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THE LIVERMORE FREE-ELECTRON LASER PROGRAM MAGNET TEST LABORATORY 

M.J. Burns, B. Kulke, G.A. Deis, R.W. Frye, J.S. Kallman, 
C.W. Otlis, G.C. Tyler, R.D. Van Maren, and W.C. Weiss 

Lawrence Livermore National Laboratory, University of California 
P.O. Box 808, L-628, Livermore, CA 94550 

Abstract 
The Lawrence Livermore National Laboratory (LLNL) 

Free-Electron Laser Program Magnet Test Laboratory supports 
the ongoing development of the Induction Linac Free Electron 
Laser (IFEL) and uses magnetic field measurement systems that 
are useful in the testing of lung periodic magnetic structures, 
electron-beam transport magnets, and spectrometer magnets. 
The major systems described include tivo computer-controlled, 
three-axis Mall probe- and -search coil transports with computer-
controlled data acquisition; a unique, automated-search coil sys
tem used lo delect very small inaccuracies in wiggler fields; a 
r.uclear magnetic resonance (NMK)-based Hall probe-calibra
tion facility; and a high-current DC ion source using heavy ions 
of variable momentum to model the transport of high-energy 
electrons. Additionally, a high-precision electron-beam-position 
monitor for use within long wigglers that has a positional reso
lution of less than 100 pm is under development in the labora
tory and will be discussed briefly. Data transfer to LLNL's cen
tral computing facility and on-line graphics enable us to analyze 
large data sets quickly. 

Introduction 
The ongoing research into the IFEL at LI.ML requires the 

development of very long, high-field, large-gap wigglers of 
numerate period length. Random steering of the electron beam 
in these wigglers must be minimized; this requires very low 
random field errors and a closed-loop steering system based 
upon a beam positicn monitor that can detect beam offsets be
fore problems develop. Also, high-quality conventional 
magnets are required for the transport of high-brightness elec
tron beams and for use in electron-beam spectrometers. 

Our Magnet Test Laboratory has been developed to allow 
us to test prototypes of these new components and to measure 
the performance of the final assemblies before they are installed 
on our accelerators. To earn' out this mission, we are now op
erating two computer-con trolled, three-axis movers to position 
Hall probes and search coils, as well as a unique search coil 
sensitive to small errors in wiggler fields. An NMR-based cali
bration facility allows us to maintain high accuracy with our 
Hall probes. Additionally, we have activated a DC ion source 
that generates particles of the same momentum as the electrons 
produced by our acclerators. This system is used to check beam 
transport through long wiggler sections and to calibrate 
spectrometers. We are also pursuing the development of a 
beam-position monitor with the necessary resolution to be used 
in a closed-loop steering system. It is the purpose of this paper 
to discuss these systems briefly. Two photographs providing an 
overall view of the laboratory are shown in Fig. 1. 

Three-Axis Mapping System 
The three-axis mapping system is used to determine mag

netic field shapes, map transport magnets, investigate fringe 
fields, and make any other measurements that require a series 
of field measurements at given points in space. The system con
sists of a computer-controlled, three-axis mechanical move
ment, a Hall probe or search coil tied directly to the computer, 
and a computer-controlled power supply to energize the mag
net. A block diagram of this system is shown in Fig. 2. At 

Fig. 1. Photographs of the LLNL FEL Program Magnet Test 
Laboratory showing (top) one of the three-axis mapping sta
tions and (bottom) the BPM development and Hall probe 
calibration area. 
present, we have two of these systems in operation as we de
velop in parallel two new, high-field wiggler concepts. 

The three-axis mechanical movement consists of commer
cial aluminum dovetail slides driven on precision lead screws by 
stepping motors. The full range of travel is 24 in. along two axes 
and 60 in. along the third. Position information is fed back to 
the computer with rotary encoders that are accurate to better 
than 250 //m. Lead screw error can be removed from the system 
by calibrating the encoder output against a laser interferometer. 

Three hand-operated, micrometer-driven rotational stages 
provide probe rotation about all axes. Standard commercial Hall 
probes are usually carried by this system, and field measure
ments are taken directly to the control computer from a modi
fied Bell 811A gaussmeter. Measurement accuracy is ±0.1%; 
this can be improved somewhat by using a probe calibrated 
against our NMR reference. Active temperature control is not 
used, but the laboratory temperature is held constant to within 
±2°C over a 24-h period (using the large heating, ventillation, 
and air-conditioning system in the building). The mechanical 
movement and magnet to be tested are placed on a large granite 
table to provide stability and allow precise mechanical assembly 
and inspection. 

