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MAGNETIC ALIGNMENT OF PULSED SOLENOIDS USING THE
PULSED WIRE METHOD*

D. Arbelaez!, A. Madur, T.M. Lipton, W.L.. Waldron, I.W. Kwan, LBNL, Berkeley, CA 94720, USA

Abstract

A wnique application of the pulsed-wire measurement
method has been implemented for alignment of 2.5T
pulzed solencid magrets. The magnetic 2xis measuremend
tas besn shown o have a resolution of better than 25 m.
The accaracy of the technigue allows for the identification
of inherent field emwors due to, for example, the winding
taver transitions and the cucrent leads. The alipmoment gys-
tem is developed for the indoction accelerator NDCX-T
under construction at LBNL. an upgraded Neutralized Drifi
Compression eXperiment for research oo warm denge mat-
ter and heavy ion fusion. Precise alignment ia essental for
NDCX-M, since the jon beam has 2 large energy soread
associated with the mpid pulse compression such that mis-
alignments lead o corkscrew deformation of the heam and
reduced Intensity at focus. The ability 1o align the mag-
netic axis of the pulsad solenoids o within 100 pm of the
induction cell axis hag besn demonsirated.

INTRODUCTION

The induction accelerator NDCX-T, an upgraded Ney-
iralized Prift Compression =Xperiment foc ressarch on
warm dense matter and heavy ion fusion, is cumrently wnder
construction at LBNL. The induction ¢ells contain pulsed
solenodds, with meximum axial field of 2.5T, which are
necesamy for transverse focusing of the beram. Preciss
slignment of these solenoids ia essential for NDICH-IT,
gince the ion beam has a large energy spread associated
with the rapid pulse compression such that misalignments
lead to corkscrew deformation of the beam and reduced in-
tensity st focus [1]. The polsed wire fechniqoe is used in
order to deicrmine the magnetic axis of the solenoids. The
solenoids are then positioned inside of the cell such that the
mzgnetic axis of the solanoid coingides with the mechan-
ical axis of the cell. It has been shown that the magnetic
ixis of the solenoid can be aligned to the cel! axis with an
accuracy of better than 100 pm.

The polsed wire techmigue has been chosen for the mag-
netic measurements since ic naturally defines an axis by
the locaton of the wire, This method was originally intro-
tduced by Warren [2] for the measurement amd comection of
wigglers, The method has not only been used extensively
for the measnrement of wigglers and wpdulaiors, bot also
for the magnetic axis measurement of DO solencids (3],
[4], [51). In this work, the pulsed wire easurement tech-
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nique is adapted for the meamarement of pulsed solenoids.
Tt i3 critical to perform the magnetic axis measuremeant in
a pulsed configuration since asymmetric eddy cuments ef-
fects can shift the magnetic axis with reapect o the axis
abtained during DC operation. An analyfical analysis of
the methed is applied to solenoid measurements, and ex-
perimental resulis are presentad, )

METHOD OVERVIEW

In the pulsed wire method, a wire is kept at constant ten-
sion berween two points. While a section of the wire lies
in an external magnetc field 3 oorent pulse is applied o
the wire. The wire iz subjected (o the Lorentz force which
induces a local motion io the wire. This motion then propa-
gales as a traveling wave and is measured by a motion sen-
sor af a specific location. For pulsed magnet measurements
a current pulse is passed theough the wire dutiog the mag-
net pulse. For NDCX-I the ion beam pulse varies from
approximately 500ns at tee front #nd of the accelerator

—10 approximately 1 ng after completion of the pulse com-
pression. The lon beam cresses the solenoid at the peak of
the 5 ms magnet pulse; therafore, for the pulse wine mea-
surements a short wire pulse is applied at the peak of the
solenoid pulse, Figure 1 shows the NDCX-I miagmet mea-
surement teeility, which includes: the induction cell on a
cell mount, bwo wire stands on mwetion stages that move in
1he x and v ditections, a wire motion sensor that detects
both x and ¥ mation, ant wire location sensors (Metralight
MICROXY laser micrometers) which can be used along
with & laser tracker (Leica LTDS00) to detenmine the po-
sition of the wire at the sensor location, For the meastire-
ments a 75 pm dismetsr Cu-Be wite i3 waed wilh a max-
imum wire pulse amplitmde of 4 A and a 400 g ensioning
wedght. The wire cument patlse is applied over a 50 15 win-
dow at the peak of the 5 ms magnet pulse.

