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Abstract

We report on the results of beam transport experiments at the University of Maryland Electron Ring (UMER) over a

distance of approximately 4 m: The experiments involve a 10 keV; 25–100 mA; 100 ns electron beam in a lattice

consisting of one short solenoid, 24 printed-circuit magnetic quadrupole lenses, and a number of bending and steering

dipole magnets. The diagnostics include capacitive beam-position monitors, phosphor screens, slit-wire emittance

meters and others. We discuss the conditions required for matching the space-charge-dominated beam into the UMER

lattice, as well as emittance measurements and initial studies of longitudinal dynamics in the ring.

r 2003 Elsevier B.V. All rights reserved.
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1. Introduction

The University of Maryland Electron Ring
(UMER) is designed for scaled experiments
employing low energy (up to 10 keV), high current
(up to 100 mA) electron beams [1,2]. With
a strong-focusing (FODO) lattice consisting of
36 periods over a 11:52 m circumference (see
Table 1), UMER can operate in a regime of
unprecedented high beam intensity. Beam trans-
port in this regime is dominated by space charge
ted by the US Department of Energy.
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and is characterized by very low tune depression,
i.e., the ratio of phase advances per lattice period
of the betatron oscillations with and without space
charge [3]. As an example, the nominal 100 mA at
10 keV in UMER models the beam physics of a
kA beam of heavy ions at GeV energies in a future
heavy-ion fusion driver. Construction of a ma-
chine with a layout similar to UMERs was
undertaken a few years ago at Lawrence Liver-
more National Laboratory. In the Livermore ring,
a 80 keV (initial energy) potassium-ion beam was
successfully transported and accelerated over one-
quarter turn [4]. While an electron ring can address
beam physics issues in a low-cost way, the LLNL
ring did also address issues peculiar to ions. At the
d.
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time of writing, UMER is also approaching
completion of a one-quarter turn. Figs. 1a and b
show the current experiment layout.

In the next section, we briefly describe the
UMER electron gun. The main results from
matching experiments in a straight section about
1 m long are summarized in Section 3. In Section
4, the first results of bend experiments over eight
FODO periods, or 2:5 m; approximately, are
Table 1

Beam and lattice parameters in UMER

Beam current 100 mA

Beam energy, bð¼ u=cÞ 10 KeV; 0.2
Beam perveance, K > 0:0015
Emittance, 4 rms unnorm., e 60 mm
FODO period, S 0:32 m

Quadrupole effective length, l 0:0363 m

Tune depression > 0:12

Fig. 1. (a) Photograph of 70� bend setup in UMER; (b) schematics o

monitor’’, and ‘‘P. Screen’’ for ‘‘phosphor screen’’.
presented. The last section is devoted to conclu-
sions.
2. Electron source and beam parameters

The electron source is a Pierce-type gridded gun
with variable perveance, similar to the gun
described in Ref. [5]. The gun is cathode-driven,
i.e., the cathode is pulsed to overcome the DC
voltage applied to a control grid placed 0:15 mm in
front of it. The gun operates in the 3–10 kV;
1–100 mA ranges with current pulses around
100 ns: The output current at a given energy can
be varied by one of three methods or combinations
thereof: by changing the anode–cathode gap (over
a 20 mm range), by adjusting the DC voltage
applied to the control grid, or by means of a
number of collimating apertures in front and near
the anode. Of these methods, the latter is the
f 70� bend setup in UMER. ‘‘BPM’’ stands for ‘‘beam position
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preferred one for its simple implementation and
mild effect on the output beam characteristics. The
aperture plate also includes a pepper-pot for
emittance measurements, and a five-beamlet mask
for special studies of transverse beam dynamics.
Measurements with the built-in pepper-pot have
yielded a value of 60 mm710% for the 4 rms;
unnormalized emittance about 5 cm from the
aperture plate. A one-dimensional theory has been
developed to understand the effect of the control
grid on emittance growth [6]. Furthermore,
simulations of the gun have been undertaken [7]
in order to elucidate the initial beam distribution
in phase space and understand its effects on beam
evolution in UMER.
3. Matching experiments and scaling

