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| nt roducti on

The goal of this note was to come out with a prelimnary layout of a
magnetic system for each of the four channels of Neutrino Factory [1] and
make a prelimnary cost estimate as a starting point to a nore elaborated
anal ysis. O course an accurate cost can be determ ned after final devel op-
ment of magnetic system and issue of working draw ngs.

Further we will explore the channels in nore details that will conme out
at the stage of a technical proposal. Sone optimzation was nade at this
early stage to choose a proper range of initial paranmeters to consider. The
mai n parameter of optimzation was the total cost of all the four channels
that also included operation expenditures although reliability issues have
al so been taken into account.

For each channel initial requirements were stated, mmgnetic cal cul ations
were made to provide us with a reasonable range of a solenoid paraneters to
start optimzation with, some optimzation was done when it was possible,
and cost estimate was made based on our experience, available material and
| abor costs.

At last this study allows one to reveal sone problens, which require
nore detail research and devel opnent.

| Magnetic characteristics

1 Channel |

1.1 Initial Requirenents

The initial requirenents for the first channel are listed bel ow

[EnY

Channel length is equal to 50 m

2 The value of Br? is constant and is equal to Byro?, where Bp = 1.25 T, rq =
30 cm S0 Byrg? = 0.1125 T'nf, r is an inner radius of beamtube in the
first channel.

Bore can be warm or col d.

Central field can be chosen in interval from1.25 to 3 T.

Radi ati on | oad can be negl ect ed.

g~ w

1.2 Magnetic cal cul ations
1.2.1 Main nagnetic paraneters

It is necessary to nention that the choice of a warm or a cold bore
approach changes slightly coil dinmensions. Cold bore requires the additional
radial thickness of 5 nm for the coil reel. For warm bore additional 40 mm
of radial thickness are required that includes the thickness of cryostat.
One can find the other reasons for use of the warm bore, in particularly the



channel can have beam diagnostic system for which it can be necessary to
have the warm bore.

The critical current density of NbTi has linear dependences
versus magnetic field B and tenperature T:

B-5 T- 424
J.(B,T)=Jo¢l- ——- -~ 20
55 32 g

Here Jois a critical current density of 2.5 kAYmm? at 5 T and
4.2 K. For choice of operating current density we have taken the tem

perature margin DT=T-4.2=1 K and field enhancenment on the coil of
20 % against central field B. As a rule the superconducting wres
have a cooper matrix with ratio Cu/NbTi=0.6:0.4, so the engineering
current density at 5 T field and 4.2 Kis 1 kA/ mt?.

In order to elimnate general behaviors of magnetic character-
istics we have nade all calculations in the first channel in the

range of field from1 T up to 5 T.
As it follows fromBr“=const condition, there is a trade-off between

cross-sectional dinmensions of solenoid and central field (Fig.1):
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Fig.1l. Dependences of inner R; (dotted lines) and outer R, (solid lines) radii of coil versus magnetic
field for cold (C) and warm (W) bores.

One can see fromthis picture that coil thickness w = R-R in-
creases with magnetic field. As a result the SC volune of coil increases
with magnetic field as it is shown in Fig.2.
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Fig.2. SC volume of coil against magnetic field per 1 m long magnet for warm (W) and cold (C)
bores.

Stored energy behavior versus magnetic field is presented in Fig.3.
Sone nonlinearity is due to the coil thickness grow h.
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Fig.3. Stored energy against magnetic field per 1-m long magnet; W — warm bore, C —
cold bore.

The radi al pressure increases as B> as it is shown on Fig.4 and it
does not depend on radi al dinensions of solenoid for |ong enough nagnets.
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Fig4. Radial pressurein solenoid against central magnetic field.

The nechanical calculations show that solenoid coil at such radial
pressure requires an outer bandage, which thickness d grows with field in
the range of 1 T =B =5T as

d = 0.0323B% + 0.0449B,
where d is in cmand B is in T. This forrmula takes into account the rela-
tionshi p Br2=const.
Axial forces grow also as B? as it is shown in Fig.5 for 4.7 m long
magnet. The interacting forces between nagnets are enough large and their
magni t udes nmust be taken into account in design of nagnhet supports.
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Fig.5. Dependences of axial forces versus central magnetic field for cold (C) and warm
(W) bores. Solid lines show the for ces acting on magnet in channel, dotted lines present the forces
in the single magnet and dash-dot lines give the interacting for ces between magnets.