The control system is based on a DEC LSI-11/73 computer 
that communicates to the measurement instrumentation, the 
three-axis mover, and the power supply via computer-auto
mated measurement and control (CAMAC) modules. The 
menu-driven control software places the entire measurement 
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Fig. 2. Control and data acquisition block diagram for the 
three-axis mapping system. 

process under computer control and allows the operator to 
move the probe or set the power supply. Other menu items 
allow the definition of probe movement patterns, variable 
power-supply settings, and the use of the mapper as a mechani
cal inspection tool. All data are written to disk, and the resulting 
field plots can be displayed on the control console graphics 
monitor. Hard-copy output can also be provided at the console. 
The field data can be transferred directly to the LLNL central 
computing facility where data analysis and electron beam trans
port codes can be run with the actual measurement data used as 
inputs. 

Figure 3 shows a plot of the midplane field of the PALA
DIN wiggler.1 We made this measurement using the three-axis 
mapper to move a Hall probe through a rectangular grid on the 
wiggler midplane. The sinusoidal nature of the field is clearly 
shown, along with the transverse focusing field required in 
long, linear wigglers. We have used this mapping system to 
characterize a spectrograph magnet for our microwave FEL,: 

the dipole bending magnets used in the PALADIN experiment, 
and one-period prototypes of all wigglers that have been or are 
currently being studied. 

The One-Period Loop 
The one-period loop diagnostic allows us to measure the 

small, random errors in wigglers. The output of a search coil 
that is one wiggler period long is integrated as the coil is moved 
through the wiggler. The net flux linking this coil in an ideal 
wiggler is zero, and thus the system is very sensitive to small 
errors in the field. This sensitivity enables us to avoid having to 
resolve the errors from the large signal measured with a Hall 
probe. The output of the integrator can be sent directly to an X-
Y plotter. Thus, small errors can be seen immediately without 
having to reso-t to analysis codes run on data that would neces
sarily have to be taken with a system capable of producing very 
accurate field and position data. 
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Fig. 3. Perspective plot of the midplane field of the one-pe
riod PALADIN wiggler prototype. We collected the 4000 data 
points presented here using the three-axis mapping system. 
We then transfer this data file to the LLNL central computing 
facility for analysts. 

The one-period loop system used on the PALADIN wiggler 
has been described in detail elsewhere.3 The control system is 
similar to the three-axis mapper with the addition of a stable 
integrator and an A-D converter between the search coil and 
the computer. The coil is 8-cm long, 1.34-cm wide, and 1.5-cm 
tall, and it carries 180 turns of #36 gauge wire. An error coil is 
wound in a perpendicular plane to flag rotation of the primary 
coil as it moves through the wiggler. As this is a null measure
ment, it is much less sensitive than a Hall probe measurement 
to either rotation about or translation perpendicular to the wig
gler axis. A mismatch between the exact coil length and the 
actual wiggler period length does introduce a periodic signal, 
however, which we avoid t-y winding two coils, one slightly 
long and one slightly short, and mixing their signals properly. 

Figure 4 shows a one-period loop measurement of the first 
5 m of the PALADIN wiggler. Moving the search coil through 
the wiggler requires approximately 1 min. During this time, in
tegrator drift becomes important but, because this is a linear 
effect, it is easily removed. 

Fig. 4. One-period loop scan of the first 5 m of the PALADIN 
wiggler (2.5-kG peak operating field). The sensitivity of the 
diagnostic to very small random errors is clearly shown. Lin
ear integrater drift may easily be removed from the data. 

Hall Probe Calibration 
As part of the Magnet Test Laboratory, we have developed 

a test stand for quick and accurate calibration of transverse Hall 



probes to an accuracy of 100 ppm, using an NMR gaussmeter as 
a standard. The calibration range is 2 to 10 kG. 

Transverse Hall probes are used as the primary diagnostic 
for the three-axis mapping system. These probes inherently 
have a slight nonlinear response; for that reason, the accuracy 
of commercial instruments is specified typically as 0.1% over 
the range of interest, e.g., -10 to 10 kG. This accuracy can 
readilv be improved to 100 ppm by referring to a calibration 
curve, and such curve* ran be supplied by the vendor, at addi
tional cost. As our inventory of Hall probes has grown, it has 
become desirable to have an in-house capability for generating 
and checking such calibration curves easily and frequently, as 
the probes undergo normal wear and tear. Because Hall probes 
are also subject to radiation damage to their semiconductor 
sensing element, we have not used them on line near our high* 
intensity electron beams. We plan to use the present facility to 
characterize accurately the effects of such radiation damage. 

