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Abstract. Short period (14.5mm) hybrid undulator arrays composed of Praseodymium Iron Boron (Pr Fe;4sB) magnets
(CR53, NEOMAX, Inc.) and vanadium permendur poles have been fabricated at Brookhaven National Laboratory.
Unlike Neodymium Iron Boron (Nd,Fe;,B) magnets which exhibit spin reorientation at a temperatures below 150K,
PrFeB arrays monotonically increase performance with lower operating temperature. It opens up the possibility for use
in operating a cryo-permanent magnet undulator (CPMU) in the range of 40K to 60K where very efficient cryocoolers are
available. Magnetic flux density profiles were measured at various temperature ranges from room temperature down to
liquid helium (LHe) using the Vertical Testing Facility (VTF) at the National Synchrotron Light Source-I1 (NSLS-I1).
Temperature variations of phase error have been characterized. In addition, we examined the use of textured Dysprosium
(Dy) poles to replace permendur poles to obtain further improvement in performance.

Keywords:. synchrotron radiation instrumentation, storage ring, permanent magnet, cryogenic
PACS: 07.85.Qe, 29.20.-c, 75.50.Ww, 07.20.Mc

INTRODUCTION

NSLS-I will provide an electron beam with sub-nm.rad horizontal emittance and 500mA of electron beam
current with top-off capability by 2015. Four types of insertion devices are planned for the initia phase of
operation. Two units of 3.4m long damping wigglers (DWSs) with peak field of 1.8 T will be installed in three long
straight sections. A three pole wiggler (3PW) will be installed at the end of a dispersive section to accommodate
NSLS bending magnet users at the expense of a small amount of beam emittance increase (~10% with 15 devices).
The main hard X-ray sources will be in-vacuum undulators (IVUs), possibly cryo-ready*, while out-of-vacuum
elliptically polarizing undulators (EPUs) will cover soft X-ray regions. Most of the IVUs and EPUs will be in the
short straight sections, with the exception of U22 for the IXS beamline. Due to higher values of beta functionsin
both vertical and horizontal dimensions, U22-1XS will require special magnetic design. Table 1 shows the list of
baseline insertion devices planned for the first phase of operation of the ring as of September 20009.

Table 1. NSLS 11 Baseline Insertion Devices

u20 U21 (SRX) | U22(1X9) EPU DW 3PW
Type VU VU VU Apple-ll Hybrid PM Hybrid PM
Length[m] 3.0 15 6.0 2x2.0 2x34 0.3
Period Length [mm] 20.0 21.0 22.0 49.0 90.0
Magnetic Gap [mm] 5.0 55 7.0 11.5 12.5 28.0
Bpeal T] 0.94 (lin) / 0.57 (heli)

10 0.9 0.78 1972 (vlin) / 0.41 (45°) 0/0
Maximum K 4.3 (lin) / 2.6 (heli)

18 18 15 3.2 (vlin) / 1.8(459) 15.2
Fundamental Photon 180 (lin) / 230 (heli)
Energy 1830 1560 1800 285 (vin) / 400(45°)
Ec [KeV] 10.7 6.8
Max Total Power [KW] 8.0 10.3 3.6 8.8 (lin) 64 0.34




PRASEODEMIUM IRON BORON UNDULATOR

Magnet Arraysand M easur ement System

The first room temperature (RT) IVU was developed at KEK in 1992°. Since then, RT-1VUs have become the
de-facto standard for short period devices in synchrotron light sources around the world. Various attempts to
employ superconducting undulators (SCUs) have been made. However, it appears that more R&D is needed before
SCUs can be reliably used at user facilities. The concept of a CPMU was proposed in 2004 to enhance the
performance of a RT-IVU?, Since it is based on the fundamental characteristics of a NdFeB permanent magnet, it is
considered a much more realistic option than SCUs to achieve higher performance from an ID. Unfortunately, a
NdFeB magnet starts to exhibit spin reorientation below 150K, which limits the maximum enhancement of its
remanent field.

The PrFeB, a “twin” of NdFeB, was originaly developed for space applications. does not show such
deterioration at lower temperature. Its remanence continues to increase monaotonically al the way to 4K. Test arrays
having eight full periods of 14.5mm period length have been constructed with PrFeB magnets (NEOMAX Type
53CR)* and Vanadium Permendur poles. No elaborate shimming was done except for trajectory optimization by
magnet sorting. The test undulator was installed in the VTF® at the NSLS for field measurement with either liquid
nitrogen or liquid helium as cryogens. The magnetic gap was set to 4.85mm which is determined by the thickness of
the aluminum guide tube in which the Hall probes move. Hall probe calibration in LHe was done in-situ with SC
calibration coils. Figure 1 shows the Radia model for the SC calibration coils, photographs of the PrFeB undulator
arrays and the SC calibration coils enclosure.
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FIGURE 1. () PrFeB arraysinstalled in the VTF; (b) Radia model of the calibration coils; (c) Photograph of the coil enclosure
inthe VTF.

