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Instrumentation and Quench Protection for
LARP Nb:Sn Magnets

H. Felice, G. Ambrosio, G. Chlachidze, P. Ferracin, R. Hafalia, R.C. Hannafdo$eph, A. Lietzke,
A. Mcinturff, J. Muratore, S. Prestemon, G.L. Sabbi, J. Schmalzle, P. Wandevgang

Abstract—The US LHC Accelerator Research Program
(LARP) is developing NkSn prototype quadrupoles for the LHC
interaction region upgrades. Several magnets haveebn tested
within this program and understanding of their behavior and
performance is a primary goal. The instrumentation is
consequently a key consideration, as is protectioof the magnet
during quenches. In all LARP magnets, the flexiblecircuits
traces combine the instrumentation and the protectin heaters.
Their fabrication relies on printed circuit technology based on a
laminate made of a 45-micron thick kapton sheet anda 25-
micron thick foil of stainless steel. This paper reiews the
protection heaters designs used in the TQ (Techna@y
Quadrupole) and LR (Long Racetrack) series as webs the one
used in LBNL HD2a high field dipole and presents th design of
the traces for the Long Quadrupole (LQ), addressinghallenges
associated with the stored energy and the length tie magnet.

Index Terms— Superconducting magnets, N§BSn, protection

heaters, quench protection, instrumentation, LARP

I. INTRODUCTION
THE US LHC Accelerator Research Program (LARP)

previous magnet protection heaters. In part I, ess@motection
heaters design and performance are presented loaséuk
analysis of some LR, TQ and HD2a tests data. Tlsgydeof
the LQ protection heaters (PH) is detailed in gértand
finally the instrumentation of the LQ coils will
summarized.

be

Il. PROTECTIONHEATERS

A. The concept of traces

All LARP magnets adopted the instrumentation teghai
based on a flexible circuit called the trace [78].[The
fabrication of the trace relies on printed circtéthnology
based on a kapton sheet and a 25.4 micrometets fthilcof
stainless steel. The effective thickness of thetd@yps ~ 45
micrometers. A trace includes the circuits of tlndtage taps,
of the strain gages and possibly the spot heaseveell as the
PH. Since the traces are obtained by an etchingepso(using
a full scale negative called the “artwork”), théckness of the
stainless steel is the same for the circuits amdRHR. The
thickness is an important parameter since theteggis of the
IBircuits/PH is inversely proportional to its thidss. From a

developing N&Sn quadrupole magnets in order to prepargy yiewpoint, the heat deposition is a critical graeter for

the luminosity upgrade of the LHC Interaction Rew (IR).
The ultimate goal of LARP is to demonstrate thesitaitity of

the NzSn technology by reaching at least 200 T/m in L@: a

meter long 90 mm aperture quadrupole magnet. Td thee

the protection. Therefore, the thickness of the ild to be
judiciously chosen to reach the requirements. Feomiring

standpoint, the thickness has to be sufficientnsuee a good
mechanical strength along the circuits and a loltage drop

goal, several N§Bn magnet series have been developed in e veen the voltage taps and the data acquisifisters. The

past years: the SQ series (Subscale QuadrupolgP]lihe 1-
meter long TQ series (Technology Quadrupole) [3], dnd
the LR series (Long Racetrack in a common coilragement)
[5]. The LQ series (Long Quadrupole), presently
construction, is a 3.7-meter scale up of the TQ [le to its

25.4 micrometers thickness of the stainless staglinate
meets these requirements.

in B. Key parameters

Two key parameters drive the efficiency of the Rhk

length, the protection of LQ is challenging. Nelietess, a power deposition at the surface of the cqjl @stimated in
better understanding and knowledge of theStbcoils have Wi/cnt) and the time constant of the heater pulsgven by
been gained over the years and the LQ protectiatehe the electrical circuit to which the PH are conndct@he
design relies on the analysis of the performanceshe powering of the PH is usually provided by a camachank
leading to a time constant= RC where R is the equivalent
resistance of the electrical circuit, Bepends on the shape of
the heaters (through their resistangg,8, the currentkqeft)

= lheaterd® flowing through them squared, and the arga.fy

of contact between the PH and the coil. The powénén:
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PW (t) — Rheater I (t)ﬁeater (1)