In our calibration setup, the Hall probe and the NMR probe 
are clamped tip to tip in a plastic holder, between the iron pole 
pieces of .i laboratory electromagnet. This magnet is excited 
from a constant-current power supply that is voltage-controlled 
to permit ramping the magnetic field from 0 to 10 kG in 25 
steps. The NMR gaussmeter resolution is 0.01 G; to get com
parable resolution on the Hall probe measurement, we measure 
the analog output signal of the gaussmeter by means of a digital 
voltmeter (DVM) with a five-digit display. We also monitor the 
ambient temperature. Allowing for some temperature drift at 
the Hall probe, we estimate the uncertainty of the calibration 
curve and, hence, any correction derived therefrom to be on the 
order of 100 ppm, even though the basic resolution of the cali
bration is as low as a few parts per million. 

Ion Source 
To test beam transport through magnet systems and cali

brate electron beam spectrographs, we have used ion beams to 
model the flight of high-energy electrons. Doing so allows us 
both to work close to the equipment undergoing the test and to 
control the energy of the particle very precisely. We have used 
this concept to calibrate the spectrograph used on our micro
wave FEL" and investigate beam transport through the PALA
DIN wiggler. 

To model the 50-MeV, kiloampere PALADIN electron 
beam without risk of damage, we have used a 10-keV, 
microampere, DC Xe + ion beam, together with a segmented 
Faraday cup. We select the ion species and energy for momen
tum equivalence with the electrons, so that in a magnetic field 
the ion trajectories are similar to those of the electrons they are 
simulating. The resolution of the position measurement can be 
enhanced far beyond that given by the separation of the Fara
day cup segments by applying a simple algorithm to the current 
fractions deposited in the different segments. A photograph of 
our present ion source is shown in Fig. 5; Fig. 6 shows a typical 
plot of the ion beam trajectory through a 5-m section of PALA
DIN wiggler. 

Beam Position Monitor Development 
The close alignment required between the optical and elec

tron beams in the IFEL makes it imperative to keep the electron 
beam accurately centered within the wiggler beam pipe. For this 
purpose, we are developing an all-aluminum, nonintrusive 
beam position monitor (BPM) with a 24-mnvdiam clear aper
ture. The device is small enough to fit inside a wiggler as part of 
the beam pipe, and all signal leads are brought out horizontally 
to accommodate the wiggler geometry. A stripline configuration 
is used to allow precise mechanical construction and alignment 

Fig. 5. Ion source system. The source is located at the rear of 
the assembly and is followed by focusing and beam-control 
lenses, an adjustable collimator, and finally a current-mea
surement and -position diagnostic. The associated electronics 
are also shown. 
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Fig. 6. Ion beam transport through a 5-m-Iong section of the 
PALADIN wiggler showing the vertical and horizontal posi
tion of the centroid of the ion beam. The large vertical mo
tion is caused by the beam being injected at an angle; it 
shows betatron motion with a wavelength consistent with a 
50-MeV electron. 
of the probe electrodes. The maximum beam current to be ac
commodated is 3 kA. The probes are spaced axially so that they 
are insensitive to the wiggling motion of the beam, andd special 
design feature allows the cancellation of signals caused by di
rect charge interception from the beam halo and by x-ray 
Compton signals. We use gain-controlled amplification to ac
commodate a 50-dB expected dynamic range on the position 
signal, which is derived by doubly integrating the difference 
signal and normalizing it to the sum signal. Overall accuracy is 
expected to be on the order of 0.1 mm over a 2-mm-diam aper
ture and 1 mm over a 20-mm-diam aperture. 

Bench tests are currently in progress for the first prototype 
BPM, shown mounted in its test stand in Fig. 7. Our test stand 
simulates an electron beam by means of a coaxial, metallic rod 
threading the BPM. The electrical and mechanical connection 
between the BPM shell and the fixed coaxial line, outer conduc
tor is made with coarse finger stock. The sensitivity is measured 
by moving the BPM shell with respect to the fixed-center con-



Fig. 7, Prototype BPM mounted in its test stand. A pulsed, 
coaxial center conductor simulates the electron beam; the re
sulting signals from the stripline elements exit the side of 
the assembly. 

ductor and recording the position signal over a -1-mm to + 1-
mm range near the geometrical center. The nominal sensitivity 
of the position signal is 56 (mv-ns)/{A-mm). 

Conclusions 
VVe are operating an extensive Magnet Test Laboratory in 

support of the LLNL Free-Electron-Laser Program. The major 
systems in the laboratory include two computer-con trolled 
three-axis Hall probe transports, an automated search coil to 
detect small inaccuracies in wiggler fields, an NMR-based Hall 
probe calibration facility, and a DC ion source that models 
high-ftiergy electrons. Additionally, a new electron BPM with a 
resolution of better than 100 /jm is under development in the 
laboratory for use in the next-generation IFEL. 
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