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Field quality of HD3 — a Nb3Sn dipole magnet
based on block design

Xiaorong Wang, Daniel W. Cheng, Daniel R. Dietderich, Joseph DiMarco, Hélene Felice, Paolo Ferracin,
Maxim Marchevsky, Soren O. Prestemon, GianLuca Sabbi

Abstract—HD3 is the latest magnet of a series of block-type
NbsSn dipole model magnets developed by the Superconducting
Magnet Program at Lawrence Berkeley National Laboratory.
The magnet is 1 m long with a clear aperture of 43 mm. As
a model magnet designed with accelerator-quality features, each
coil has flared ends to provide a clear bore for a beam tube. The
magnet design was also optimized to minimize the geometric and
saturation field errors. In 2013, HD3b reached a peak dipole field
of 13.4 T at 4.4 K. As part of the magnet test, we measured field
quality using rotating coils with lengths of 26 mm and 130 mm
developed by Fermi National Accelerator Laboratory. Here, we
report and analyze the measured static and dynamic field errors.
We discuss the insight provided by the field quality study of HD3,
which can be useful for the development of high-field block-type
dipole magnets for next-generation circular colliders.

Index Terms—NbsSn dipole magnets, block-type design, field
quality.

I. INTRODUCTION

HE brittle and strain-sensitive Nb3Sn conductor is cur-

rently the conductor of choice for future high-field super-
conducting accelerator magnets due to its high critical-current
density (.J;) in the field range of 11 — 16 T and the maturing
NbsSn accelerator magnet technology.

In the block design, coils are wound with flat Rutherford
cables similar to a racetrack coil with flared ends to provide
clearance for the beam path [1]. Compared to the classic cos 6
design, the block design has several unique features [2]. One
can increase the number of turns rather than layers to increase
the aperture field. This leads to a more compact magnet
configuration with less internal supporting parts. The high-
field and high-stress regions are separated, which can reduce
the impact of transverse stress on the cable performance.

To develop the block-design magnet technology, the Super-
conducting Magnet Program at Lawrence Berkeley National
Laboratory (LBNL) developed and tested several model dipole
magnets (HD series). The magnet had two coils with two
layers in each coil and was supported by an aluminum shell-
based structure [3], [4]. Following the demonstration of a
record 15.4 T in HD1 [5], HD2 introduced the flared coil ends
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with a clear aperture of 36 mm [6]—[8] and reached 13.8 T
at 4.4 K [9]. Recently, a 100 mm aperture block-type dipole
magnet (FRESCA2) reached 13.3 T at 4.3 K [10]-[12] and
14.6 T at 1.9 K [13]. NbsSn block-type dipole magnets were
also proposed for future circular colliders [2], [14]-[17].

Although excellent designed field quality was demon-
strated [6], [7], [17], there are limited reports on the measured
field quality for the block-type dipole magnets [12], [18], [19].
Here, we report the measurement and analysis of the field
quality of the HD3b magnet, the latest block magnet developed
at LBNL. The HD3b magnet reached a dipole field of 13.4 T
at 4.4 K [19]. At 13 T, it demonstrated field errors below 3
units except for ae and b3 at a reference radius of 13 mm. A
warm-cold correlation was also observed. We expect the study
to provide useful input for the development of high-field block
dipole magnets for next-generation circular colliders.

II. THE HD3B MAGNET

HD3b was wound with Rutherford cables based on 0.8 mm
diameter rod-restack-process (RRP) [20] Nb3Sn strands with
a subelement diameter (d.¢) of about 80 pum (Table I). Fig. 1
shows the cross sectional view of the top coil in the straight
section of HD3b.
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Fig. 1. The top coil (Coil 3) and field vectors in HD3b magnet plotted

by ROXIE [21]. Layer 1 (Blocks 1 and 3) has 23 turns and Layer 2 (Blocks
2 and 4) has 29 turns.

To improve the loading performance and electrical integrity,
HD3b implemented several changes with respect to HD2
that affected the optimized field quality. The mid-plane gap
between two coils was increased to improve the electrical
integrity, which increased the allowed harmonics [22]. To
address the clustered quench origins observed in HD2, the
radius of the hard-way bend for the flared coil ends was
increased from 349 mm in HD2 to 873 mm in HD3, reducing
the straight section to about 390 mm [23]. More details on
the design, fabrication and test of HD3b magnet can be found
in [19], [22], [23].
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TABLE I
NOMINAL PARAMETERS OF THE RUTHERFORD CABLES USED FOR HD3B.