Preliminary design calculations for any periodic
focusing lattice can be based on the smooth

approximation of the lattice [3]. In this approxima-
tion, the differential equations for the effective
ð2 rmsÞ envelope radii X ðzÞ and Y ðzÞ in the two
transverse planes reduce to the algebraic equation
for the ‘‘average’’ beam radius R of the matched

beam

k2
0R �

K

R
�

e2

R3
¼ 0: ð1Þ

Here, k0 ¼ 2p=l0 is the wave number, l0 is the
wavelength of the transverse betatron oscillations
without space charge. It can be written in terms of
the zero-current phase advance s0 and the length S

of one lattice period as k0 ¼ s0=S: Further, K ¼
2ðI=I0Þð1=b

3g3Þ is the generalized beam perveance,
I0 ¼ 17 kA; approximately, for electrons, b ¼ v=c;
g ¼ ð1� b2Þ�1=2 (c is the speed of light, and v is the
particle’s velocity), and ex ¼ ey � e is the 4 rms;
unnormalized emittance. A convenient parameter,
u � KS=2s0e; can be defined so the following
expressions can be written for the tune depression
and the average beam radius [3]:

s
s0

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ u2

p
� u;

R

R0

� �2

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ u2

p
þ u ð2Þ

where R0 ¼
ffiffiffiffiffiffiffiffiffi
e=k0

p
is the zero-current beam

radius.
As mentioned above, the different currents in
the UMER experiments are obtained mainly
through the use of apertures. The aperture wheel
is close to the beam waist near the electron gun
anode, so we expect K ; the generalized perveance,
to be proportional to R2

a; the aperture radius
squared, and the effective emittance e to be
proportional to Ra: Therefore, the parameter u in
Eq. (2) is directly proportional to Ra:

Thus, from the second of Eq. (2), we have for
the beam radius

R

R0

� �2

-
2upRa; if ub1;

1þ u ¼ 1þ const Ra; if u51:

(
ð3Þ

Therefore, for space-charge-dominated beams, the
average size of the matched beam is proportional
to the aperture size (recall that R2

0 ¼ e=k0; and
epRa:) For emittance-dominated beams, on the
other hand, the average size of the matched beam
is proportional to the square root of the aperture
size. These results can also be obtained from
Eq. (1).

Further, from the first of Eq. (2), we have for the
tune depression

s
s0
-

1=2up1=Ra; if ub1;

1� u ¼ 1� const Ra; if u51:

(
ð4Þ

Therefore, for space-charge-dominated beams the
tune depression is inversely proportional to the
aperture size. This is correct to within about 20%
if u >1.0, or s=s0o0:4:

The scaling expressed in Eqs. (3) and (4) was
verified in initial transport experiments in UMER.
These experiments, over a distance of about 1 m;
were restricted to the straight matching section
consisting of a short solenoid and four printed-
circuit magnetic quadrupoles [8]. Although the
matching section is not a periodic lattice,
the nature of the matching calculations with the
envelope code SPOT [9] (more specifically, the use
of the ‘‘reference trajectory’’ as explained in Ref.
[9]) assures that the crossing of the X and Y

envelopes in the solution for the straight section is
close to the average beam radius in the periodic
FODO lattice. Three beam currents were used in
the experiments, all at an energy of 10 keV and all
corresponding to a zero-current phase advance
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s0 ¼ 76�: Table 2 summarizes the beam para-
meters and Figs. 2a–c show phosphor screen
pictures of the beam for all three experiments.
The calculations with SPOT agree particularly well
with the measured 2 rms beam radii at the
crossings, as shown in Figs. 3a–c. Without a
periodic lattice for checking true matching, the
agreement at the crossing points was the main
criterion for judging the matching calculations.
Overall discrepancies between the calculated
envelope and the experiment can be explained
by uncertainties in the solenoid field, emittance
and beam initial conditions, and, to a lesser
degree, errors in image processing (e.g. mm/pixel
calibration).

