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Section III. Insertion devices

THE SUPERCONDUCTING WIGGLER AT THE NSLS: SYSTEMS DESCRIPTION
AND INITIAL EXPERIENCE

Glenn DECKER
National Synchrotron Light Source, Brookhaven National Laboratory, Upton, New York 11973, USA

The superconducting wiggler at the National Synchrotron Light Source and its associated systems are described . The operation
and performance of the wiggler, m addition to its effects on X-ray ring operation, are discussed . Experimental results are presented.

1 . Introduction

The superconducting wiggler magnet was installed in
the X-ray ring (2 .53 GeV) at the National Synchrotron
Light Source in February 1989 following extensive sys-
tem tests and magnetic measurements. First light from
the wiggler was taken out onto the experimental floor
on March 16, 1989 . The wiggler is a high intensity
source of high energy X-rays with a critical energy of
22.2 keV. This radiation has been used for materials
science on Beamline X17131 . It will be used for medical
research, mainly angiography, at X17132, and for high
pressure research at X17C [1] .

Operation of the superconducting wiggler requires
three systems to work simultaneously . They are the
magnet/power supply system, the helium liquefication
system, and the X-ray ring .

2. Superconducting wiggler magnet

2.1 . Design parameters

Parameters for the superconducting wiggler are
shown in table 1. To give an idea of scale, the 13 .0 kW
of wiggler photon power can be compared to the total
X-ray ring bending-magnet radiation, which amounts to

126 kW for 250 mA of stored beam. Fig. 1 shows
calculated spectral data for the wiggler. Note the large
flux of hard X-rays compared with X-ray ring bending-
magnet radiation.

2.2 . Construction

The X-17 superconducting wiggler magnet is shown
during assembly in fig. 2 . The pole pieces and surround-
ing structure are made of iron . The ends of the magnet
are terminated by iron plates forming a field clamp
used to control fringe fields and to reduce resulting
higher-order integrated multipole field components.
Each pole piece is encircled by two concentric NbTi coil
assemblies which yield high current densities. The coil
assemblies are constructed of Formvar-insulated wires
bonded together with epoxy.
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Fig. 1 . Comparison of calculated spectra for superconducting
wiggler magnet and X-ray-ring bending magnet . A 2.53-GeV
electron beam in the X-ray ring was assumed, and the quanti-

ties in table 1 were used .
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Table 1
Superconducting wiggler parameters

Full strength poles 5
Half strength poles 2
Magnet period X [cm] 17 .4
Gap [cm] 3.2
Peak field BID_ [kG] 52 .2
Maximum deflection parameter K 84 .5
Horizontal opening angle K/y [mrad] at 2.53 GeV 17 .0
Critical energy Ec [keV] at 2.53 GeV 22 .2
Total photon power [kW] at 250 mA, 2.53 GeV 13 .0
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2 .3 . Circuit diagram

Shown in fig . 3 is a schematic for one of the two
wiggler circuits . The main circuit drives two and a half
wiggler periods (five poles) on the magnet interior, and
a secondary circuit drives the half-strength poles at the
magnet ends, yielding zero net integrated dipole field.
Fig. 3 corresponds to the secondary (end) circuit . Each
of the individual coil assemblies has a parallel quench-
protection resistor, located inside the magnet cryostat
and labeled R� in the figure. If a single coil assembly
were to make a transition from a superconducting to a
normal state, i.e ., if it were to quench, then the large
current flowing through it would have an alternate flow
path, thus protecting the coil .

The water-cooled diode stack D,-D, allows one to
apply negative voltage to the magnet using a unipolar
power supply . Ir, combination with the freewheeling
diode Di , the diode stack also limits the voltage that
can appear across the magnet terminals in case of a
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Fig. 2 . Superconducting wiggler magnet during assembly.

Fig. 3. Circuit diagram for the superconducting wiggler

L I

L2

LB

sudden power loss or quench . This protects the quench-
protection resistors from ohmic (V2IR) heating. Dur-
ing preliminary quench tests, voltage-limiting diodes
were not present and some of the resistors were damaged
and had to be replaced .

The main circuit differs from the one shown in fig. 3
in that 8 diodes and 20 coil assemblies are used . The
resistors are constructed of lengths of 0.057-in.-diameter
cupron wire with a total resistance of 0.29 S2 for the end
circuit and 0.87 0 for the main circuit . Under high-field
conditions where most of the iron is saturated, the total
inductance for the end and main circuits is approxi-
mately 2.4 and 6.0 H, respectively.

