Inc., Fairfax, Virginia 22032

I. Haber
Naval Research Laboratory, Washington, D.C. 20375
(Received 10 June 1998; published 31 August 1998)

Results are presented for electron beam transport experiments in a 1-m-long straight section consisting
of a solenoid and five short printed-circuit quadrupoles. A linear computer code for rms envelope
matching,SPOT, is used for channel design, while final simulations with more realistic elements are
obtained with a2 1

2 D version ofWARP, a particle-in-cell code. Reasonable agreement is found between
calculations and the effective beam envelope obtained from pictures of the beam on a movable phospho
screen. The results validate, within experimental errors, the use of short magnetic quadrupoles for the
transport of space-charge dominated beams. The straight section constitutes the prototype matching
section for an electron recirculator to be built at the University of Maryland. [S1098-4402(98)00014-7]
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I. INTRODUCTION

The transport of intense particle beams is of gr
interest to many areas of applied science: accelera
for high-energy physics, free electron lasers, heavy-
fusion drivers, spallation neutron sources, and med
applications, among others. Many of the beam phys
issues relevant to these applications can be address
a low-cost way by using low-energy (,10 kV), high-
current (up to 100 mA) electron beams in a univers
laboratory setting. Based on this idea, the Univers
of Maryland has started the development of a sm
electron ring [1] to extend the on-going beam phys
experiments to a much longer time scale than is curre
available and to investigate new beam physics iss
in circular lattices [2]. An important component of th
electron ring is the injection system, consisting of
straight matching section and an inflector; the former u
dc focusing elements, while the latter employs puls
elements for focusing and deflection into the ring. T
present work reports on the first experiments rela
to the matching section; they provide the first benc
test results of the short printed-circuit (PC) quadrup
and the ring lattice designs. Experiments with spa
charge dominated beams elsewhere have used electro
quadrupoles to focus single or multiple beams [3].
our knowledge, however, no beam transport experime
to date have employed quadrupoles as short as the
intended for the Maryland ring. The need for sho
quadrupoles is dictated by stringent space requirem
in the electron ring lattice, a situation that may beco
more common for the development of new accelerat
for intense beams. Although the PC quadrupoles h
many advantages in design, cost, and manufacture,
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dominant fringe fields, arising from their small aspe
ratio, have raised concern about the possible detrime
effects on the dynamics of intense beams. Another as
of the experiments reported here is the use of a solen
quadrupole system for matching. While this syste
suits our specific experimental needs well, it prese
interesting general design issues of its own.

The paper is organized as follows: Sec. II presents
beam and FODO (alternating gradient) lattice parame
important for design calculations; Sec. III describes t
experiment’s physical components, from the source to
diagnostics, and summarizes the experimental proced
Sec. IV is a brief discussion of the computer cod
used for lattice design and simulations. The results a
discussion are presented in Sec. V.

II. BEAM AND FODO PARAMETERS

The beam and FODO lattice parameters are summar
in Table I. “FODO lattice” refers here to the period
geometry that is the ideal continuation of the soleno
quadrupole matching system of the experiment (Fig. 1)

TABLE I. Beam and FODO lattice parameters.

Beam energy 4 keV
Beam current,I 17 mA
Generalized perveance,K 1.0 3 1023

Emittance (normalized),́N  bg´ 8.4 mm mrad
Effective emittancea (4 rms),´ 67 mm mrad
Transport pipe radius 1.9 cm
Half-lattice period,Sy2 15 cm
Quadrupole apertureylength 4.4 cmy4.4 cm
aM. Reiser,Theory and Design of Charged Particle Beams
(Wiley, New York, 1994), p. 59.
© 1998 The American Physical Society 044202-1
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FIG. 1. Experiment setup. The PC quadrupole spacing is 15 cm.
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In Table I,K  s2IyI0d sbgd23, whereI0  17 kA for
electrons, andb, g have the usual definitions in terms o
the speed of light and the particle’s speed. For a spa
charge dominated beamK ¿ ´2ya2 [see Eqs. (2) and
(3) below], wherea is the average beam radius in th
ideal infinite FODO geometry. To a good approximati
[4], a  sSys0d s´s0yS 1 Kd1y2 and sayamaxd  s1 2

1.2s0ypd1y2, wheres0 is the zero-current phase advan
in the FODO lattice. These expressions yield valu
within about 10% of exact calculations involving Eqs. (
and (3). In the present case,a  0.74 cm (for s0 
85±) and amax  1.13 cm, roughly equal to the radiu
of the fluorescent screen used for diagnostics in
matching experiments. Using similar approximations,
tune depressionsys0 in the infinite FODO lattice can be
calculated to bef1 1 sKSy2s0´d2g1y2 2 sKSy2s0´d 
0.3, within the design range for the future electron ring.