The value of R (t=0) = Ryo = 50 W/cnt has been used as
the reference value for all the LARP PH designsaddition,
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the circuit must be designed to yield @o as to insure a fast heater coverage and shape was identical with @ btaters
guench initiation and to avoid a large increas¢eafperature covering the outer layer of the coils (see Fig.Ngvertheless,
of the PH, which could cause a degradation of thetdn / depending on the coils, two types of PH have besed:uwith
stainless steel laminate and impact the behavitheoPH. The and without copper cladding.

adiabatic increase of temperature can be estintted Sainleststeelstop
Tfinal 0 2
| _ot/r ¢$====-=ﬁ
[ d.Cp ()T = [ p Lm0/ it @ = c )
a2 0 St Tg"“%sa

the objective being to keeps ki below room temperature.
Coss Gk andpgsare respectively the specific heat in kg™, b

the density in kg/thand the resistivity if2.m of the stainless Fig. 2. TQ trace. The PH of each coil are mad@ atainless steel strips
steel. The choice of,g and< aim at generating a quench ir]providing two independent circuits, one on eacle sifithe coil central pole.

the coil as fast as possible without degrading Rie The  The purpose of the copper cladding is to reducentieeall
performance of the PH is characterized by the dueteday esjstance of the PH by adding copper plates orPHestrip.
time 1y between the firing of the PH and the quench onsefne effect is to focus the heat deposition in a feeations
In order to justify the choice made for the LQ desisome anqd shunt the stainless strip in between thesditosa The
PH designs used in previous {Sin magnets are presented ingyality of the bonding between the copper and tailsss

the next parts. steel is essential for the good performances ohtraters. In
Table I, the PH parameters are detailed for therm&gnets
lIl. APPLICATION TORECENTNB3;SN MAGNETS considered in this study. The variation @fa} versus the

is plotted in Fig. 4. The results of the TQC02 ar@s02b,c

A. Long Racetrack LR series are under investigation and are not reptegl

The Long Racetrack (LR) magnet was made of twoy2rla o )
3.6-meter NpSn racetrack coils assembled in a common-coil G- High field Dipole HD2a
configuration in a shell-based structure [5]. Tlesign of the  HD2a is a high field 36 mm bore block-type dipoksigned
LR PH is detailed in [9]. As shown in Fig. 1, thél Peater and tested at LBNL [10]. HD2a is made of two 2-lageils.
can be split into an active part (heating statitajsand (b)) Each layer is equipped with 2 stainless strips: stigp on
where the stainless strip is narrow providing agéaheat €ach side of the central pole. In coil #1, the Ritehcopper
deposition Ro and an inactive part where the stainless stegladding on the inner layer whereas the outer layet both
strip is wider leading to a smaller resistancearger contact '@yers of coil # 2 do not. The values of the resise of the
area with the coil and therefore a smaller heabsitipn on SUP heaters are summarized in Table I.
the coil. The design decreases the overall resistafthe PH

and relies on quench propagation velocity between t ii *
heating stations to propagate the normal zone. 1 s
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Fig. 1. Zoom on a section of the LR trace.

. . Fig. 3. Summary of HD2a PH test: delay time in nessus the current in
The response of the PH has been studied in the LR&D Hp2a.

[9] by provoking magnet quenches using differentvgiing . . _

parameters of the PH. The voltage across the dapaei The PH tests of HD2a consisted in provoking quesdbea
ranged between 42 to 220 V. For a fixed capacitann@gnet current ranging from 2 and 11.05 kA. Forthdse
(therefore a constan), this leads to a variable,Rin the PH, duenches, the configuration of the PH powering sumias

Some parameters of the tests performed on LR PH Aﬂgntical (same | and samer) and is described in Table I.

summarized in Table | and the variation Q&§ with respect to Fig. 3 repres.ents the variation of the delay t”'[e. lwes_pect_to
. - the current in the magnet. As expected, this ddiene is
Pwo is shown in Fig. 4.

decreasing when the temperature margin of the ntagne
B. Technology Quadrupoles TQ decreases. The characteristics of this variatione @ be
The TQ magnets are 1-meter long, 90 mm aperturme:osinVGStigated and the data have to be correlate té actual

two theta quadrupole magnets [3], [4] (all of th® Feries te€MPerature margin in the magnet. L
magnets use the same 2-layer coils, but two distin HD2a PH pointed out the difficulty to ensure a highality

mechanical structures are tested: a shell-basectste (TQS) C€OPPE' cladding. Indeed, as indicated in _Tablehe, ¢opper
and a collar-based structure (TQC)). For all thsgmengthe)) cladding of the PH did not improve the resistanicéhe PH as



expected. A likely explanation is an insufficienbriling
between the copper plates and the stainless stgeltaut this
is still under investigation.