From Figs. 2 and 3 (notice the difference in
scales in both sets of figures) it is clear that the
‘‘average’’ beam radius is inversely proportional to
the tune depression. This is expected to be a good
Table 2

Beam parameters in straight section experiments at 10 keV;
s0 ¼ 76�

Current Emittance Avg. beam Tune

(mA) ðmmÞ radius

(mm)

depression,

and u ¼ KS=2s0e

Full beam 10075% 60710% 10.3 0.15, 3.0

Beam 2 21 30 4.95 0.35, 1.3

Beam 3 9.0 25 3.75 0.54, 0.65

Fig. 2. Partial sample of phosphor screen pictures in straight-section

beam ð21 mAÞ and (c) 9:0 mA beam. Notice the difference in scales. T

z ¼ 0:
approximation for the range of values of the u

parameter in the experiments (see Table 2). The
results also validate the beam parameters at z ¼ 0
(the aperture plate), R0 ¼ 3:2 mm; and R0

0 ¼ 0;
which were determined before from studies of the
free expansion of the electron beam. Also from
Fig. 2, the internal structure of the beam is
different for the three currents. Issues related to
the detailed evolution of the particle distribution,
however, will be addressed in another publication.
It is worth adding, nonetheless, that the results
should help dispel a widespread misconception
about beam dynamics: that an aperture does not
affect the beam significantly since the core’s
particle density is left unchanged. While this may
be an accurate statement for low-intensity beams,
it does not hold in general. As we have seen, an
aperture changes the relative contributions of
thermal and space-charge effects by changing the
ratio of emittance to generalized beam perveance.
As a consequence, both the transverse density and
velocity profiles are affected.

Emittance measurements were conducted using
the pepper-pot in a diagnostics chamber connected
at the end of the straight section. The plane of the
pepper-pot was 1:2 m from the aperture plate, and
pictures were taken with a phosphor screen placed
6:5 cm from the pepper-pot. Since the distance
from the last quadrupole (Q4) to the pepper-pot
plane was rather large, the strength of all focusing
experiments for: (a) full electron beam ð100 mAÞ; (b) apertured
he aperture plate near the electron gun output defines the plane
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Fig. 3. Calculations of effective K–V envelope radius vs. 2 rms

beam radius from experiment (see Fig. 2 and Table 2) for: (a)

full beam ð100 mAÞ: (b) apertured beam ð21 mAÞ and (c)

9:0 mA beam. Notice the difference in scales. The size of the

circles approximately represent the experimental errors in (a)

and (b); in (c), the errors are indicated explicitly at a number of

points. The errors arise mostly from calibration (mm per pixel)

and image analysis of the fluorescent screen pictures.
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elements were adjusted to obtain a reasonable
beam size at the pepper-pot. The measured 4 rms;
unnormalized emittance of the 100 mA; 10 keV
beam was 100 mm715%; indicating a 60% in-
crease over the emittance measured at the output
of the electron gun in a previous set of experi-
ments. However, mechanical constraints prevented
us from repeating the emittance measurements
near the gun output to confirm the emittance
increase. A computer simulation study [10] of the
imaging of a five-hole mask as a function of initial

beam emittance (of the full beam behind the mask)
points to an emittance value of 80–90 mm:
4. Bend experiments

Following the straight section, a pipe with a 10�

bend part was added. The new section (see Fig. 1b)
accommodates three additional magnetic quadru-
poles before the (DC) injection bend dipole, and
one quadrupole after the bend which constitutes
the first ring quadrupole (QR1). The four 20� bend
sections contain four quadrupoles and two bend
dipoles each. All magnets, except for the short
solenoid before Q1, are made of flexible printed-
circuits (PC) and have been extensively character-
ized [11]. In addition to the elements shown in
Fig. 1b, a number of PC short steering dipoles and
Helmholtz coils are employed. The latter are used
to compensate for the Earth’s magnetic field.