The numbers given above are of value only as
general guide in the design of the matching section. T
details of the beam matching procedure in experiment
calculations are presented in the next two sections.

III. EXPERIMENT SETUP AND PROCEDURE

Figure 1 illustrates the experiment setup. The elect
beam, originating about 12 cm behind the second apert
is allowed to expand before entering the solenoid fie
The solenoid transforms the initially small and rapid
expanding beam into one that can be handled with
magnetic quadrupoles. The first PC quadrupole is loca
near the beam waist, 11.5 cm from the middle plane
the solenoid. Four more PC quadrupoles, spaced as in
ideal FODO lattice, focus the beam to a distance of alm
1 m from the starting point. PC steering dipoles and a
of Helmholtz coils assist in beam alignment. Different
pumping allows the use of a movable phosphor scr
for beam diagnostics anywhere in the channel. Details
each component are presented below.
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A. Electron Gun

The first component, the electron gun, is a Pierce-ty
constant perveance source which produces beam puls
the microsecond range with energies up to about 10
and currents ranging from a few milliampere to abo
300 mA. The gun is a scaled-down replica (2.54
cathode) of the SLAC klystron gun. Following the gu
are two apertures used to obtain the desired current a
beam energy of the experiment. The pulse width is5 ms
and the pulse rate is 60 Hz; it is of special importance
the pulses be synchronized with nulls of the ac volta
applied to the cathode heater. This is to prevent
electron beam from acquiring significant initial angu
momentum from the magnetic field of the heater coil.

B. Solenoid

The solenoid, placed 10.5 cm from the second apert
is of the type employed in a 5 m solenoid channel u
extensively for beam physics experiments at Maryland
the last 10 years [5]. The measured on-axis field of
solenoid is represented very accurately by the function

Bzszd  B0 exps2z2yd2d fsechszybd 1 C0 sinh2szybdg ,
(1)

whereB0 is the field in the middle plane of the soleno
and C0, b, d are fit coefficients (see Table II). Th
function allows us the direct computation (through t
derivatives) of the solenoid off-axis nonlinear axial a
radial field components for simulations with the partic
in-cell (PIC) code discussed in Sec. IV. Furthermo
Eq. (1) makes possible the separation of linear
nonlinear terms in the calculations and is less prone
errors from approximations than a direct integration of
fields from the solenoid wires. The formula in Eq. (
is an improvement over a simpler representation u
before [6].
044202-2
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TABLE II. Parameters of focusing elements.

Solenoid PC quadrupoles

Distance from second aperture 10.5 cm 22, 37, 52, 67, 82 cm
Effective length 4.5 cm 3.35 cm
Fit coefficientsd, b, C0 [Eq. (1)] 4.82 cm, 3.43 cm, 0.017 N/A
On-axis field (gradient) 66.7 G 2.71,25.81, 6.77,26.12, 6.23 Gycm
Current 3.71 A 358, 767.5, 895, 809, 823 mA
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C. Printed-Circuit Quadrupoles

The magnetic quadrupoles are made from flexi
double-layer printed circuits; their design [7] is bas
on the radial linearity of the axially-integrated transver
magnetic field. The deviation of this integral from th
value obtained if perfect linearity is assumed is only 0.6
at 70% of the quadrupole radius (Fig. 2a). Although t
is a sound criterion for the transport of low-intensi
beams, as verified in previous single-particle studies
it is not clear that it also applies for intense beam
The integration of the quadrupole field along the act
particle trajectory in the presence of self fields may dif
significantly, especially at large radii from the axis, fro
the single-particle value. Thus the use of aPIC code for
simulations and an experimental check are required.

Unlike more conventional quadrupole lenses, the fi
of the short air-core PC quads consists entirely of “fring
fields (Fig. 2b). The measurements of the field com
nents on a scaled-up version of the quadrupole agree
with calculations with the iron-free magnetics codeMAG-

PC (a product of the Infolytica Corporation), as describ
in Ref. [7]. For realistic beam simulations with thePIC

code, a three-dimensional map of the field at 1 mm
tervals is used, so the fullz dependence of the fields an
all nonlinearities are taken into account. Table II conta
044202-3
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the effective length and peak strengths of the solenoid
quadrupoles.

D. Steering Dipoles and Helmholtz coils

Printed-circuit steering dipoles were used after
second aperture and between quadrupoles. Also, 1
square Helmholtz coils (see Fig. 1) were introduced
the experiment to alleviate the effect of the Eart
magnetic field and other stray fields (e.g., from vacu
ion pumps) on the low-energy electron beam. Althou
no special provision was used for balancing the (sma
horizontal component of the Earth’s field, the steer
dipoles produced sufficient compensation.