D. Data Analysis

The performances of the PH described previously are

summarized in Fig. 4. It shows the variation Qf.f
corresponding to the delay between the firing & BH and
the quench onset, as a function of power densiyef@&l PH
performances are represented at different valudsediaction
of the magnet short sample currentsl/The first conclusion
that can be made is that there is a saturatiog,gfreduction
for a Ry starting around 50 W/cmThe minimum delay time
that can be reached ranges from 4 and 6 ms.
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Fig. 4. Delay time in ms versus Heat depositiohMfen? for several Nb3Sn
magnets. The percentage corresponds to the shoples@urrent fraction at
which the data are given.

As expected, when the temperature margin of thenetag

increases, the delay time increases. Indeed, tH80Z® data

show that d.1ay improves when the magnet current is closer to

the short sample. This is consistent with the HDQizda
presented in Fig. 3.

TABLE | PROTECTIONHEATERSPARAMETERS

Unit LR TQSO01c TQS02a HD2a
Imac kA 9 9.5 115 11.05
C mF 31 4.8 4.8 20.8
Rstr av1 Q 3.7 9.2 525] 5a,t
Covef 110 (0] (0] 110
Va \% 70/136/220  200/300/400 300/400 333
T ms 39.9 44.1 25.1 22
Ineater A 2736/4;31.7/ 10.8/16.2/21.6  28.9/38.5 105
Pwo Wicn?  22/49/165 10/23/41 66/118 250
taelay ms 98/6/5 13.4/85/63 45/38 5.7

awithout / with copper cladding
! average resistance of one strip
Zindicates which layer are covered: Inner Layef diuter layer OL
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for TQ), which probably makes the diffusion processier in
the case of HD2a. The difference of response betwee LR
and the TQS02a PH will be investigated with addaicests.

IV. LQ QUENCHPROTECTION

A. Quench Protection Analysis

The Long Quadrupole, under construction, is a 3efem
long scale-up of the TQ series. At short sampleertr its
stored energy reaches ~1.8 MJ. The quench anailfdise
LQ magnet is detailed in [11] and [13] and showsatth
essentially 100 % heater coverage is required é&p kbe hot
spot temperature below 380 K, without including auench
back effect. This means that the whole coil habegaovered
with PH. Furthermore, the quench protection reguaievery
short detection time (5 ms) and a heater delay smaller
than 12 ms. Based on measurements performed ofiQbé
and SQ series [2], [12], such a detection timeassaered
achievable.

B. LQ Protection Heater Design

The 100 % coverage requirement leads to PH onnther i
and on the outer layer of the coils. Due to thegilerof the
coil, multiple heaters are needed to maintain atesistance:
one strip heater will cover half the length of gelaleading to
4 strip heaters per coil. The artwork of the LQcéw are
presented in Fig. 5.

Fig. 5. Artwork of LQ layer 1 and layer 2 traces

Due to the length of the LQ coils, the width and tangth
of the TQ PH could not be maintained. Furthermaole to
concerns over the quality of the copper claddingdD2a, it
has been decided to use the same design prinaptelR by
implementing heating stations (HS) by narrowing $trp at
specified locations along the length of the coihsBd on the
results presented in Fig. 4, we can anticipatgg of 6 ms if
a power density of at least 50 W/cim generated in the PH.
Under these conditions, the quench has to propagéte coil
in 12 ms - §ay = 6ms to provide a 100 % coverage. The
guench propagation velocity study presented insf@ws a
guench velocity ranging between 7 and 45 m/s betv@@eand
95 % of the short sample current. Assuming a quench
propagation velocity of 10 m/s is a conservativprapch and
leads to a maximum distance between two heatirigpssaof