Assuming complete shielding of the Earth’s
magnetic field, the required current in the main
dipole magnets is 3:0 A: This is the current for a
10� bend of a 10 keV electron over the effective
length of the magnet. However, the beam in
UMER circulates in a direction such that the
Earth’s field helps in deflecting it through the main
ring sections. Thus, the required bend dipole
current is reduced from 3.0 to 2:35 A; which
alleviates significantly power consumption and
heating of the magnets. The action of the Earth’s
field over the matching/injection section is not
desirable, however, so two sets of Helmholtz coils
are used: one set over the straight section from
behind the solenoid to Q5 is oriented to balance
the net Earth’s B-field; a second set of coils over
the bend tube, from Q5 to QR1 in Fig. 1b,
compensates for the vertical component of the
Earth’s field. Since the DC injection dipole, D0, is
in the latter region, the required current for
injection into the ring is close to the expected
3:0 A: Without the Helmholtz coils over the bend
tube, however, the required current for D0 is too
high, around 3:6 A: Furthermore, the horizontal
component of the Earth’s field deflects the beam in
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a vertical direction, so additional correctors are
placed in each bend section.

The main diagnostics at this stage in the project
are fluorescent screens (P-43 phosphor coating).
The 3:8 cm (diameter) screens are placed in the
two chambers in the matching/injection section
(IC1 and IC2 in Fig. 1b), and in each of the four
bend sections (RC1–RC4), and at the end of the
system. The phosphor-screen image of the beam is
reflected by a single-surface mirror placed at 45� to
the screen so the beam can be monitored through a
window. A standard CCD camera and associated
hardware and software for video capture and
processing are used. Current measurements are
carried out with a fast Pearson transformer located
between Q2 and Q3. Furthermore, fast capacitive
beam position monitors, or BPMs for short, [12],
are also employed in all chambers except IC1 and
the end chamber. The BPMs are used to help in
alignment and also for studies of current wave-
form evolution (longitudinal dynamics). Other
diagnostics, still under testing, include a slit-wire
emittance meter and an energy analyzer.

Successful transport experiments in the bend
system, i.e. experiments with no beam losses or
major beam distortions, depended on a combina-
tion of factors: mechanical alignment, small
steering corrections as dictated by the diagnostics
(phosphor screens and BPMs), first-order match-
ing calculations, and balancing of the Earth’s
B-field over the matching/injection sections. An
optical alignment system was used to lay bulk
components of the system such as bend sections,
support plates and the end diagnostics chamber.
Of particular importance was assuring that all
Fig. 4. Fluorescent screen pictures in bend experiments at 10 keV w

labels indicate the diagnostics chambers as illustrated in Fig. 1b.
support plates shared a common plane: the
quadrupoles and bending dipoles are rigidly
attached to the support plate so roll errors are
minimized by leveling these plates individually.
Furthermore, the manufacturing and assembly of
quadrupole and dipole magnet mounts were
subject to errors. The magnetic axes of quadru-
poles can be determined to within 70:25 mm; so
this figure represents a lower bound on alignment
tolerance. Finally, inaccurate welding of parts of
the BPM chambers and errors in the bent pipes
were compensated for in the bellows at the
downstream end of each ring chamber.

With unavoidable mechanical errors, beam
steering becomes important. In UMER, the short
steering dipoles are made of flexible printed-
circuits as the main magnets. With a peak field
of 0:61 G=A (calculated and measured) and an
effective length of 5:3 cm; the steering dipoles have
a ‘‘deflecting power’’ of 10 mrad=A for 10 keV
electrons. Interestingly, the PC quadrupoles have a
dipole component with about one-half the ‘‘de-
flecting power’’ ð4:5 mrad=AÞ if a beam centroid
offset of 0:1 cm is assumed; their operating
currents, on the other hand, are around 2 A;
compared to 1 A (typically) for the steerers.