E. Diagnostics

The diagnostics included a Pearson transformer
beam current measurements, a 2.54 cm (diameter)
rescent screen, and a charge-coupled device (CCD) c
era (Panasonic GP-KR222) with associated hardware
video-frame capture and software for image analysis
processing. The camera has 480 lines of horizontal r
lution and a 50 dB signal-to-noise ratio; it provides f
iris aperture and exposure controls to prevent satura
).
FIG. 2. (Color) PC Quadrupole: (a) radial variation of axially integrated field (per amp) at 0± and (b) on-axis gradient (per amp
The dashed lines represent the hard-top model.
044202-3
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of the CCD sensor (this feature is important for obtain
beam profile information). Although the phosphor scre
was not calibrated (against a Faraday cup, for exam
for obtaining accurate beam profiles, previous experie
[9] with the relatively sharp-edged profiles of spac
charge dominated beams (see Figs. 3 and 4) has s
that the uncalibrated beam profiles are, in most ca
sufficient for determining the effective beam size alo
the channel.

F. Experimental Procedure

The experiment proceeded in three stages. In the
step, the initial beam slope was determined from be
size data for the free expansion of the beam near the
ond aperture. Then, solenoid focusing was studied u
a distance of about 40 cm from the second aperture
the last step, quadrupole focusing was observed seq
tially, with special attention given to quadrupole angu
placement to correct for any beam rotations relative to
quadrupole principal axes. Fortunately, rotations of
principal axes of the beam cross section arising from
tated quads are decoupled from centroid motion so
can be easily corrected in the experiment without in
ducing additional errors.

Beam alignment was kept within about 0.5 m
through the use of steering PC dipoles placed betw
quadrupoles; the Helmholtz coils mentioned above w
also used for fine tuning the alignment. A final che
of the alignment was done through switching of t
quadrupole polarities. The alignment achieved using
method was good only in an average sense, since s
allowed us only one steering dipole between quads
correct for beam centroid position at the midplane of e
quadrupole.

FIG. 3. Phosphor screen pictures from a CCD cam
(1) near aperture (6.3 mm diameter), near midplane of sole
(2) and quadrupoles 1, 2, 3, 4, and 5 [(3), (5), (7), (9),
(11)]. The rest of the pictures are at planes between quad
implied.
044202-4
n
e)
e

-
wn
s,

st
m
c-

to
In
n-

r
e
e
-
y
-

n
e

is
ce

to
h

:
id
d
as

The matched envelope solution, both in calculations
experiment, is especially sensitive to the solenoid focus
strength: A change of only 0.5% in peak solenoid fie
makes noticeable changes in the beam envelope. Pos
displacement of the beam axis relative to the solen
magnetic axis, as well as small hysteresis effects, af
the focusing of the solenoid. The initial beam slope a
to a lesser extent, the emittance are also important for
matched solutions. The emittance is derived from dir
measurements in other experiments [9], taking into acco
the existence of the two apertures (Fig. 1).

A smaller role is played by the uncertainty
quadrupole currents (about 1%) and location. Fina
small errors are introduced by the use of an uncalibra
phosphor screen and noise (mostly spurious light) in
diagnostics.

IV. COMPUTER CODES
A. KV code

A preliminary study of the design of the matchin
section using a linear code was presented previously [
We review here the most important aspects of the probl

The matching of the electron beam into an infin
FODO straight lattice is calculated using the linear co
SPOT [11], which is based on the solution of theKV

envelope differential equations [12]

X 00 1 kxszdX 2
2K

X 1 Y
2

´2

X3  0 , (2)

Y 00 1 kyszdY 2
2K

X 1 Y
2

´2

Y 3  0 , (3)

whereX, Y are the effective beam sizesX  2xrms, Y 
2yrms in directions perpendicular to the beam prop
gation (z direction) and prime indicates derivativ
with respect to z. The other quantities,K and ´,
are defined in Table I, andkx,yszd represent focusing
functions. For particles of chargeq and (design)
linear momentump0, solenoid focusing is given b
kx  ky  fqBzszdyp0g2, while quadrupole focusing i
represented bykx  2ky  fqgszdyp0g. The on-axis
solenoid field Bzszd is given by Eq. (1), while the
quadrupole on-axis gradientgszd is shown in Fig. 2b.