1.2.2 Choice of nagnet type

So one can see that the nagnet design is sinpler for solenoid with
| ower field. The nagnet with cold bore has sone advantage here, but some ad-
ditional equi pnent such as beam di agnostic system vacuum punps etc. nust be
introduced in the first channel that can require a free access into the



channel. So the final choice between warm or cold bore can be nade after de-
vel opnent of overall channel system

The paper [2] gives a sinple fornula to estimate a 1 m |long magnet
cost that was in agreenent with our cal culations:

Cost = AR**B'*.

Here A is a constant, Ris the inner radius of coil, Bis the central field.
Using the relationship Br? = const, one can get: Cost ~ B8 This fornula is

valid in the range of 1 T £ B £5 T. So the cost of nagnet with lower field
i s al so cheaper.
1.2.3 Main paraneters of magnet and channel

The main paraneters of nmagnet are |isted bel ow

Par amet er Uni t Val ue
Bor e Varm Col d
Magnet coil length m 4.7 4.7
Central field T 1.25 1.25
Total anpere-turns VA 4. 686 4.684
Qperating current kA 6 6
Bor e radi us nm 300 300
Coi | thickness nmm 1.796 1.791
| nner radi us nm 345 305
Quter radius nmm 346. 796 306. 791
St ored energy M) 1.068 0.834
Vol ume of superconduct or n 0. 00203 0. 00180
The main paraneters for channel |I:

Par anet er Uni t Val ue

Lengt h m 50

Nunber of magnets 10

Gap between coils m 0.3

Magnetic forces acting on a solenoid of a single magnet and a sol enoi d
in string are presented in the table:

Bor e | varm | Col d
Radi al pressure, MPA
Si ngl e nagnet 0.58 0.58
Magnet in string 0.61 0.61
Axi al forces, kN
Si ngl e magnet -230 -180
Magnet in string -170 -138
Attractive force 60 42
The other magnetic systens will be considered only for magnet with

warm bore as the magnet having nore difficult magnetic paraneters.



2. Channel 11

2.1 Initial requirenents

Channel 11 nmust provide initial enmittance danping for the nuon beam
It has RF cavities inside, so dinmensions of RF cavity will determine the in-
ner dianeter of coil and one can choose the nmagnets with lower field to re-

duce the channel cost. Inner radius of channel bore is close to 1 m and
probably can be reduced to 0.7 m Sonme data for this nagnet with bore of
70 cm and 100 cm are presented below This channel wll have a warm aper -
ture.

2.2 Paraneters of magnet and channel

The mai n parameters of nagnets are |isted bel ow

Par anet er Uni t Val ue
Bore radi us mm 700 1000
Magnet coil |ength m 1.7 1.7
Central field T 1.25 1.25
Total anpere-turns VA 1.871 1.933
Coi | thickness nmm 0.79 0. 94
I nner radius nm 745 1045
Qut er radius mm 745. 79 1045. 94
St ored ener gy %) 1.994 4,141
SC vol une nt 0. 0063 0. 0105
The mai n paraneters for channel I1:
Par anet er Uni t Val ue
Length m 40
Nunber of nmgnets 20
Gap between coils m 0.3

Magnetic forces acting on single magnet and solenoid in string are
presented in the table:

Bor e [ 700 nm | 1000 nmm
Radi al pressure, MPA
Si ngl e nagnet 0. 58 0. 58
Magnet in string 0. 61 0. 61
Axi al forces, kN

Si ngl e nagnet - 896 - 1546

Magnet in string - 546 - 856

Attractive force 350 690

Further the other magnetic systens will be considered only for nagnet

with 1000 nm bore as the nmagnet having nore difficult nagnetic paraneters.