Another important factor in the experiments is
the rms envelope matching calculation. The initial
calculations employed the envelope code SPOT [9],
which is based on a system without bending
magnets. The beam envelope is matched to PQ,
the quadrupole following Q6 and right before the
bend dipole D0 (Fig. 1b). The nominal zero-
current phase advance is s0 ¼ 76� in both trans-
verse planes. Figs. 4a–b show phosphor screen
ith: (a) full electron beam ð100 mAÞ and (b) 25 mA beam. The
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pictures of the beam in all six BPM chambers
illustrated in Fig. 1b. Two cases are shown:
100 mA (full beam) and 25 mA (using a 1:5 mm
radius aperture and an anode–cathode gap that is
slightly different from the one used for the
experiments in the straight section). The size of
the 25 mA beam is in most cases about one-half
the corresponding beam size of the full beam,
revealing the same relationship between beam size
and tune depression found before in the straight
section experiments (see Section 3). The beam
distortions of the full beam are most likely
produced by image forces in the bend tube; these
are difficult to correct because of the lack of
diagnostics in that section.

The envelope calculation vs. experiment for the
100 mA case is shown in Fig. 5. It must be noted
that the quadrupole polarities are reversed relative
to those in the experiments with the straight
section (Figs. 2 and 3). As seen in the figure, the
beam is confined within the calculated envelope.
However, the broad oscillation of the experimental
points in the plot suggests a degree of overall
envelope mismatch. Similar calculations for the
25 mA reveal larger discrepancies between calcu-
lated envelope and experiment. This is especially
so at RC3 (Fig. 4b) where the effective vertical
Fig. 5. K–V envelope calculation (no bends included) vs.

experiment with the 10 keV; 100 mA beam (top), and hor-

izontal focusing function kxðzÞ (bottom). The circles represent

experimental data: 2 rms horizontal beam dimension (solid

circles), and 2 rms vertical beam dimension (open circles).

Measurements are based on fluorescent screen pictures at the

ring chambers indicated (see Figs. 1b and 4a). The solid curve

on top represents the calculated X -envelope. Positive focusing

function indicates focusing in the x-plane, i.e., the horizontal

plane.
beam dimension is too large, even if the observed
(and unexpected) halo is artificially masked for the
computation. Experiments are in progress to check
refined calculations that include bending [13] and
to measure emittance at the end of the system.

Finally, the first measurements of longitudinal
dynamics effects in UMER were conducted at this
phase of the project. Comparison of signals from
the BPMs at chambers IC2 and RC4 shows that
the total beam length increases by 7%. The
theoretical estimate, based on a one-dimensional
cold fluid model [14], predicts an increase of
8–10% over the 3:0 m that separates the chambers.
Future experiments in UMER will involve long-
itudinal beam focusing with a number of induction
gaps in the lattice [1].
5. Conclusions

Current experiments at the University of Mary-
land Electron Ring (UMER) use a matching/
injection section and eight FODO full periods for
a total length of nearly four meters from the
output of the electron gun. Experiments with
different currents in the straight section following
the electron gun show that the average beam size is
approximately proportional to the inverse of the
tune depression, in agreement with predictions
from the smooth approximation of the lattice.
Further, transport experiments with the full beam
over a net bend of 70� are made possible by careful
mechanical alignment, small steering corrections,
first-order matching calculations, and balancing of
the Earth’s B-field in the matching/injection
section. Refinement of the matching calculations
and additional measurements of beam emittance
and energy spread will be done before moving
to the next phase. The new phase will
involve experiments over an additional 4–6 FODO
periods.
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