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An in-vacuum minipole(short periodl insertion device has been developed in a collaboration
between SPring-8 and the National Synchrotron Light SoUK®LS). The magnetic arrays were
assembled, field measured, corrected, and vacuum tested by SPring-8 and were installed in an
NSLS-developed chamber with mechanical parts in the NSLS X-Ray Brg2(584 GeV) in May

1997 and a successful commissioning of the device was carried out in June 1997. The device is
made of permanent magnets with 30.5 periods and a period length of 11 mm. It is designed to
produce fundamental radiation at 4.6 keV, and with a modest value of deflection parakaeter
=0.7 at 3.3 mm gapenables higher harmonics to be used as well, for a variety of experiments. A
detailed description of the mechanical support and vacuum chamber will be reported elsewhere. We
describe technical challenges encountered in constructing this type of device, and present an outline
of our collaboration. ©1998 American Institute of Physid$S0034-67488)04601-2

I. INTRODUCTION II. NSLS-IN-VACUUM UNDULATOR (IVUN) PROJECT

The use of in-vacuum minipole undulators in a medium-
fers to an insertion devicdD) with a period length of the sized ring(a few GeV is a good alternative to relying on a
harge-scale facility such as the European Synchrotron Re-

order of 1 cm or less. Various minipole undulators have bee .
developed for linac use, mainly because the small magnestearCh FacilityESRP, the Advanced Photon Sour¢aPs),

g equred for 1 e of i voud preven: s se G SFLS 0 5000 e tr e 0 o e v
storage rings. However, with the advent of the third genera- il
9 9 g niieveloped at Kou Eneruddenkyusho(KEK)! and later re-

[

As a convention, a so-called “minipole” undulator re-

tion light source, the vertical emittance of the electron bean, . . .
(e-beam has become small enough to accommodate subce ined at SPring-8, vghere a commitment to extengye use of
timeter magnet gaps without sacrificisgheam lifetime. Un- them has peen ma.eAs a part of a research apt|V|ty Into

. future SPring-8 devices, we have collaborated in the devel-

like conventional insertion devices, whose minimum gap is X ) .
limited by the vertical size of the vacuum chambers, in.opment of a device called NSLS-IVUN which was installed

vacuum insertion devices allow the magnetic gap to bd" the X-Ray Ring £=2.584 GeV) at the National Synchro-

closed to the beam dynamics limit. This advantage is eve{'nr on LEIS?\Ith S_oul\r/lce(legbi) |$hBrookhavt(_an National Labdora—l
more crucial for minipole devices, which inherently require a ory ( ) in May - 1 N€ magnetic arrays were devel-

smaller magnet gap than conventional devices, in order t8ped by S_Pr|ng—8 ar_1d they are installed in a vacuum
increase the undulator deflection paramétemith a value chamber with mechanical and control systems developed at

of K not much smaller than unity, the use of higher harmon-the Il:llgll:g . ¢ f May 1997 : .
ics and modest tunability are possible. x-ray fing parameters as ot Viay are given in
Table I. Despite the fact that this ring is a second-generation

In Sec. Il, we describe the aim of this collaboration, and . ht ; v low b Y 1% bl
some attention is given to the characteristics of Nationa|Ig ¢ sour:f:e, extremely low beam cm:_pmgf% 5 ) en?h es
Synchrotron Light SourcéNSLS) X-Ray Ring, as well as ID  US '0 achieve a minimum-gap operation ot 2.> mm. 1he pre-

Cd_|cted radiation spectra for the IVUN with zero emittance

parameters. The effect of emittance on the radiation spe d b d and. with th wal finit |
trum is also discussed. Design details of the magnet block@Nd €ro beam-energy spread and, with the actual finite vai-
es are shown in Fig. 1. Tuning capability of the device can

and holder structure are reported in Sec. lll. Permeance o . . L .
b e seen in Fig. 2, in which peak brilliance as a functiofof

the magnetic circuit is one subject which calls for particular, . . ;
attention. Section IV is devoted to magnetic field measure’> shown. As can be seenin Fig. 1, althoggh hOI’.IZOHIa| emit-
c}ance degrades the brilliance of the radiation, it makes the

se of the second harmonic on-axis possible. An improved
d attice has been designed for future use at NSLS, with which

Jhe brilliance increases by a factor of two.