Parameter Unit Value
Strand number - 51
Core material - none
Strand diameter before HT mm 0.80
Cable pitch length mm 130
Filament pitch length mm 14
Bare cable width mm 22.027
Bare cable thickness mm 1.401
Keystone angle degree 0

III. MEASUREMENT SETUP, TEST PROTOCOL AND DATA
REDUCTION

The field quality was measured with two rotating probes
based on the printed circuit board technology developed by
Fermi National Accelerator Laboratory [24]. The first probe
(PCB2) had two layers of printed circuits and onboard am-
plifiers for the unbucked and dipole-bucked voltage signals.
The second probe (PCB4b) had 10 layers of printed circuits
without onboard amplifier. Both probes have two coils with 26
and 130 mm nominal lengths to match the cable pitch length
(Table I). The nominal radius for the outer most circuit trace
is 11.75 mm to fit into an existing anticryostat with an inner
diameter of 25.4 mm.

The PXI-based data acquisition system digitized the probe
voltage and encoder signals from each rotation of the
probe [18]. To study the impact of flux jumps on the field
quality, we digitized the voltage across each layer of the
magnet synchronized to the acquisition of the voltage data
from the rotating probe.

Scans along the magnet aperture were performed at room
temperature before cooldown at £20 A with steps of 26
mm. The scans were repeated at 4500 A, 4.4 K. We then
measured the static and dynamic field qualities with the 130
mm long coil rotating at the magnetic center with various
current ramping profiles at 4.4 K. Typical rotation speed for
the probe was 1 Hz.

The magnetic field in the aperture is expressed as a series
expansion given by

[e’e) . n—1
. _ ; T 4y
B,+iBy, = B; x 1074 by +iay < > , (D)
Yy 1 Z( ) Rref

n=1
where b,, is the normal and a,, is the skew multipole coefficient
of order n. They are normalized to the dipole field (B;) and are
expressed in units at a reference radius (Ryr) of 13 mm [25].
More details of the data reduction can be found in [26].

To study the ramp-rate dependence of the field errors, we
define the dynamic multipoles as the difference between the
field errors from the continuous ramp and those from the static
stair-step measurements. The resulting field errors are then
normalized to the static main field [27].

IV. STATIC FIELD QUALITY
A. Transfer function and field errors

Figs. 2 and 3 show the measured dipole transfer function
and low-order field errors as a function of current. The

http://dx.doi.org/10.1109/TASC.2019.2897138

measurement data were averaged from the up and down
ramp branches of the stair-step measurements at 4.4 K. The
calculation was based on the as-built magnet geometry (more
details below) considering the geometric and iron saturation
effects. The persistent-current effects which dominated the
field errors below 5 kA was reported in [28].
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Fig. 2. The dipole transfer function, b3 and bs as a function of current.
Measurements: point. Calculation: line. 4.4 K. Ref = 13 mm.
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Fig. 3. Low-order non-allowed field errors as a function of current. Measure-
ments: point. Calculation: line. 4.4 K. R = 13 mm.

The measured saturation effect generally agreed with the
calculation within 2 units except for the main field transfer
function that was 0.6% lower than the calculation at 13.6 kA.
The non-allowed by and a3 showed negligible saturation effect,
consistent with the calculation.

Table II compares the measured and calculated field errors at
15.575 kA (13 T aperture field). The harmonics were measured
with the 130 mm probe at the magnetic center after holding the
current for about 230 s to minimize the dynamic effects. The
calculation included the persistent-current effects: 0.7 units for
by and —1.5 units for bg [28].

The calculated harmonics were based on the following as-
built magnet dimensions: 0.762 mm of mid-plane gap with
respect to the nominal value of 0.610 mm. According to the
insulation shim thickness between the coil and side rails, Layer
1 in Coil 3 is 0.787 mm thinner than Layer 1 in Coil 1. Layer 2
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TABLE 11
THE MEASURED AND CALCULATED FIELD ERRORS AT 15.575 KA AT 4.4
K. Rrer = 13 MM.

Measurement Calculation
n bn an bn an
2 —1.8 —14.5 0.7 —12.0
3 —-9.1 —-2.9 —-8.5 0.0
4 0.2 —-04 —0.1 —1.1
5 —1.7 —0.4 —1.1 0.0
6 0.0 —-0.1 0.0 —0.2
7 —1.8 0.0 —1.1 0.0
8 0.0 0.0 0.0 0.0
9 —1.2 0.1 —-0.9 0.0
10 0.0 0.0 0.0 0.0

in Coil 3 is 0.635 mm thinner than Layer 2 in Coil 1. Moving
the coil pack by —0.6 mm along the mid-plane inside the iron
yoke can reproduce the measured by component.