For the matching calculations, Eqs. (2) and (3) are fi
solved for the beam envelopes in one period of the id
FODO geometry (parameters of Table I) and then for
actual solenoid-quadrupole system. The strengths o
of the elements except the last one (the last quadru
strength is kept fixed at the constant—except for sign
FODO lattice value) are varied and optimized until
solution is found (Table II). The optimization procedu
does not include variations in the location of focusi
elements; the locations are decided on the basis of ge
considerations, as discussed below, as well as simple
and error. The integration step for the solution of theKV

envelope equations is typically 0.5 mm.
044202-4
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drupoles 4
FIG. 4. (Color) Beam cross sections and density profiles near planes between quadrupoles 2 and 3 (a) and between qua
and 5 (b). The gray scale corresponds to an eight-bit picture, i.e., where “0” is black and “255” is white.
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B. PIC code

For the PIC simulations, the single-slice version o
WARP [13] was used. This version of the code runs mu
faster than the full 3D version: It is 2D but includes a
three particle-velocity components. The single-slice co
was checked against the full 3D version and found to
adequate for simulating the matching section.

The simulations withWARP start with a semi-Gaussia
distribution (i.e., one with uniform particle density bu
nonzero transverse temperature) at the second ape
A grid of 128 3 128 cells is used across the 3.8 cm
the pipe diameter, so the cell size corresponds to ab
1y3 of a Debye length. To minimize numerical collision
40 000 particles per slice are employed. The step size
the calculations is 2.5 mm, found to be adequate u
comparison with shorter steps.

As mentioned above, thePIC simulations employ real-
istic elements, including nonlinearities andz dependence
For the final simulations, the solenoid peak field, init
beam slope, and emittance are slightly adjusted within
perimental errors, about nominal values, to yield the b
agreement. The values given in Tables I and II reflect
adjustment.

V. RESULTS AND DISCUSSION

The beam envelope is determined experimenta
from pictures taken near the middle plane of all fi
quadrupoles, at three more planes in between each
044202-5
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of quadrupoles, and at points near the aperture. In e
case, the beam sizes in the horizontal and vertical pl
are calculated as twice the rms value ofx and y using
the pixel coordinates and gray scale values (0 to 255
representation of the beam particle density distribut
Provisions are included in the image analysis software
noise reduction.

Figure 3 shows a partial sample of pictures taken
one run, while Fig. 4 presents typical beam profiles in
transverse directions. The internal structure observe
the beam will be the subject of a future publication.

Slight variations of the lattice geometry of Fig. 1 we
tested, as well as reduced overall focusing (e.g., focu
for s0  76± in the corresponding FODO lattice). Th
results are qualitatively similar for all cases, so the o
presented in the figures are representative of
experiments.

Figure 5 compares the experimental results with
numerical simulations and theKV-envelope calculations
Remarkable agreement is obtained. The close corres
dence between the envelope fromWARP and that predicted
by the linearKV code demonstrates linear focusing of t
space-charge dominated electron beam in the solen
quadrupole system. Furthermore, approximate rms e
lope matching into a FODO lattice is achieved.

The particular lattice geometry chosen for the exp
ment can be understood in simple terms. The soleno
placed at a distance such that the beam is allowed to
pand to a radius roughly equal to the average radius in
044202-5
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Fig. 5. (Color) Experiment vs calculations. The solid lin
are results from thePIC code WARP, while the dashed lines
are from the KV code SPOT. The origin on thez axis
coincides with the position of the second aperture (diamete
6.35 nm), where the beam slope is0.032 6 0.002 rad. The
lens parameters are given in Table II.

FODO lattice. This value is small compared to the so
noid bore radius (31 mm), so the role of solenoid nonl
earities is minimized. The first quadrupole, on the oth
hand, is located near the beam waist; in this way the be
envelope is expected to split evenly. In practice, howev
the current geometry causes an initially strong focusing
the beam in one direction, as seen in Fig. 5 (lower lobe
the envelope following the first quadrupole, Q1) and p
ture labeled “5” in Fig. 3. The overfocusing by Q1 ca
be reduced by a slight rearrangement of the lattice geo
try (e.g., by moving the solenoid fromz  10.5 cm to
z  12.5 cm and changing the quadrupole strengths
cordingly, following recalculations with the linear code
The new matched solutions, both measured and simula
are otherwise like the ones shown in Fig. 5.

VI. CONCLUSION

We have used a linear code to design a matching
tion consisting of a short solenoid and five printed-circ
quadrupoles. The results for the effective beam size
the channel agree reasonably well with calculations in
linear model as well as with particle-in-cell simulation
involving more realistic focusing elements. In this wa
044202-6
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we have shown, within the uncertainties of the expe
ment, that the design of small aspect-ratio magn
quadrupoles to focus intense beams can be based o
same criteria used for zero current. Furthermore, appr
mate matching in a root-mean-square sense has
achieved, although internal structure observed in the b
suggests possible mismatch in the charge density pro
This latter issue will be addressed in a future publicati
The results of the experiment are an important step in
development of the matching section for the University
Maryland electron ring.
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