ANALYTICAL DESCRIPTION

The mechanics of the polsed wire method can be de-
ecribed by using a one-dimensiopal theory for wave motion
in a suing. More sophisticated thecries can take into ac-
connt Bexnral figidity effects that lead to dispersive wive
motion, These effects are important for messurements
where the magnetic field vamies rapidly over shont distances
{e.g. shon period unduolators). For the NDCX-IT solencids,
these effects are nepligible and herefore ignored. The
forced motion of 2 string can be describecd by
3%y

=Tz

a4y

Ilﬁ (1)
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Wire Pusitiing Stands

Figure 1: NDCX-II magnet measirement facility includiog
wire stands on motion stages, a wire displacement sensor,
and Tasgr micreaneters for determining the wire location.

where ¢ corrsponds to time, 2 i the position along the
length of the wire, 4 is the traneverse wire displacement,
is the ooe~dimensional wire dengity, T' is the tension in the
wire, and 4{t, 2) is the load on the wire.

For the puised wire method, g¢{f,2) is piven by
I{t}Br (z), where Br{z] is the transverse field along the
wire, and I(¢f) is the tiree dependent cuerent in the wire.
Neglecting the efifect of reflections and assoming a square
current polse with amplitode Iy and palse width £, the so-
lution to eguation 1, obtained by using a Green's function
approach [6], is given by

; Iq FL 1
ifl] = —

8 =5p L,
where 4(t} is the wire displacement &t the senscr location,
¢=/T{uisthe wave speed, and and  are spatial inte-
gration variables, The wire pulse is chosen (o start at £ = 0,
the sensor location is defined at z = 0, and the magnedc
Beld it assumed io be non-zero only for » > 0 without loss
of generality. For the wire pulse widdh, & very short pulss
or a long pulse (DC} can be congidered ag limiting cases.
For the measurement of the NDCX-1T solenoids, only the
shont pulse iz of intersst since the critical information -
quires the measursment of the axis in a short time window

1=
f Bi(dd, (@
1= —-ck

at the peak of the magnet pulse. By letting ¢ (Q, the wire
cantion for & short pulse can be daseribed a8

r _ Iuc i 1=ct

u{t:]—"z? - BT[: ]du (3

which states that the measured wirs displacement as a func-
tion of time is proportional w the spatial integral of the
magnetic fald. For eguation 3 to be valid in a measure-
neent, the product of pulse width and wave speed should be
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considerably smaller than the characieristic length for the
spatial variation of the field.

Figure 2 shows the chameteriatic signhatures for the com-
ponent of magnetic fiald that is transverse to the wire, when
the wire js cither translated (offset) with ceapect o the
magnetic axis or rotated {11t} about the center of the ideal
axis. The wansverse magpetic field was caleulaled uzing
Biot-Savart law and commesponds (o 6 peak solenoid axial
field of approaimately | T. For this example, an offset of
200 jum and a 61t of | mrad are geed. As seen from Ggure 2,

z fam)

Figure 2: Characteristic transverse magnetic field for offset
and tilt errors.

the transverse field for an offset exror is an odd function
while the mansverse fekd for a filt emor is an even funoe-
tipn. Therefors, an offset erroc has zero net integral over
the lenpth of the wire, while a Ll ¢rror has oon-zero nel
integrat. Since, for short pulses, the wire mation is pro-
portional to the transverse field integral, e characteristic
wire motion signatares are given by the field integrals that
are shown in Ggure 3.