3. Channel 111

3.1 Initial requirenents

The third Channel should be optimzed together with LIA The |ength of
channel is about to 100 m Probably the paraneters of magnets will be sim-
lar the first Channel with warm bore. The magnet length will be determ ned
by LI A requirenents and nost probably be about 1 m



3.2 Main parameters of nmagnet

We have taken the magnets, which |look |like ones in the first Channel
with warm bore and have the foll owi ng nagnetic paraneters:

Par amet er Uni t Magni t ude
Magnet coil |ength m 1.0
Central field T 1.25
Total anpere-turns VA 1.08
Bor e radi us mm 300
Coi | thickness mm 0.72
I nner radi us nmm 345
Quter radius nmm 345.72
St ored energy (%] 0. 244
SC vol une n 0. 0016
Mai n paraneters for channel 111
Par amet er Unit [ Val ue
Lengt h m 100
Number of magnets 83
Gap between magnets m 0.2
Magnetic forces:
Radi al pressure, Mra
Si ngl e nagnet 0.58
Magnet in string 0.61
Axi al forces, kN
Si ngl e nagnet -144
Magnet in string -208
Interacting force 64
4 Fourth channel
4.1 Initial requirenents
The channel length is equal to 100 m It will have RF cavities inside
sol enoi ds; so cross-sectional dinmensions of RF cavity will determne the di-
ameter of solenoids and the channel will have a warm bore. As we nentioned

in the second section, the dianmeter of bore could be in the region fromO0.7
mto 1 m The channel nust have longitudinal alternative sinusoidal field

There is a proposal to divide the channel 4 by two sections. The anplitude
of the magnetic field in the first section is equal to 3.6 T, and it is very
desirable to increase it up to 5.5 T. The period of sinusoidal field is
equal to 2.2 m This value deternmines the nmagnet |ength, which has to be
less then 1 m The second section nust have the 1.5 mlong period and 3.4 T
anplitude of field. The prelimnary calculations has shown that the overall

cross sectional dinensions of RF cavity could be equal to 140 cm so we have
chosen the inner radius of coil equal to 74.5 cm

4.2 Magnetic cal cul ations
4.2.1 Section |

The magnetic properties of various superconducting materials are pre-
sented in Fig.6. The engineering current density neans the critical current
divided by the total cross-sectional area, including insulation, cooper for
stabilization and so on. This picture shows that NbTi at tenperature 5.2 K



can be used in fields up to 9 T. The decreasing of tenperature to 2.2 K al-
lows one to raise the maximal field up to 12 T. NbgSn can work in fields up
to 15 T at 5.2 K and it has superior nagnetic properties when conpared with
NoTi at 2.2 K The high tenperature superconductor (HTS) like Bi 2212 can
work the much higher fields (up to 30 T) practically without any fall in
critical current density and it has an advantage in conparison with NbsSn in
fields greater then 14 T
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Fig.6. Dependences of engineering current density versus magnetic field for various su-
percanducting materials.

It is clear that the magnetic fluxes from two the nei ghboring sole-
noi ds add in the gap between sol enoids so the maximal field on the coil nust
be nuch higher the field on the axis. The longitudinal field distribution in
channel with the magnetic parameters: period T=2.2 m field anplitude By=3.6
T and coil thickness w=50 nmmis shown in Fig.7 for maxinmal length of sole-
noi ds L=100 cm The sinusoidal line shows the field along solenoid axis, the
other lines show the field conponents B,, B, and the nodulus B on the inner
surface of coil. One can see that the conponent B gives a nain contribution
in the edge field and its value is very large and reaches alnost 10 T. Ac-
cording to Fig.6, NbTi does not fit for such fields and it is neces-
sary use Nb3zSn. The coil thickness with NbgSn is equal to 65 mMm
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Fig.7. Distribution of magnetic field in the fourth channel at the maximal length of solenoids.
Sinusoidal line shows field amplitude along longitudinal axis, the other lines show field compo-
nentson theinner surface of solenoid.

The maximal field in solenoid can be made lower by choice of the optimal length of the coil. The
dependence of the maximal field on the coil versus solenoid length is shown in Fig.8. One can see the
upper curve showing the maximal field on the edge of coil has a minimum, which isequal t0 9.2 T at
805 mm solenoid length. The lower curve presents the maximal field on the coil in the central cross
section of magnet.
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Fig.8. Dependence of the maximal field on the coil versus solenoid length. The low line shows
the maximal field in the center of solenoid, the upper line presents the maximal field on the edge
of solenoid.