multipole characteristics are thoroughly examined. Vacuu
testing of the array is detailed in the following section an
the concerns of ring impedance in the transition areas is di

cussed in Sec. IV. Ill. DESIGN OF THE MAGNET ARRAYS

dpresent address: Rl Beam Factory Project, The Institute of Physical and An In-vacuum mlnlpole undulator |mpos_es extra gon-
Chemical ResearctRIKEN), 2-1 Hirosawa, Wako, Saitama 351-01, Ja- Straints and challenges compared to conventional IDs in de-

pan; electronic mail: ttanabe@postman.riken.go.jp sign of the magnet arrays primarily due to the followird:
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TABLE |. Pertinent NSLS x-ray ring parameters for IVUN operation. =
Low emittance § 10'8
lattice (in 2
Operations lattice future) i 1st
o
Energy 2.584 GeV — “E 10'7 \ 3rd
Max current 430 mA ? E
Bx!By 1.70 m/0.37 m 1.17 m/0.30 m -
el 7y —0.088/0.04 0.17/0 E e
aylay 0.23/-0.02 —0.002/0 2 107 |
oglo. (FWHM) 0.085%/13 cm — s
&l ey 94 nm rad/0.1 nm rad 45 nm rad/0.1 nm rad -
oy loy 407 um/6.2 um 271 um/5.6 um 2 10'5
o lay, 244 yrad/16.7urad 196 urad/18.6urad S 3000 10°
@ Photon Energy (eV)

) . . . . FIG. 2. Tuning capability in the fundamental wavelength and the third har-
Higher machining accuracy is required, simply because Ofonic of IVUN. K values are varied from 1 to 0.1.

the small physical dimension§2) As the minimum allow-

able size of the good-field regiotorizontal field roll off
less than 0.5%for stable ring operation remains the same agnance. Hence, we have developed a novel structure to place
and hold small magnet pieces in precise locations, and it is

in a conventional device, the horizontal dimension of the® ™ N , )
magnet cannot be decreased beyond a certain w@ubue  depicted in Fig. 3. A newly developed neodymium-—iron—
to the in-vacuum bakeout required of the magnets, the pef20ron magnet material with a very high intrinsic coercivity
meance of magnet blocks in the magnetic circuit should nof NEOMAX 32EH) was used. Errors in periodicity are con-

be lower than a critical value which could lead to excessive>'d€red important, as they cannot be corrected later, unlike
demagnetization. In general, stocky pieces are more favofield strength errors. In this structure, the accuracy of the side

able than thin ones, which contradicts requirem@t Each plate period is the determining factor, and it is made to be
factor will be examined below. within =10 um by computer-aided machining. The thick-

ness variation of the m thick TiN coating is less than 1
A. Machining accuracy and mechanical design um. The base plates and side plates are made of Al 2219-
Even if the magnetic material were made compIeterT852’ which is a good match for the Al 2219-T87 that thg
uniform, machining errors in magnet blocks and holdersNSLS uses for the support structure. Ideally, the array units
would contribute errors in the magnetic field strength and?nd support should be made from identical materials but Al
trajectory phase. As the period length decreases, the relatik?19-T87 was not available in small sizes in Japan. We have
errors increase for a given machining accuracy. Variation irf'0t €xperienced any problem caused by this difference so far.
the thickness of the titanium nitridéTiN) coating, which ~ The small clamps are made of BeCu and have a springlike
helps reduce degassing from the magnetic material, also coffature, to ensure that the clamping forces are equally ap-
tributes to block size errors. A construction scheme with in-Plied to all four blocks beneath. It became clear later that this
dividual, independent magnet holders and clamps is not apstructure requireq additional improvement as some clamps
propriate, as relative errors in machining with respect to thévere twisted, which caused a few magnet blocks to break.
block size become larger and the large number of gaps crd-his problem was alleviated once all the screws were re-

ated by this structure may result in poor vacuum perfor-moved and retorqued evenly. .
The 100um Ni foil covers the magnet array surface in

order to reduce the resistive impedance contribution of the
device. Magnetically the effect of this thin foil is small at a
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FIG. 1. Calculated flux density for IVUN. The solid line indicates the flux
density from an electron beam without emittance and energy spread. The
broken line represents predicted values including these effects. FIG. 3. Schematic picture of the IVUN array structure.
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C. Demagnetization characteristics of the magnet
blocks