For the same fraction Wl (~60 %), we can see that thel2 cm. In order to lower the resistance of eadp,dtne width

performances of HD2a PH are slightly better thanSU2a.
This could be explained by the fact that these tmagnets
have a different conductor (different strand diaamnedifferent

of the strip between the HS has been chosen as lasg
possible (23 mm). The HS shape and size must atisf
competing criteria: it is preferable to cover gganumber of

copper non-copper ratio) and mostly a different leabsStrands (i.e. large heater area), but sufficientgyodensity

insulation thickness (95 microns for HD2a and 126rams

must be provided to yield fast responsga.t The final



dimensions of the LQ heaters are presented in6righ width

of 9 mm was a compromise in order to cover a deffic
number of strands (4) and to provide at least 56n/The
resistance of each HS is estimated to be equall®®D with

an area of ~ 1.8 ¢n

11
9 mm wide < 4 strands o

A —

Heating station

Fig. 6. Dimensions of LQ PH.

$ 23 mm

All turns but mid-

plane turn and
pole turn

C. LQ Protection Heater Powering

Based on the design of the LQ PH, the resistancenef
stainless strip is expected to be equal toQr The
measurement of the resistances of the first setrades
fabricated confirmed this values with 6.78, 6.79,76and 6.67
QO measured for each strip. The results of the presviBH
performance show that = 25 ms and (g above 50 W/crh

provide a small i, The electrical network generating these

parameters depends on the test facility where tagnet is
tested. LQ is going to be tested at FNAL. Four HEHsater
Firing Unit) are available,
capacitance of 19.2 mF. Connecting each HFU to $trips in

parallel would giver = 33.6 ms. Varying the voltage acros

the capacitance from 270 V to 450 V would giygdbetween
40 and 64 A and R, between 50 and 135 W/énin case of a
power deposition of 135 W/t would need to be smaller
(28 ms according to Eq. (2)) in order to keep #maperature
of the PH below room temperature.

V. LQ INSTRUMENTATION

A. Voltage taps

In all the LARP magnets, the wiring of the voltatzps
(VT) is part of the trace as shown in Fig. 7. Th&sVare
positioned during the winding and are connectethéotrace
before impregnation.

Fig. 7. TQ inner layer traces - connection of flae¢s to the voltage taps

LQ will follow the same procedure. Each LQ coil Mile
equipped with 20 VTs, 13 on the inner layer anchThe outer
layer. On each layer, 2 VTs are used to monitorcthieleads.
In layer 1, 8 VTs are used to monitor the pole tome is used
to monitor the turn 2, which becomes the pole tafter the
ramp area (layer 1 to layer 2 transition) and 2 ¥fiesused on
the turns in contact with the wedge to monitor mglti-turn
area and the wedge. In the outer layer, 4 VTs @ratéd on
the pole turn and one is used on turn 8 to monftermulti-
turn area of the coil outer layer.

each having a maximum

B. Strain gages and spot heater

All the LARP magnets were instrumented with strgéges,
mounted on the coil poles and on the structurehB#g coil
Titanium pole will be instrumented with 5 strainggastations:
4 on the inner layer pole, 1 on the outer layeepdl station
consists of 2 full bridges: one measuring the stiai the
azimuthal direction and the other in the axial clien. Each
full bridge is temperature compensated, since #ieymade of
1 half bridge (uni-axial steel SK09030PB350) dilect
mounted on the titanium pole and 1 half-bridge ntedron a
free piece of Titanium. One spot heater will be nted on
each coil. Due to the importance of the PH, andrtsure the
reliability of the VTs, the traces were dedicatedttiem in
priority leaving no room for the strain gages apdtsheater
routes. Therefore, the wiring of all of the indayer strain
gages and the spot heater will be external. Whieee RH
shape allows it, the strain gages are directly dvicethe trace
as illustrated in Fig. 8.

Fig. 8. TQ inner layer traces - connection of flaees to the strain gages

S

VI. CONCLUSION

The performances of different protection heatersumbed
on NkSn magnets have been summarized and analyzed. The
results have been used to design the protectioteriseaf the
LARP Long Quadrupole. Furthermore, details of th® L
instrumentation and its implementation have beesgmted.
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