Increasing the coil thickness, we can reduce the field enhancement on the coil as it is shown in
Fig.9. The upper curve shows the maximal field in the edge of magnet and the lower curve shows the
maximal field on the coil in the center of solenoid. In such a manner we try to match the maximal field



aong the inner surface of coil. Of course the quantity of superconducting material can be the same and
the coil thickness can be increased by adding of cooper in the current currying element, what reduces
the current density. This action can be also useful in the quench process, so final choice of coil thick-
ness and current currying element will be made after consideration of system protection. The reduction
of the field enhancement allows one to increase the field amplitude. Growth of coil thickness increases
slightly the stored energy in the magnet but decreases the axial pressure from the magnetic forces.
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Fig.9. Dependences of the maximal field on the coil versus magnetic field in the center of so-
lenoid (B;) and on its edge (Bg).

The longitudinal field distribution on the coil for length of solenoid equal to 805 mm and 175
mm thickness is shown in Fig.10. One can see the maximal magnetic field is matched along whole
length of coil. Note, that the ratio between coil thickness and magnet length is not quite optimal. It
needs more detail calculations in order to find optimal relationship between length and thickness. But
the differences between chosen and optimal values are not very large and they are enough for the first
approximation.
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Fig.10. Longitudinal field distribution for optimal length of solenoid.



Radial distribution of field is shown in Fig.11. The maximal field on the edge of solenoid is
0.5T greater than the central one. One can see that the whole area of solenoid end face is found under

high field.
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Fig.l1l. Radial distribution of field. Dotted line is the field in the center of solenoid, the
other lines show end field components.

Fig.11 shows that field changes its sign behind coil and its maximal value reaches about 4.5 T. It factor
has influence on the distribution of ponderomotive forces which is presented in Fig.12. The summary radia pres-
sure on the outer surface of coil is 15.24 MPa and the axia pressure on the end face of coail is equal to —89.12 MPa.
The field distribution creates a favorable radial force distribution. The mechanical calculations show that the coil
needs the outer radial the 6-mm stainless steel bandage or 10-mm aluminum one. The longitudinal forces are very
large and it is probably useful to divide the solenoid coil by sections with enough firm partitions from stainless
steel. Stored energy in one solenoid is equal to 48 MJ, so it is necessary also to pay attention to the protection sy s-
tem design. Note that the total current in the solenoid is equal to 9.64MA.
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Fig.13 and Fig.14 show theradial and longitudinal field distribution for the single solenoid.
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Fig.13. Radial field distribution for the single solenoid.
— 10 = f.f-'-___-"ﬁ::.\h
w 0T TN
- 7 5
s BT AN
& E e =
= / --"""r _-h‘“""-.. \ Eta
5 L] =
4 ; / \Bm
J Ee ]
E z zd
1 E
[ S — B R A AN AN
—1 E
-2 E
—3 ;
-5 E
_ = T N A N N | [ L1 1 [ L1 1
—B0 —40 —20 O 20 40 B0
Z,Cm

Fig.14. Longitudinal field distribution for the single solenoid.

This distribution will be for the first and the last magnets in the string of solenoids and also
can occurs in the solenoid, when the neighboring solenoids can have a quench. It needs thicker bandage
egual to 50 mm of stainless steel.

Maximal field on the coail in the solenoid placed into string is equal to 8.8 T if the central field
is 3.6 T. The material properties of Nb3Sn allow one to increase the field amplitude up to 5.5, 5.7 T.



But the magnetic forces and stored energy grow as B2 and in this case are 2.334 times higher. This re-
sults in the necessity to consider another mechanical design and different protection system. In par-
ticular the radial thickness of bandage from the stainless steel must be 50 mm.

4.2.2 Section 11

The second section of the fourth channel is more difficult for implementation. Fig.15 shows
the maximal field on the coil versus period length of sinusoidal field with amplitude of 3.4 T. Low
curve presents the field B, on the coil in the center of magnet and upper curve shows the maximal value
of field Bmax ON the edge of solenoid. The length of solenoid has been optimized for each period value
and the coil thickness was constant and is equal to 20 cm. The horizontal line shows the limit field for
NbszSn material, so the lowest period is 165 cm with Nb3Sn choice as current currying material. It is
possible to reduce the field period by using HTS materials that can work in field up to 30 T at tem
perature of liquid helium.
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Fig.15. Dependence of maximal field on the coil versus period length of sinusoidal field.
B.isthefield on coil in the center of magnet; Bnax is the maximal field on the edge of coil. Hor i-
zontal line showsthe limit value of field for NlbzSn material.