2.4. Interlocks

The superconducting-wiggler power supplies are in-
terlocked to shut themselves off whenever a fault condi-
tion arises . The liquid helium level in the magnet cryo-
stat is monitored by carbon resistor point sensors and
an analog superconducting level gauge, both of which
are used to trip off the power supply when the liquid
level is too low. Thermal runaway can occur in the
normal-conducting pieces which connect the NbTi su-
perconducting coils to the external copper power supply
leads. These pieces are cooled with helium gas boiloff,
but, should the cooling be inadequate for some reason,
the temperature and voltage drop across them are used
to interlock the power supplies . When the wiggler un-
dergoes a quench, the power supplies must be shut

POWER SUPPL R I
0-20 VDC
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down to avoid damaging the coil packages or quench-
protection resistors . A quench is detected quickly using
a differential amplifier which senses any sudden change
in voltage difference between identical magnet halves,
i.e ., top vs bottom. A simple comparator circuit is then
used to trip the power supply interlock. A quench also
usually causes an abrupt pressure rise, which is detected
with a transducer, tripping the interlock .

2.5. Cryostat

The magnet is mounted inside a cryostat composed
of three distinct volumes. The magnet is contained in its
own vessel immersed in liquid helium, which is held by
eight stainless steel rods inside the second chamber - an
insulating vacuum vessel . The accelerator vacuum
chamber runs through the center of the magnet and
vacuum vessel, forming the third distinct volume . The
chamber is a "warm" bore which is isolated thermally
from the helium vessel by a few wraps of superinsula-
tion . Significant radiative cooling occurs, causing ther-
mal contraction of the bore that is allowed for with
bellows at both ends . A truly cold bore is undesirable
since significant cryopumping would occur in the accel-
erator vacuum, with significant desorption occurring
every time the wiggler was warmed up .

Because the wiggler radiation opening angle is so
large (- 16 mrad), the warm bore aperture was made as
large as possible to prevent radiation from the upstream
poles from striking the sides of the downstream end of
the bore tube. This would be a disaster because of the
high power densities so close to the source .

Synchrotron radiation from the X-ray-ring dipole
bending magnet located upstream can also strike the
inner bore of the wiggler. Although not disastrous, this
corresponds to a heat leak of a few tens of watts, which
is significant at cryogenic temperatures . A water-cooled
photon shield was therefore installed upstream of the
wiggler to shadow the wiggler bore .

3. Helium refrigerator

The helium liquefication system for the supercon-
ducting wiggler stores up to 1000 1 of liquid helium for
transfer to the magnet cryostat, which has a capacity of
50 1 . A screw compressor is used to minimize vibration
near the X-ray ring, and refrigeration is performed with
a combination of expansion engines and Joule-Thomp-
son valves . In this way a total refrigeration capacity of
90 W at 4.6 K has been demonstrated, which may be
compared with the 100-W design value. The two helium
transfer lines between the storage dewar and the magnet
cryostat have a total length of approximately 100 ft, and
a heat load rating of 0.1 W/ft . The magnet cryostat has
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a heat load of about 10 W, and cooling of the electrical
leads comprises a few watts of heat load .

4. X-ray ring

0 5 10 15 20 25
DISTANCE [m]

Fig. 4. X-ray-ring machine functions

The X-ray ring runs at an energy of 2.528 GeV and a
current typically between 200 and 250 mA. It has a
circumference of about 170 m. Injection takes place at
750 MeV. A standard Chasman-Green lattice with a
superperiodicity of N = 8 is used . Each of the eight
achromats are terminated at both ends by quadrupole
triplets . The lattice functions for one superperiod are
shown in fig . 4 [2], and relevant accelerator parameters
are contained in table 2. Between consecutive quadru-
pole triplets are zero-dispersion straight sections roughly
4 m in length which are used for the five insertion
devices presently installed. The remaining three straight
sections are used for infection hardware and three 52-
MHz rf cavities .