M easurement in LN, Bath

First, a number of measurements were conducted in liquid nitrogen. The Hall probe elements were calibrated
separately against an NMR probe in a conventional electromagnet dipole ,while they were immersed in a small LN,
dewar. Figure 2-(a) shows the comparisons between predicted field by Radia® and measurement results at both room
temperature and at 77K. B, in the simulation was varied to achieve the closest fit to the measured peaks. The fitted
results indicate that the magnet’s Br increased from 1.37T at RT to 1.64T at 77K. Thediscrepancy in the extremities
is mainly due to the imperfection of the magnet machining. Hall probe data show that the average period length has
decreased from 14.503mm at RT to 14.489mm at 77K due to thermal contraction of the aluminum array holder.
Linear expansion of 6061-T6 aluminum alloy is supposed to contract by approximately 4x107 from 293K to 77K
which trandates 0.8mm contraction for 20cm arrays. It is known that NdFeB magnet has negative thermal
expansion perpendicular to the magnetized direction. More investigation is needed to understand the reason for
smaller reduction of the period length. Phase error plots for both cases are shown in Fig. 2-(c) for RT and Fig. 2-(d)
for 77K. No significant change in the pattern of phase errors have been observed, but the RMS phase error exhibits



a dight increase (3.1° a RT vs. 3.5° at 77K). These magnetic arrays are based on pre-CPMU design, and it is
expected that phase error deterioration could be reduced with more elaborate platen design similar to MGU-X 25,

Independently, small magnet samples (1.1mm in easy direction, 1.0mmx1.0mm in hard direction) were tested in
SQUID based equipment with a maximum field of 7T to measure the materia’s BH curves. The results show that
B,=1.35T at RT and B,=1.58T at 77K. Theintrinsic coercivity in the easy direction at 77K was so large that even 7T
was not sufficient to reverse the magnetization of the sample. The dataisshownin Fig. 2-(b).
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FIGURE 2. (a) Field mapping results: Red dotted plot is the measured By at room temperature, blue solid line corresponds to
that measured at 77K. Radia simulations with Br=1.37T and Br=1.64T, respectively are aso shown. (b) uH v.s. M curve
measurement with SQUID. Only the easy axis direction was measured at room temperature. Both easy and hard directions were
measured at 77K. (c) Phase error plot in the full period region for aroom temperature scan. RMS phase error is 3.1 degrees. (d)
Phase error plot in the full period region for a77K scan. RMS phase error is 3.5 degrees.

M easurement in LHe Bath

The ultimate goal for PrFeB-CPMU is to operate in the temperature range where cryocoolers with large enough
capacity exist. For example, the AL600 by Cryomech, Inc’. can handle 500W at 50K and 150W at 30K. Therefore
it is worthwhile to examine the properties of PrFeB unsulators below LN, temperature. Various sub-77K
measurements were carried out with LHe as a cryogen in the VTF. After conducting measurements at 4.2K, the
arrays were gradually warmed up to 60K and various intermediate temperature values (10K, 20K, 30, 40K, 50K and
60K) have been also measured. The measurement of flux density at 4.2K strongly depends on the calibration curve.
Ascan be seen in Fig. 3 (a), the output voltage from the Hall probe element exhibits discontinuous behavior between
4.2K in LHe and 10K in the warm up phase. During the warm up, the output voltage increased as temperature went
up. No calibrations were done during warm-up phase. The field peak data show that the average period length has
decreased from 14.503mm at RT to 14.433mm at 4.2K. Given the calibration data of 103.5G per ampere in the
caibration cails, the calculated flux density is barely increased from that a 77K. Similar measurement data
exhibiting saturation of Br increase between 77K and 4.2K have been observed in the past®. More investigation is
needed to clearly understand the characteristics of PrFeB magnet.
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FIGURE 3. (&) Hall probe element output voltage for two adjacent positive peaks at various temperatures. The
measurement started at 4.2K and data at higher temperatures were measured as the array temperature increased. (b)
Phase error plot in the full period region for a LHe temperature scan. RMS phase error is 6.8 degrees.

OTHER OPTIONS

The rare-earth metal dysprosium (Dy) has one of the largest magnetic moments. In the ferromagnetic ordered
state, it could exhibit the a saturation inductance of 3.8T at 4.2K. Dy orders ferromagnetically at 90K, therefore, it
could be used as pole material only in CPMU designs. The peak field of U20 at a 5mm gap assuming Br=1.50T is
found to increase from 1.29T with permendur to 1.36T with textured Dy poles. The comparison was done with
Radia using measured pH v.s. M datafor crystallized Dy°.

Low temperature SCUs have been tested at severa laboratories in the world. Heat shield problems demand
increased effective magnetic gap, which in turn diminishes the advantages of SCUs. SCUs with high temperature
superconductor tapes is another possibility for the future R&D. However, further increase of maximum engineering
current density is required to be compete with CPMU field performance.

SUMMARY

The magnetic field characteristics of PrFeB undulator arrays of 14.5mm period length have been measured at LN,
and LHe temperature. The operation at 77K was found to be very promising. Not much performance gain was
observed at 4.2K. A combination of PrFeB magnets and textured Dy poles may give further performance gain compared to
conventional CPMU consisting of NdFeB and permendur poles.
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