The best samples of HTS wire [3,4] of 1.6 mm diameter have the critical current of 900 A in
own field and at 4.2 K. The critical current is300 A in 28 T that corresponds to 800 A/mnt of current
density in superconductor. The rectangular wire with the same cross section (1.12 1.12 mn¥) and in
the same conditions has 360 A or 1000 A/mm?. The total current in solenoid with 475 mm optimal
lengthis equal to 13.9 MA and needs 125 mm coil thickness with 97 layers and 417 turnsin each layer.
Average length of each layer is equal to 2 km, so the total length of HTS for one solenoid is equal to
194 km. As the ponderomotive forces are very large and equal to 60.25 MPa of radial conponent and
—425.40 MPa of axial component, so it is necessary to consider a careful stress management because
the HTS material is very fragile. Probably the coil must have more sections, but the length of coil istoo
small in order to insert a great number of partitions. This question needs more detail study as well as
the choice of the protection system, which must ensure the evacuation of stored energy of 130 MJ per
magnet. As an example Fig.16 shows the radial field distribution in this solenoid.
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Fig.16. Radial field distribution in solenoid cell with magnetic field period of 1.5 m.

4.3 Main paraneters of magnet and channel

The main paraneters of magnet are |isted bel ow

Par anet er Uni t Magni t ude
Peri od m 2.2 1.5
Magnet coil |ength m 0. 805 0. 475
Central field T 3.6 3.4
Maxi mal field on coil T 8.8 19.5
Total anpere-turns MA 9. 64 13.9
Qperating current kA 6 6
Bor e radi us nm 700 700
Coi | thickness nmm 175 125
I nner radius nm 745 745
Qut er radius nm 920 870
St ored ener gy M) 48 130
Vol une of super conduct or m 0. 0263 0. 3012
The mai n paraneters for channel |V:

Par anmet er Uni t Val ue

Section | [

Lengt h m 50 50

Number of magnets 45 67

Gap between magnets m 0. 295 0. 275

Magnetic forces acting on single magnet and solenoid in string
presented in the table:

Section

Radi al

pressure,

VPa




Section I Il
Si ngl e nagnet 30.4 135.7
Magnet in string 15.2 60. 3
Axi al forces, M
Si ngl e magnet -61.8 | -264.8
Magnet in string -79.9 | -220.2
Interacting force | -18.1 | -44.6

The other magnetic systems will be considered only for magnetic string with period of 2.2 m
and field amplitude of 3.6 T asfar as these magnets can be really realized without very large expenses
on research and development.

|1 Magnet design

The basic technical paraneters of the four channels of Neutrino Fac-
tory are presented bel ow

Channel I I (N (Y

Channel |ength, m 50 40 100 100
Central field, T 1.25 1.25 1.25 3.6
Bore di ameter, m 0.6 2.0 0.6 1.4
Cryostat length, m 4.8 1.8 1.1 1.0
Gap between cryostats 0.2 0.2 0.2 0.1
Nunmber of magnets 10 20 83 90

Total stored energy, M 11 82 20 4300

The main paraneters of magnets for all the four channels are I|isted

bel ow:
Channel I Il Il Y
Central field, T 1.25 1.25 1.25 3.6
Coil length, m 4.7 1.7 1.0 0. 805
Bore radius, m 0.3 1.0 0.3 0.7
Total current, MA 4. 69 1.93 1.08 9. 64
Layer numnber 1 1 1 16
Total turn nunber 781 322 180 1608
Qperating current, kA 6 6 6
Stored energy, M 1.1 4.1 0.24 48.0
I nduct ance, H 0. 061 0.2 0.013 2.55
Radi al pressure, MPa 0.61 0. 61 0.61 15.2
Axi al pressure, MPa 16 17 19 89
Cabl e di nensi ons, mnt 64.2 | 5.36 | 6°4.2 | 7.86.2
Super conducti ng al | oy NbTi NbTi NoTi Nb3;Sn
Cu/SCratio 7:1 9:1 7:1 20: 1
| nomi nat / | ¢ 0.3 0.3 0.3 0.5
Cabl e I ength, km 1.7 2.1 0.4 8.5
Cabl e mass, kg 370 582 86 3600
Cryostat inner dianmeter, m 0. 618 2.0 0.618 1.4
Cryostat outer dianmeter, m 0. 935 2.42 0. 885 2.18
Cryostat length, m 4.8 1.8 1.1 1.0
Mass of nagnet, ton 3.8 8.4 1.2 8.0
Sol enoid coil in the first three channels has one l|layer. NbTi super-