Permeance is the ratio of the local magnetic flux density
in the magnet to the local demagnetization fiéltlis related
to the tendency of the magnet to demagnetize under an ex-
ternal stress, such as heat. The higher the value of the per-
meance, the less prone the magnet is to demagnetize. Per-
meance depends on the shape of the magnet piece and the
structure of the magnetic circuit. In general, the less out
stretched the piece is, the higher the average value of its
permeance. Figured® and §b) show contour plots of the
calculated permeance values in the horizontal half of the ver-
tically magnetized blockVMB) (a) at a 5 mm gap antb) at
a 2 mm gap, respectively. Similarly, Figsicband Gd) are
for a horizontally magnetized bloc#HMB), (c) at a 5 mm
FIG. 4. A photograph of the IVUN array units. gap and(d) at a 2 mmgap. All these plots were calculated
using the integral element metho&LF-MAGIC, ELF.)
3.3 mm gap, magnetic field reduction was only 20 to 30 GThey indicate that the HMBs have, on average, lower values

of permeance, so that they become the limiting factor to a

out of 7000 G peak and no excessive field distortion was . . - .
reduction in magnet size. Also, the permeance is lower with

observed. Ni was chosen because of its relatively high eleﬁér or aans. so a smaller aap should be maintained durin
trical conductivity to reduce resistive impedance, its UHV ger gaps, 'er gap L 9
t?ake—out, in order to minimize demagnetization. It can also

compatibility, and its magnetic nature to secure attachme ) ; !
b y 9 }Je inferred, from the fact that the major part of the magnetic
|

to the magnet surface. Figure 4 is a picture of fabricate : .

array units, without Ni sheets, taken before shipment to uxin an HMB goes t(.) the .S'de of the magnet away from the

BNL gap, and that the vertical size of the HMBs could be reduced
’ without sacrificing maximum flux, while improving the de-

magnetization characteristics.

B. Good field region

Th d field . f . tion device i bi IV. MAGNETIC FIELD MEASUREMENT AND FIELD
€ good Ttield region of an Insertion aevice Is an ar I_CORRECTION

trary concept and is usually defined as a horizontal region in
which the magnetic field varies less than 0.5% from the peak A photograph of our magnetic field measurement facili-
value at the center. For Halbach-type structures, it is almodies is shown in Fig. 7. There are two types of systefhsa
entirely determined by the horizontal size of magnet blocksHall probe field mapping system, which includes a moving
At the x-ray ring of the NSLS, a good-field region of at leaststage on a granite bench, holders for magnet arrays, and a
+5mm was required. As shown in Fig. 5, the minimum base plate, an¢?) a rotating coil field integral measurement
horizontal size for IVUN to satisfy this condition is 22 mm. system, which is seen in the upper right corner of the picture.
Therefore, the other t_wo block dimensions have to bg deterA_ Magnetic measurement bench with Hall probe
mined by a combination of factors, such as the required pe-
riod length andK value and the minimum allowable value The Hall probe used is the AREPOC HHP-MP, which
for the permeance of the magnet blocks. has an active area of 1Q€mx100um, and an enclosure
thickness of 1 mm. It is placed in a 1.5-mm-thick copper
; plate with duralumin support arm and sandwiched with Kap-
-_:\. ~— \ ton'tape. Calibration was done in house using a nuclear mag
Say ‘S~ N netic resonanceNMR) probe and a standard dipole electro-
0.998 ~3 v \ magnet. Even though there is no temperature controlling
N N device in the enclosure of the probe, the low temperature
0.996 N N coefficient of the probe (3010 4/ K), software compen-
sation and reasonable ambient temperature control ensure the
0.994 A \ accuracy of the measurements. Extra attention was paid to
the straightness and flatness of the probe travel. The granite
bench and the supports holding the arrays sit on a single
\ stainless base plate, 5 cm thick. The center of the probe has
[\ been found to stay on axis within a range oflL um verti-
cally, and =7 um horizontally through the travel. For the
X (mm) longitudinal direction, the maximum deviation from the ideal
FIG. 5. Field roll off due to finite width (gap3.3 mm). The height of the position has also been .m(.aasured using a laser interferometer
magnet block is 3.92 mm, and the width of the magnet is 20 (oroken- ~ @nd was found to be within 1am for 500 mm travel.
dotted ling, 18 mm(broken lind, and 15 mm(solid line). A stepping motor(UPD544HG1-NB, Oriental Motor

Ratio
'

0.992

0.99
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FIG. 6. Contour plot of permeance values in the artayhorizontally magnetized block at a gap(@j 5 mm, (b) 2 mm vertically magnetized block at a gap
of (¢) 5 mm,(d) 2 mm.

drives a high precision ball screw on which bothandy  voltmeter for integration. The coil usually has a limited
stages are laid. The motor controll@&igma Mark-41, Sigma range of rotation, and integration must be done within this
Kohki) is connected to a personal computeC) by a Gen- range. As a consequence, all the frequency components of
eral Purpose Interface BUSPIB) interface and the data ac- the output voltage from the coil are included and noise fil-
quisition program is written inABVIEW (Ver. 3.1, National tration becomes a major obstacle.