The beta functions take on minimum values (ß* _
0.34 m, P,* = 1 .68 m) at the center of each straight
section . Because these beta values are so small, the
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Table 2
X-ray ring parameters

Energy [GeV] 0.75-2.5
Maximum operating current [mA] 250.0
Circumference [m] 170
Number of superpenods 8
Tunes vr , v,, 9.14, 6.20
Rf frequency [MHz] 52 .88
Synchrotron tune v, 0 002
Bunch length [cm] 5.0
Harmonic number 30
Radiated power [kW] for bending magnets

at 250 mA 126.0
Horizontal emittance [mmmrad] 0.1
Vertical emittance [mm miad] 0.001
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X-ray ring electron beam lifetime is not affected by the
small apertures used in the insertion devices . The
roughly elliptical superconducting wiggler bore tube is
20 mm high, 60 mm wide, and roughly a meter long, as
compared to the 42 mm X 80 mm rectangular transverse
vacuum chamber dimensions used elsewhere in the ring .

4.1 . Insertion device power loading

The superconducting wiggler is capable of putting
out up to 13 kW of X-rays into a small solid angle (± 16
mrad horizontally and ±0.2 mrad vertically) . The accel-
erator vacuum chambers located downstream from the
high-power insertion devices have therefore been desig-'
ned in such a way that normal-incidence surfaces are
avoided, and water-cooling is used liberally . All surfaces
are adequately cooled except the top and bottom of the
vacuum chamber inside the X-ray-ring dipole magnets,
which cannot be cooled due to aperture considerations .
The use of small ß * values, however, means that rela-
tively small steering errors can lead to large angular
deflections in the straight sections, especially vertically .
It has been demonstrated that +4-mrad deflections in
the straight sections can be achieved using dipole steer-
ing corrector magnets without any serious effect on
beam lifetime . Note, however, that only 3 mrad of
deflection is required to cause the insertion-device radi-
ation to strike the uncooled top or bottom surfaces of
the vacuum chamber inside the downstream dipole
magnet .

Overcome this problem, an active interlock system
[31 has been designed and built to prevent insertion-de-
vice radiation from striking uncooled surfaces. Dedi-
cated capacitive pickup electrodes have been installed
on the accelerator vacuum chamber immediately up-
stream and downstream of the high-power insertion
devices to monitor electron-beam position . If, during
high-power insertion device operation, the measured
vertical beam position is found to fall outside of a
predetermined window at any of the electrodes, the rf
low-level drive is momentarily interrupted, causing a
beam dump . The interlock is disabled when conditions
are safe - for example when the beam current or the
insertion device field is very small . Redundant circuitry
is used throughout to improve reliability. A prototype
of this system is presently being tested using the hybrid
wiggler on beamline X25, and the final system will be
completed in the near future .

5. Wiggler operation and performance

The NSLS superconducting wiggler was designed in
1980, and preliminary magnetic measurements were
made as early as 1982 [4,5] . Further measurements in
1984 and 1985 motivated a design modification [6,7] . In
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late 1986, magnetic measurements were carried out on
the final magnet configuration, including Hall probe
measurements and integrated multipole determination
using a rotating long coil [8,9] . Final system tests and
magnetic measurements were carried out during the
summer and fall of 1988 . The magnet was installed in
the X-ray ring in February of 1989, and generated
X-rays one month later .

5.1 . Quench tests and magnetic measurements

Initial quench tests brought the wiggler up to the full
design field of 60 kG at 230 A of main circuit current
after quenching about 40 times [5] . This procedure is
known in the superconducting magnet business as mag-
net training. The wiggler was later modified to include
iron field clamp plates at the magnet ends due to
concern over a large integrated sextupole field compo-
nent resulting from fringing fields [6,7] . After modifica-
tion, the magnet again quenched consistently at 230 A,
but at a field of 55 kG . The end-circuit current required
to provide dipole field integral compensation was sig-
nificantly different after the modification . The in-
tegrated sextupole field component, which started out
being about 7% of the total X-ray-ring integrated
sextupole, was reduced by a factor of two through the
introduction of the field clamp assembly [7,8] .

System tests on the magnet in its final configuration,
i .e ., mounted in its own cryostat and cooled by the
refrigeration system described above, began in June
1988 in a building adjacent to the NSLS . In addition to
debugging the system, magnetic measurements were
made during the tests in order to zero the dipole field
integral under dynamic conditions. A long coil (1 m X 1
cm X 20 turns) was placed along the axis of the magnet
normal to the field and connected to a voltage integra-
tor. A chart recording of the integrator output was
made while ramping the magnetic field . The output was
proportional to a linear superposition of even multipole
components, mostly dipole but including a small
sextupole contribution that was approximately known
from previous measurements and could be compensated
for. Adjustments were made to the end circuit ramp in
order to reduce the change in the dipole field integral
along the ramp to less than about +300 G cm. This
may be compared with an X-ray-ring dipole steering
corrector, which has a full strength of 6400 Gem.