conductor in copper matrix is chosen as a current currying elenent. D nen-
sions of superconducting cable, quantity of copper for stabilization and ra-
tio of nomnal to critical currents were determned from conditions of
saf ety evacuation of the stored energy out of nmagnet during quench process:
1. The tenperature of the hottest spot on the coil is less than
300 K
2. The voltage on magnet is not greater than 1000 V.



Operating current is equal to 6 kA, which corresponds 0.3 from the
critical current at 1.25 T and 4.5 K The ratio CQu/SC is equal to 7:1 in the
first and the third channels and 9:1 in the second channel .

The superconducting coil in the fourth channel has 16 |ayers. NbzSn
has chosen as a current currying element for the channel 1V with ratio Cu/SC
20: 1 in superconducting cabl e.

The superconducting cabl e has kapton insulation of 0.1 mmthickness.

The coil is wound on stainless steel tube and is banded by copper
shells and is cooled by liquid helium flowing through copper pipes. The
pi pes are soldered to the copper shells and are connected by collectors on
the ends of coil. Several |ayers of super-insulation cover the outer surface
of shells. The superconducting cable is clanped with liquid helium pipe at
transition fromone to another nagnets.

Copper thermal shield is used to decrease heat |eaks to the inner and
outer surface of superconducting coils. The shield is cooled by liquid ni-
trogen. The outer surface of the shield is covered with 40 l|ayers of super-
i nsul ati on.

Super conducting coil and shield are hung up to a vacuum vessel in two
cross-sections by two vertical suspensions and two horizontal tension nmem
bers in each cross-section. This support system allows one to adjust the lo-
cation of the coil both along horizontal and vertical directions. In the ax-
ial direction |ongitudinal nenbers and anchor rigid on the vacuum vessel fix
the col d nass.

The budget of heat leaks in the cryostat and heat |oad on cryogenic
system are presented bel ow

Channel I I 111 IV
Tenper at ure 4.5 80 | 4.5 80 4.5 80 4.5 80
1. Cryostats: 52 | 650 | 86 | 1480 | 187 | 1370 | 300 | 3400
Radi ati ons, W 30 | 550 | 52 | 1300 | 45 | 1120 | 100 | 2500
Supports, W 10 80 20 160 83 160 | 137 | 800
Vol t age taps, W 10 20 10 20 42 90 45 100
Seal s between coils, W 2 4 17 18

2. Transfer line, W 1 20 2 20 10 200 10 200
3. 30% margin, W 17 | 230 | 32 500 63 430 90 | 1000
4. Total, W 70 | 900 | 120 | 2000 | 260 | 2000 | 400 | 4600
5.Current leads, |/h 21 41 41 21

Requi red mai ns power, kW] 115 | 26 [ 219 57 331 57 383 | 133

The second and the fourth channels have RF cavities in warm bore of
superconducting solenoids. The cavities emt heat load of 50 kW per 1 m
length to inside surface of the vacuum vessel.

The copper shield cooled by water is used to renove this heat | oad.
The shield is 3 mm thickness and copper pipe of 25°1 mnmis soldered on its
outer surface with 100 nm pitch. In this case the tenperature of shield in
the middle point between neighboring turns of the pipe is 10°C higher than
wat er tenperature.

The each superconducting solenoid has the own shield. The shield of
all magnets is supplied by water in parallel. The water flow rate is
1.5 kg/s, pressure loss is 0.6 MPa and heating of the flowis 16°C

The total flowrate of water is 30 kg/s for the second channel and
135 kg/s for the fourth channel.