Fig. 4 compares the measured and calculated profiles of the
transfer function and b3 along the magnet aperture measured
at 4.5 kA (up ramp) using the 26 mm long probe. Over one
coil end (z between 200 and 500 mm), the integrated bs was
—A47 unit-m and the integrated b; was —3 unit-m.
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Fig. 4. Harmonic profiles along the magnet aperture at 4.5 KA (up ramp)
using the 26 mm long probe. Measurements: cross. Calculation: line. The b3
calculation was shifted by —15 units. 4.4 K. R = 13 mm.

Fig. 5 shows a zoomed-in profile of b3 in the straight
section, together with the data measured at 290 K with the
26 mm long probe.

To estimate the variance of coil block positioning along
the magnet aperture, we fit the standard deviation of the field
errors [o(ay,b,)] measured at eight locations within 100
mm around the magnetic center (z = 0). Fig. 6 plots the
o(ay, by,) as a function of harmonic order. The plateau beyond
n = 6 indicated a probe resolution of 0.1 unit at the probe
radius (11.75 mm). By fitting the data with the scaling law on
the field errors due to random coil block displacement [29],
[30], we determined the variance of the coil block positioning
along the magnet aperture was 26 pm rms for HD3b.

B. Warm-cold correlation

Fig. 7 plots the warm-cold correlation between the field
errors. The cold data were from Table II. We labeled the

http://dx.doi.org/10.1109/TASC.2019.2897138
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Fig. 5. Comparison between the b3 profiles measured at 20 A, 290 K and 4500
A, 4.4 K. The calculated b3 calculation was shifted by —15 units. Rys = 13
mm.
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Fig. 6. The standard deviation of the harmonics indicate a 26 pm rms
positioning error along the magnet aperture. Ry = 11.75 mm.

field errors that deviate from the line with a unit slope which
corresponds to a 1 to 1 correlation.
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Fig. 7. Correlation between the harmonics up to n = 9 measured at 290 K,
+20 A and 4.4 K, 15.575 kA (13 T dipole field). The inset shows a2 and b3
with large amplitudes. Ryf = 13 mm.

To quantify the warm-cold correlation with respect to the
unit slope, we used the difference between the warm and
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cold harmonics. For instance, the deviation of warm-cold
correlation of harmonics b,, from the unit slope is given by
d(by) = |bn.warm — bn,cold|. Smaller d(b,) means a stronger
warm-cold correlation. Table III gives the d(b,,) and d(a,,) for
Fig. 7.

TABLE III
THE DIFFERENCE (d) BETWEEN THE WARM AND COLD HARMONICS.
Rgrer = 13 MM.

n  dbn) d(an)
2 0.9 1.0
3 3.1 0.9
4 0.0 0.5
5 0.4 0.0
6 0.1 0.1
7 0.4 0.0
8 0.0 0.0
9 0.4 0.0
10 0.2 0.0

V. DYNAMIC BEHAVIOR

A. Ramp-rate dependence caused by the low cross-contact
resistance in Rutherford cables

Strong decay of the main field and field errors were ob-
served when the ramp rate of the current changed [19]. For
instance, the main field transfer function decayed for about 42
units when the ramp rate reduced from 20 to 0 A/s at 11.3 kA
(Fig. 8). An exponential fit with a single time constant ranging
from 30 to 64 s can describe most field errors except for by
and as.

45 .
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50 100 150 200 250 300 350 400 450
Time (s)

Fig. 8. Decay of the normalized main field transfer function (b1) and low-
order multipoles at 11.3 kA (9.6 T aperture field), 4.4 K. The ramp rate
reduced from 20 A/s to O at time 0. The data were shifted to a common
reference at time 0. Open circles: measurement. Solid lines: exponential fit.
Rier = 13 mm.

The decay amplitude of the field errors scaled with ramp
rates. Fig. 9 shows an example measured during the up ramp
at 9.1 kA, 4.4 K. The decay amplitudes were normalized to
the static main field at 9.1 kA.

We attributed the exponential decay and the ramp-rate
dependence of the decay amplitude to the inter-strand coupling
currents in the non-cored Rutherford cables. To estimate
the cross contact resistance ([7.), we followed the analysis

http://dx.doi.org/10.1109/TASC.2019.2897138
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Fig. 9. Measured low-order dynamic multipoles as a function of ramp rates
at 9.1 kA, 4.4 K. Solid lines are the least-square linear fit of the measured
multipoles. Ry = 13 mm.

approach used for earlier NbTi and Nb3Sn magnets [27], [31]-
[33] to correlate the measured dynamic field errors and the R,
through the sensitivity matrix as determined by the network
approach [31].