It is desirable to run the wiggler at the highest field
reliably reproducible without quenching . This was de-
termined to be at about 52 kG . The use of rapid ramp
rates at fields above 49 kG increases the likelihood of
inducing a quench, so the magnet is ramped rapidly to
49 kG and more slowly beyond that . The rates used are
0.9 and 0.2 A/s, corresponding to 11.8 and 1 .5 kG/min,
respectively .



A typical operation cycle is injection at 750 MeV
with the wiggler at 11 .5 kG, followed by ramping of the
X-ray ring . At 2.5 GeV, the wiggler is ramped to either
49 or 52 kG. The advantage of ramping to 49 kG is the
shorter ramp time . Reproducibility of the measured
dipole field integral was poor when the wiggler was
operated below 11 .5 kG due to iron hysteresis effects, so
a loop between 11 .5 and 49 or 52 kG was used . The iron
is almost completely saturated at high field, providing a
reference point common to all possible operational hys-
terests loops. The magnet is therefore conditioned be-
fore continuous operation by running it through only a
single hysteresis cycle.

To date, the wiggler has been run during machine
studies time at beam currents below 5 mA. Full-beam-
current operation awaits the completion of the active
interlock system. During the initial tests, injection was
established at 11 .5 kG, but the X-ray ring could not be
ramped to 2.5 GeV because the insertion device safety
analysis report had not yet been completed. Neverthe-
less, an attempt was made to ramp the wiggler to 49 kG
at 750 MeV, with the result that no beam was lost
ramping either up or down . This was extremely encour-
aging, since things could only get easier using a stiffer
2.5-GeV beam . After completion of the safety require-
ments, the wiggler was successfully ramped to 49 kG at
2.5 GeV with no beam loss, and experiments were
performed on the beamline using the radiation. Shown
in fig. 5 are results from scattering the radiation from a
glass plate . The structure of the spectrum is clearly

X-ray Energy (keV)

Fig. 5. Experimental X-ray spectra from the superconductmg
wiggler beam line at NSLS . The spectra were produced by
scattering a 1-mm-diameter X-ray beam from a 6-mm-thick
S1O2 glass slide. The detector was an intrinsic Ge detector
mounted about 500 mm away from the sample and had a
1-mm aperture (Pb) in front of it . The electron beam current
was 2 mA . The upper curve was taken with the superconduct-
mg wiggler at 49 kG . The lower curve was taken with the
wiggler field reduced to 11 .5 kG, about the same field as a

normal bending magnet .
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visible, and comparison with fig. 1 shows good qualita-
tive agreement.

After these initial successes, it was decided to at-
tempt 52-kG operation. It should be noted that the
magnet had not been quenched since before the move to
the NSLS building. While ramping the magnet to 52
kG, it quenched just as it arrived at the high field point,
at 215 A. This was unusual, since the magnet typically
only quenches very near 230 A at 55 kG . After refilling
the magnet cryostat, another attempt was made, but the
cryostat pressure began to rise continuously when the
current exceeded about 100 A, tripping off the power
supplies . Another attempt confirmed that the phenome-
non was repeatable . Diagnostic equipment was brought
to bear on the magnet, and it was discovered that the
windings surrounding a single pole piece were quench-
ing at low current, but that the rest of the magnet
remained superconducting. The power supplies re-
mained on during the 15 s or so it took for the pressure
to build up to the trip level. This was before the
implementation of quench detection circuitry, since it
was thought that all quenches would be violent enough
to cause abrupt pressure rises . Borrowed quench-detec-
tion electronics were quickly integrated into the power
supply interlock for further studies . ac resistance mea-
surements indicated that none of the quench protection
resistors had been damaged after several of the first low
field quenches . It was hoped that during the quench
tests the magnet would "retrain" up to its previous high
field values ; however, even after half a dozen attempts,
the magnet current could not be brought above about
150 A before the same coil package quenched .