Instruments In the software, the probe output voltage is One of the most effective means for noise reduction is to
compensated using the temperature difference between probmit the bandwidth of the measurement. In order to apply

calibration and that at the time of measurement. this method to a flipping coil system, one needs a connector
_ . which enables the rotation of the coil while maintaining elec-
B. Rotating coil system trical contact. The rotary connector usédercotac Model

A conventional flipping coil systefremploys multiturn 205) fulfills this condition by having mercury as an electrical

coils whose output goes to an integrator or programmablénterface medium. A lock-in amplifier is used to measure the
coil output, and both normal and skew components of the

first integral can be measured simultaneously as the two
quadratures. The first integrd) and I, could be derived
from the following equation;

V=Ndo(l, sinwt+1, coswt)=A cojwt—¢), (1)

whereV is the induced voltage from the col is the num-
ber of coil turns,d is the coil width, andw is the angular
frequency of the rotation. The lock-in amplifier measukes
and ¢. The second integral could be calculated using a
crossed cofl

0= — b /O+L-1, )

where®=d/L, d: whole width of the coilL: a half length
of the coil, andg, is the coefficient of the sine component of
the integrated flux. The same expression applies toythe
FIG. 7. A photograph of the magnetic measurement facility. component by changing the subscript fronto y.
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FIG. 8. A schematic picture of the rotating coil device. (a) Gap (mm)

—0O=— Normal Quad.
Figure 8 shows a schematic of the system layout. Two Zoon-Skew Quad
stepping motorgOriental Motor UPK-569-NAG rotate the

—_ 0o ——————— ‘ .
coil at 5 Hz. The motor controllefTsuji Denshi Flip-Coil- % %
Controllep ensures synchronization of the two motors to bet- 5 .50
ter than 0.1°. The absolute rotary encod€r-R CE-65-P §_
has 3600 divisions per turn while the minimum motor stepis & -4
0.1°. The multiturn coil is made of Tefl8ncoated tungsten 3 -100 e
wire (Nippon Tungstenof 0.1 mm in diameter. The coil 2 e
width is 1.5 mm with four turns and the length is 1.6 m. §' -150
Copper wire was deemed unsuitable, as a rather high tension g B -7
(1 kgfiwire) is required to maintain a constant width of the & -200 il

coil during rotation at five turns per second. We could ob- 2.5 3
serve a steady increase in the output voltage during the mea-
surement, due to the stretching of the wire and subsequent
increase of the coil area when 0.2 mm-diam enameled copper S st
wire was initially used. A lock-in amplifiefStanford Re- '
search SR850with a diagonal signal process@@SP was

used, and the advantage of a very low minimum detectable

4.5 5

S

200 — \

g
2
g L
frequency(1 mH2). It also has a very high dynamic reserve, g 150 /
compared to a conventional analog unit so that use of an g [ »\ ]
electrical noise filter could be avoided. g 100 ]
Field correction was made by first using simulated § »
annealin§ for coarse correction, then inserting magnet chips @ A
. . [} 50 L ,‘
against the back surfaces of the magnet blocks for fine ad- e RESEEL A I s
justment. This procedure has been found effective for 5 “ammenn
SPring-8 in-vacuum undulators. A stainless steel chip of the @ 02 5 3 ‘ 4 5 5

same shape as the chip magnet is always inserted between (c)
the main magnet and chip magnet to permit removability.
Izeﬂ”rér‘:L:TI;[IrEOl'(la'h%i/maﬁ‘zngg:il:éirg]ria:ugsI(i/r:,(\glrz:]ilgl ?itrgp?f?eogle 9. Gap dependence of integrated multipole componétsiipole, (b)
N R A : ~ quadrupole, andc) sextupole.

first integral distribution along the transverse horizontal axis

using the following formula.