Fig. 10 shows the B; and Bs caused by the inter-strand
coupling currents per unit cross contact conductance (G, =
R 1) from each cable turn in one coil.
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Fig. 10. G sensitivity of By and By from each individual turn in one coil
(Fig. 1) at 9.1 kKA with a ramp rate of 40 A/s, 4.4 K. Ry = 13 mm.

Summing the contribution from individual cables, one ob-
tains the sensitivity of dynamic multipoles for unit R, uniform
across the entire magnet cross section (Fig. 11).

The measured dynamic B; (Fig. 9) corresponded to an R,
of 1.4 pf) over all cable turns according to Fig. 11. The
measured dynamic Bs gave an R, of 0.1 u{2 across the magnet
cross section. Although this indicated the possible range of R,
uniform R, across the magnet cross section cannot explain all
the measured multipoles. One would need a negative R to
explain the measured Ay with a uniform R.. This suggested
that R, varied between cable turns.

A quadratic programming approach was used to deter-
mine possible R, distribution to explain the measured mul-
tipoles [27], [32], [33]. Fig. 12 shows the R, distribution that
reproduced the measured dynamic field errors, B, B2, Bs and
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Fig. 11. G¢ sensitivity with uniform R, across the magnet cross section at
9.1 kA with a ramp rate of 40 A/s, 4.4 K. R = 13 mm.

As, at 9.1 kA and 40 A/s, within 0.5%. Both layers in Coil
1 had similar averaged R, around 1.2 p{2. Layer 2 in Coil 3
had an average R. higher than that of Layer 1 (Table IV).

Fig. 12. R: in each cable that reproduced within 0.5% the measured
Bi1, B, B3 and Ag at 9.1 kA with a ramp rate of 40 A/s, 4.4 K. To be
consistent with the estimation based on the uniform R, the upper bound for
the Rc was set to 2.5 p€2 for the analysis. The top coil is Coil 3.
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TABLE IV
THE MEAN AND STANDARD DEVIATION OF THE Rc (u€2) IN EACH COIL AS
SHOWN IN FIG. 12.

Mean  Standard deviation
Coil 1 Layer 1 1.3 0.2
Layer 2 1.2 0.3
Coil 3 Layer 1 0.9 0.1
Layer 2 2.3 0.4

B. Field errors associated with flux jumps

As reported in [19], HD3b showed strong fluctuation of field
errors associated with flux jumps in NbsSn conductors at 4.4
K. The fluctuation featured a change of the field errors on the
order of 1 — 10 units and a decay with a time constant of a
few seconds (Fig. 13).

When large fluctuation of field errors occurred at 4.4 K, we
observed that current power supply responded to the flux jump

http://dx.doi.org/10.1109/TASC.2019.2897138
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Fig. 13. Fluctuation of b3 during the up ramp at 20 A/s, 4.4 K. The color
code indicates the number of flux jumps detected during each probe rotation.
Rief = 13 mm.

event. Fig. 14 showed an example for rotation #2781 when b3
jumped for 13 units. At about 53 ms since the beginning of
this rotation, a flux jump occurred (coil voltage in Fig. 14 top),
followed by a response in the output voltage of the rotating
probe (Fig. 14 middle) and a reduction in the magnet current
by 5 A at a rate of 185 A/s (Fig. 14 bottom). The magnet
current fluctuation was clear when compared to the current
ramping profile in the next rotation with no flux jump (#2782
in Fig. 13).
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Fig. 14. Observation during a probe rotation when a flux jump occurred
(#2781 in Fig. 13). Top: the flux jump event as indicated by the coil voltage.
Middle: the dipole-bucked output voltage of the rotating probe. Bottom: power
supply current in rotation #2781 with flux jumps and #2782 without flux jump.

VI. DISCUSSION

HD3b demonstrated good field quality at 13 T, 4.4 K. At a
reference radius of 13 mm, 60% or 72% of the clear aperture
depending on assembly configuration, the measured field er-
rors were less than 2 units except for as, b3 and as (Table II).
The ROXIE model based on the as-built magnet geometry
largely reproduced the observed field errors (Table II): the
large allowed terms, in particular bs, bs and b; were due to
the increased mid-plane gap [22]; the 14-unit as was due to
the smaller width of Coil 3 with respect to Coil 1. Reducing
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the mid-plane gap and making coils with uniform dimensions
can help achieve field errors less than 1 unit as expected from
the optimal HD design [6], [7].