[l Quench protection

Super conducting coils of all the four channels are not self-protected
against transition to the resistive state (quench) and it should threaten
the integrity of the coils. Sone protective precautions nanely, fast quench
detection and the renoval of stored energy to the external dunp resistor
or/and the "snearing" of stored energy inside the nagnets by heaters, nust
be used.

The main special feature of all the four channels are the foll ow ng:
all the solenoids are located very close to each other and their nmmgnetic
axes have the same directions. Therefore the large mutual influence of mag-



nets exists. It can result in appearance of electrical signal in the neigh-
boring magnets due to nutual inductance. But the nost significant problemis
the ponderonotive force between magnet coils in axial direction. This force
is very large: attractive force is about 60 kN in the first and the third
channel s, 690 kN in the second channel and repul sion force of approximately
18000 kN is in the fourth channel. These forces are equilibrated inside the
string of nmgnets, except the first and the |ast nagnets. These magnets nust
have a very strong support. Therefore the protective schenes with energy
evacuation fromone or few nagnets in the string are not useful because cur-
rent renoval from one or several magnets will result in unacceptable force
generation. This forces us to use the rigid support for each magnet and that
conplicates the mechanical design of whole channel. Wth the aim to avoid
this difficulty we assune that the stored energy under the quench nust be
removed fromall magnets sinultaneously and with the identical rate.

Because of the mmgnets in each channel are identical, it is possible
to conpare the voltage drops on magnets to one another for detection of the
appearance of a normal zone. This is the sinplest method of quench detec-
tion, although other techniques of conpensation of coil inductive voltage
are suitable too. For the first and the last magnets in strings of the sec-
ond and the fourth channels quench detectors nust differ fromthese in other
channel s. For exanple, these nmagnets can be equipped by bridge type of
gquench detector. Wwen the voltage on the resistive section of coil exceeds
given threshold, the quench detector system generates the signal to the pro-
tective actions.

Avai |l abl e schenmes of protection circuits, which take into account the
peculiarities of each channel, are discussed bel ow.

1. Channel |

The stored energy in one solenoid placed in string of nmagnets is equal
to 1.07 MJ. There are 10 solenoids in the channel. These nmgnets are con-
nected in series and powered by one power supply. Thus the full energy
stored in channel is 10.7 M. The power supply with the output power of ap-
proximately 180 kWis sufficient to rise current up to 6 kA during about 200
sec.

The sketch of assumed protection method is shown in Fig.17. Wen
gquench detector detects the appearance of a normal zone in the coil, the
dunmp resistor Ry is turned on by switch S and power supply is switched off
by S;. At that nonent the stored energy of the string starts to dissipate on
the dunp resistor. Maximum voltage during the energy extraction was accepted
fromthe point of view of insulation reliability and it is equal to 1000 V
when Ry = 0. 167 Chm

Simul ati on of quench spread through the coil was made for the case
when quench was provoked on the outer boundary of inner |ayer of the coil.
The quench detector threshold was U, = 1 V, tinme delay T4 = 100 ns and energy
di scharges on dunmp resistor R = 0.167 Chm The results are presented in
Fig.21. The time dependences of current, dunp resistor and coil voltage, en-
ergy dissipated in coil and dunp resistor, and hot spot tenperature are
shown in the picture.

It is clear fromthesse curves that al nost 97 percent of stored energy
is dissipated outside of the cryostat. Anmpunt of energy dissipated in coil
is sufficient for adiabatic heating of the coil to 180 K in the hottest
poi nt .
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Fig.18. Quench process in magnets of the first channel. Thin lines correspond to dump
resistor, thick linesarefor superconducting coil.

2. |1 channel.

Twenty magnets of the channel store 83 MJ of energy. Previous estina-
tion of quench process showed, that nagnets are need in division on two
groups. The magnets of each group are connected in series and they form two
i ndependent strings with their own power supplies. The schenme of one string
is presented in Fig.19. The power supply with the output power of 180 kWis
sufficient to rise current in string of magnets up to 6 KA during ten mn-
utes. This schene is alnpbst the same as for the first channel with one ex-



ception. There are nmagnets equipped by protective heaters, one by one
string. These heaters are necessary for synchronizing of energy extraction
fromthe strings. Al so the heater stinulates resistance greater than the re-
sistance of original normal zone and it will dimnish the difference of re-
sistance of strings. Thus all strings will have the identical time constants
of current dunping in order to exclude the unbalance forces in the string.
After quench detection the power supply is switched off by S, the dunp re-
sistor R is turned on by switch S, and heater is switched to heater power
supply by S,. Stored energy of all strings is dissipated on the dunp resis-
tors Ry = 0.167 Chmin the same nmanner. Maxi mumvoltage is equal to 1000 V.