3.5 4
Gap (mm)

f (B, +iBydz= >, (b,+ia,)(x+iy)", ©)

— o =0

TABLE II. Integrated multipole goals for the NSLS x-ray ring and mea- "

sured results for the IVUN arrays measured at SPring-8. whereb,, is the normal components aag as the skew com-
ponents. Integrated multipole requirements for the NSLS X-

Measured results Goal Ray Ring and our measurement results are presented in
Normal/skew dipole 7% 70 Gcm 100 G'cm Table II.
Normal/skew quadrupole 256092G 10 G/100 G Field correction was made in two steps. First, the trajec-
mg:m:/?ﬁw;ﬁgf‘;ﬁ’o'e olgé/fén Glem 8(;5*0 Glem tory on axis was optimized, then multipole correction by
| . m . .
Skew 2nd integral NA. 8 E&m? chip magnets was performed mostly at the last few periods,

rms phase shake 1.45° 20 to avoid trajectory deviation. At one point, we found out that
a major multipole correction was necessary and decided to

22 Rev. Sci. Instrum., Vol. 69, No. 1, January 1998 Minipole undulator
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FIG. 10. A schematic of the vacuum test facility. FIG. 12. Wake field created bfp) the transverse resistive impedance and

(b) the transverse geometric impedance with different entrance agflés
rotate several magnet blocks by 180° alongyrexis. These 80" and 90%
magnets were chosen based on the results of field mapping
with the Hall probe. With hindsight, it would have been bet-that the BAG has approached its x-ray limit while, the EXG
ter if any necessary repositioning of magnet blocks had beelimit is still lower. The final value reading by the EXG
performed before any correction. Figurgg)9-9(c) show the  (IONIVAC IM520, Leybold) was 2<10 ° Pa, which im-
gap dependence of the final values of the integrated dipolalies adequate ultrahigh-vacuuitdHV) compatibility of the
qguadrupole, and sextupole components, respectively. It a@rrays.

pears that determining the sextupole components is more
sensitive to curve-fitting errors. VI. TRANSITION REGIONS

V. ULTRAHIGH VACUUM TESTING According to Ref. 7, there are three predominant beam
o ) o dynamic effects caused by the small gap aperture of the

After magnetic field correction was finished, a vacuumpminipole undulator and the aperture change due to transitions
testin a UHV minichamber was conducted to make sure thagom the standard vacuum chamber to the ID. They are:
no objectionable elements degas from the magnet arrays. fower dissipation due to longitudinal impedance and trans-
schematic of the vacuum testing facility is given in Fig. 10.yerse coupled bunch instability/strong head-tail instability

The chamber is equipped with a 12%s ion pump and @ 200  caysed by transverse resistive impedance and transverse geo-
/Is titanium sublimation pump in addition to a 24@s turbo  metric impedance.

molecular pump and rotary pump which were used for initial ~ pgower dissipation can be estimated from E2.4) in

pump down. The 105-cm-long chamber has an inner diamgef, 7, when an average curreny, is distributed uniformly
eter of 14.7 cm and is sealed with an ICF203 at one end. Thg, M punches and the half aperture is a mm,

other end is connected to a sample chamber, 50 cm long. The

. . . . [ 2 1 R 3/2
array units are held to form a real magnetic circuit inside the - M( av) ﬁ) _) 4
sample chamber. The temperature of the magnets did not to M/ \2ma)\ &/ \ og
exceed 125°. Three types of vacuum gauges were used, Cc{%ere “I”” is the chamber length, ‘R’ is effective radius

cathode gaugéCCGQG) for low vacuum, Bayard Alpert nude

gauge(BAG), and Extractor gaugéEXG) for UHV. Figure of the ring, ‘o'’ is bunch length, “p" is the resistivity of

) ) the chamber material, and 8y’ is the skin depth in the
11 shows pressure readings from the various gauges vers Ramber. For a stainless surfacetwit 1 mmhalf aperture

elapsed time. The difference between the reading of the BA nd single buncte-beam current of 0.1 A, it is only 19 W.

and that of the EXG in the final hours comes from the faCtThe only concern here is the possibility that the continuity
sheet is detached from the magnet array so that the heat is

10°° — — . dissipated by radiation alone. For this reason, we decided to

10°¢ %@ e use a thin Ni sheet which, even though Ni is ferromagnetic,
- o wonteenn EXG it is attracted to the magnets. It is so tHIDO um) that the
:‘2" 107, § material is easily magnetically saturated and the shunt effect
T 1ot ] ] is almost negligible.
3 % The maximum value of the wakefield from a Gaussian
g 10°% bunch due to transverse resistive impedance can be calcu-
= {10 3 lated from Eq.(2.17) in Ref. 7,

Boo

g b
1011 . - W, =(1.28)><i§ cp 2 .
-50 0 50 100 150 200 res — \/47760 \ /Tms

Time (hour) ] ] ) ) ]
and transverse geometric wakefield also given in(Bd) in
FIG. 11. Pressure readings from the various gauges vs the elapsed timeRef. 7,
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