HD3b showed large integrated harmonics particularly at
the coil ends (Fig. 4). One option to address this issue is to
increase the axial distance between the two layers as discussed
in [18]. Given that the peak field in the coil end is acceptable,
one can also compensate with the harmonics in the magnet
straight section. Assuming a magnet with the HD3b coil end
design and a 15 m long straight section, one needs +6 units of
bs and 4-0.4 units of b5 in the straight section to compensate
the integrated harmonics at both coil ends. The body-end
compensation strategy also allows to keep the compact coil
ends.

The variation of b3 along the magnet aperture appears to be
related to the conductor positioning, as opposed to persistent
currents (Fig. 5). Similar variation of geometric field errors
was also observed in the cos26 LARP HQ [34] and MQXF
magnets for the High-Luminosity LHC [35], [36].

Similar to recent NbzSn accelerator magnets based on the
cosnf design [34], [35], [37], HD3b showed a good warm-
cold correlation for the field errors at the magnetic center
(Fig. 7). This indicated that the conductor positioning was
the main source for the field errors measured in HD3. This
geometric effect was not significantly affected by the cooldown
and energization. The demonstrated warm-cold correlation can
allow effective correction of field errors at room temperature
during the magnet assembly stage.

The exponential decay of the multipoles with a single
time constant and the ramp-rate dependence of the decay
amplitudes suggested strong inter-strand coupling currents
(ISCC) in HD3b. This was expected for wind-and-react Nb3Sn
Rutherford cables without stainless-steel core [38], [39]. The
estimated R. in HD3b was also consistent with previous
Nbs3Sn accelerator magnets [27], [40], [41]. Suppressing the
ISCC with cored Rutherford cables is necessary to reduce the
dynamic field errors and increase the quench currents at high
ramp rates as demonstrated in LARP HQ magnets [42].

Reducing geometric errors is also important to reduce the
ISCC-induced dynamic field errors, in particular the non-
allowed terms. As demonstrated in Figs. 10 and 11, geometric
field errors can lead to non-vanishing ISCC-induced terms
with uniform R, for each cable turn. This may explain why
the dynamic field errors of non-allowed orders still appear in
magnets wound with the cored Rutherford cables [34], [35],
[43].

Flux-jump induced fluctuation of field errors was observed
in previous Nb3Sn dipole magnets where the conductors had
a der between 90 and 190 pum [44] and Nb3Sn quadrupole
magnets with deg between 50 and 70 pum [34], [45]. At4.4 K,
the amplitude of flux jumps can be high enough to cause the
transient fluctuations in power supply output which, in the case
of non-cored Rutherford cables, can excite ISCC that lead to
the multipole decay following the flux jumps (Figs. 13 and 14).
At 1.9 K, flux jumps occur more frequently but with smaller
amplitudes [46], which lead to less pronounced fluctuations in
field errors [34]. Hence, operation at 1.9 K, cored Rutherford
cables to suppress the ISCC and smaller dg can reduce the

http://dx.doi.org/10.1109/TASC.2019.2897138

random fluctuation of field errors associated with flux jumps.

VII. CONCLUSION

Field quality of HD3, a Nb3Sn block-type dipole magnet,
was measured with a printed-circuit-board rotating coil at
room temperature and 4.4 K. The measured field errors were
less than 2 units except for ay (—15 units), bz (—9 units)
and a3z (—3 units) at a reference radius of 13 mm. The
known magnet dimensions can explain the large as and bs.
A correlation between the field errors at 13 T, 4.4 K and 20
A, 290 K was observed with the difference between the warm
and cold harmonics below 1 unit except for b3. The warm-cold
correlation indicated that the field errors were largely due to
the conductor positioning. Ramp-rate dependence of the field
errors were also observed and explained with low cross-contact
resistance in the Rutherford cables. Cored cables and reduced
geometric errors are expected to reduce the dynamic field
errors induced by the inter-strand coupling currents. Strong
fluctuation of field errors associated with flux jumps was
observed. NbsSn strands with smaller sub-element diameters,
cored cables and operation at 1.9 K can suppress the impact
of flux jumps. Although more studies on the field quality
optimization and measurements will be required for future
block-type magnets in particular with twin apertures [15],
[17], the results of HD3 magnet reported here showed that the
block-type dipole magnets can achieve excellent field quality
that is required for future circular colliders.
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