1B dr (G-em)

25 o 25 50
Z (em)

Figure 3: Characteristic transverss field intgrals and wire
motion for offset and GlE étrors.
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MAGNETIC ALIGNMENT

The magnetic alignment of the mduction cells congists
of magnetic measorements with the pulsed wire system,
laser tracker measureroents to determine the locations of
the varipus components, and the mechanical adjnetment of
the solenoid's position ioside of the cell.

Magnetic Axis Determination

Tilt and offset errors can be cancelled independently
in order to align the wire with the magnetic axis of the
sokenoid. Figure 4 shows en example of the alipnment of
the wire with the magnetic axis of the solenoid. Initially the
wire mofion signal containe both the offset and Gt signe-
tures. First the tilt ervor is cancelled by perferming a 5 merad
rotation followed by the cancellation of the offset ecror by
translating the wire 1.3mm, As can be seen in figure 4 the
wire moction is oot cancelled completely which is anribaed
te: magnetic; field errors due to a pumber of factors, such
as: the current leads, the winding end transitions, winding
imperfections, and asymmetric eddy current effects. Since
& perfect magmetic 3xis can not be obtaingd, the magmetic
axls is defined as having rers total firsl and secand Beld in-
tegrals. With respact to the wire modon, this corresponds
te the wire displacement returning to zermy after the mo-
tion pulse has passed as well as zero net first integral of
the displacement. Figure 5 shows the caleniated horizontal

Figure 4: Alipnment of the wire with the magnetic axia,
A Smrad rotation and a 1.5 mm translation are performed
from the initdal wire Jocation.

(x) aod vertical (¥) wansverse components of the magnetic
field with respect to he defned axis of the sofenoid, The
calculation of the residual fields is performed using equa-
tion 3 by taking the times time derivative of the wire motion
sipnal and performing the proper scaling,

Solenoid Alignment

Once the wire is aligned with the solenoid’s magnetie
axig, its position must be related to Gducial pointa on the
solencid. ‘This is accomplished by wsing a laser mcksr
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Figure 5; Calculated transverse magneric Geld along the
streiched wire at the defined magoetic axis. The non-zero
transverse field is due to imperfections and asymmeiries in
the: magnst

along with calibrated laser micrometecs (see wire location
sensor in figure 1) in erder to find the location of the wire
at two points and relate this to the fiducial poimis on the
solenoid. The relation between the magnetic axis and the
solenoid Gducials is then used to align the magnetic axis of
s sorlenold with the sall axis,

CONCLUSIONS

A mapnet measurcment facility has been comztructed
for the alignment of the NDCXI pulsed solencids. The
pulsed wire technique has besn Implamentsd to determine
the magnetic axis of the solenoids at the peak of the mag-
net pulse. Due to the high magnetic Beld of the solencids,
the pulsed wire measurements 2 highly sensitive. Offsat
axrors a2 mall as 25 pm and Glt errers as small as 0.1 mrad
can be distinguished after averaging over only a few pulses.
The alignment of the solenoids inside of the cell has been
demonstrated with an accoracy of better than 100 pm.

REFERENCES

[1] A. Friedman =t al, “Beam dynemics of the Mewtralized Dmfl
Compression Experiment-11, 2 novel pulse-comprassing ion
seccleritor,” Pliysics of Plasmas, 17(3) (20103

(2] R.W. Warren, “Limitations o the use of the pulsed-wins fizld
measuring technique,” Nuclear Instrumenis and Mathods in
Physics Research Section A. 272 [1988), p. 257,

{3] 1.G. Melton, MJ, Burns, end D], Honsberger, “Pulsed tant-
wire measurement of the magnetc aligpment of the ITS in-
duction eelle,” FAC™H, http: //vww . JAGSH. oTg,

[¢] C. Bonnafond and D. Villae, “Alignmment (schniques for
the high curent AIRIX sccelorator,” PAC'SS, p. 1381,
http: ffwwe. JACoW, org.

[5] D. #hi-Yong ¢t al, “Allgnment techniques for DRAGON-1
LIA," Chinese Physics C. 23(00 (2009}, p. 7B8.

(6] K.F Graff, Wave Motion in Elsstic Sulide, Dover Publica-
tions Inc. (19911


http://www.JACoW.org