During the early investigations, a magnet ramp rate
slower by a factor of two was tried, but with no effect .
It was then suggested that an extremely small ramp rate
be used . This was tried, and the magnet was brought to
53 kG on the first try . A quench at 49 kG was then
accidentally induced through the computer interface to
the power supplies . Higher ramp rates were tried, and a
quench was seen at 184 A using one-third the normal
ramp rate . Interesting 30 mV voltage "spits" followed
by about 20 mV of do offset were seen on a quench
detector-chart recorder that had been hooked up to the
offending coil package prior to the quench . The quench
detector senses voltage differences between identical
magnet sections . All later quenches occurred near 230
A, using first slow ramps, and gradually increasing the
rate to the original levels . Some of the first high-field
quenches showed "spitting" behaviour, which became
smaller and then disappeared altogether as the quench
testing proceeded. A few quenches were observed on the
down ramp, shortly after the transition from the slow to
the fast portions of the ramp . By allowing a 20-s plateau
at the transition, the quenching on the downramp was
eliminated .

The retraining of the superconducting wiggler took

III INSERTION DEVICES
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place during six studies-and-maintenance days in May
1989 . The training process is understood as being mech-
anical in origin . Two mechanisms are typically used to
explain the phenomenon [10] . Motion of a magnet con-
ductor on the scale of [Lm during high-field operation is
thought to raise the temperature locally by enough to
start a quench. As the magnet is trained, the conductors
creep into a more stable configuration . Another popular
theory is that microcracks in the epoxy supporting the
wires are formed under conditions of high stress, thus
releasing strain energy, inducing a quench. After all the
cracking is complete, the magnet is considered to be
trained.

The "detraining" of the superconducting wiggler is
thought to have occurred during the move from the
adjacent building . Perhaps one of the coil packages was
jostled enough to require retraining . The fact that the
magnet had "detrained" was not discovered until it was
brought to maximum field for the first time after the
move . The first violent quench must have caused ad-
ditional "detraining", yielding the low quenching cur-
rents observed thereafter .

5.2 . Effects on accelerator operation

Although use of the superconducting wiggler during
normal X-ray-ring operation awaits completion of the
active interlock system, recent experience at low beam
current has given some insight into what to expect . Of
primary concern, perhaps, are the effects of the wiggler
on electron-beam lifetime and orbit motion . The wiggler
is capable of causing electron beam effects that include
steering, focusing, and introducing nonlinearities .
Any steering caused by the wiggler will introduce an

orbit distortion, primarily horizontally . Orbit measure-
ments indicate that a maximum of 0.3 mm of horizontal
orbit motion around the X-ray ring occurs when the
wiggler is ramped from 11 .5 to 49 kG at 2.5 GeV. The
short-term reproducibility of X-ray-ring orbit data is
about ±50 [m. Working backwards through a standard
accelerator formula for orbit distortion, one finds that
450 Gcm of steering at the wiggler location would
generate the observed motion. This is consistent with
the ±300 Gcm figure stated earlier, when one considers
that both the first and second dipole field integrals
contribute to the orbit distortion . Measurement of the
second field integral would require numerical integra-
tion of very accurate Hall-probe data, which was not
available. The observed vertical motion was 0.15 mm
maximum. This could be due to a small skew dipole
component, or it could be a result of the vertical focus-
ing interacting with a small vertical beam displacement .
An automatic orbit correction computer program will
be used when the wiggler becomes fully operational .

Planar wigglers and undulators are known to focus
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in the plane parallel to their field, i.e ., vertically for the
superconducting wiggler. This can be understood as a
cumulative edge focusing effect, since the electron beam
crosses each of the pole pieces at an angle. This effect is
quite small at 2.5 GeV, but becomes significant at
infection energy . Ramping from 11 .5 to 49 kG at 750
MeV caused a vertical tune shift of 0.022 units, which is
to be compared with the theoretical value of 0.029 units .

Higher-order multipoles in the wiggler introduce
nonlinearities in the X-ray-ring lattice. This could re-
duce the dynamic aperture of the machine, thus decreas-
ing the electron-beam lifetime; however, no such effect
has been observed . The lifetime in the X-ray-ring is very
long when small currents are used, typically a few days.
At higher currents, problems with ion trapping associ-
ated with the wiggler could occur, also affecting the
lifetime .

6. Conclusions

The superconducting wiggler presently installed in
the X-ray ring at the National Synchrotron Light Source
is operational and is awaiting only the commissioning
of an active interlock system before high-current oper-
ation can take place. The active interlock will protect
the vacuum chamber from thermal loading caused by
wiggler radiation in case of accidental beam missteer-
ing. The magnet required a training cycle after being
moved to its final location, and now attains the stan-
dard maximum operational field of 52 kG . Active re-
search programs using the full-power wiggler beam will
start sometime this autumn.
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