The results of simulation of quench process initiated by heater in the
string of 10 magnets are presented in Fig.20. Mxinmm tenperature in nagnet
with heater-initiated quench does not exceed of 210 K The hot spot tenpera-
ture in magnet with original quench is greater by 30 K and is equal to
240 K

Fig.19. Sketch of quench protection in one string of second and third channels.
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Fig.20. Quench processin magnets of the second channel. Thin lines correspond to dump
resistor, thick linesarefor superconducting coil.

3. 11l channel.

In the channel there are 83 magnets with the stored energy of 0.244 M
each. Total energy stored in channel is 20.3 M. This energy is about twice
nmore that for first channel, whereas the conductor in coil is the sane.
Therefore it supposes nagnets will be divided on two groups of 41 and 42
magnets. | n each group magnets are connected in series and form two inde-
pendent strings with 180 kW power supplies. Schene of one string is pre-
sented in Fig.23; the other one is the sane.

The quench protection concept is the same as for the second channel.
Each string contains one magnet with protective heaters too. After quench
detection in each string the power supply is switched off by §, the dunp
resistor Ry is turned on by switch S,, and heater is switched to heater power
supply by S,. Stored energy of both strings is dissipated on the dunp resis-
tors Ry = 0.167 Ohmin the sane manner. Maxi mum voltage is equal to 1000 V.

The results of sinmulation of quench process in the string of nmgnets
are presented in Fig.21. In this case the hot spot tenperature does not ex-
ceed 200 K in magnet with original quench and 170 K in nagnet with heater-
initiated quench.
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Fig.21. Quench process in magnets of the third channel. Thin lines correspond to dump
resistor, thick linesarefor superconducting coil.

4. |V channel .

Al'l magnets of channel are connected in series into one string. Total
stored energy is about 4368 M. Power supply nust provide of 3.0 MV that
will allow one to reach the nonminal current within one hour. Protective
schene is presented in Fig.22. In conparison with the schenes considered
above the dunp resistor is absent due to inefficiency. Al magnets are sup-
plied by heaters, which are fired by switches § sinultaneously. Stored e-
ergy of all magnets is dissipated inside the cryostats in magnet coils.

Quench process in magnets of the fourth channel in the case when
heater provoked quench is presented in Fig.23. Mxinmum tenperature of hot
spot of original quench reaches about 230 K, where as naxi num tenperature in
ot her magnets is 190 K
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Fig.23. Quench processin magnets of the fourth channel.



5. Power supply

Mai n paraneters of power supply for magnetic system over all channels
are presented in the follow ng table:

Channel I Il Il Y
Qperating current, KA 6 6 6 6

Vol tage, V 30 30 30 500
Power, kW 180 180 180 3000
Current stability 1073 10°° 10°° 1073
Total inductance of magnets, H 0.61 4.0 1.1 230
Ranp rate, A/'s 30 10 30 1.7
Energizing tine, s 200 600 200 3600
Nunber of power supply 1 2 2 1

Conclusion

Prelim nary choice of the nagnetic system geonetries for four channels
of Neutrino Factory has been nade. Sone nmgnetic paraneters were optim zed
and were defined their optinmal values. The prelininary costs of the nagnetic
systens have been estimated together with operation expenditure. The final
costs will define nore exactly after detail study and devel opnent of the
working drawings. It was shown the nmajor portion in cost of each channel
constitutes the cost of SC magnets. The cost of the fourth channel makes up
the bulk of the cost for all magnetic systens in overall.

The general cross-sectional and |ongitudinal views of the nagnets for
the all four channel s have appended as conceptual draw ngs.
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Appendi x

Probl ens for R&D

O course we did not pose the object to consider in detail all prob-
lens arising inevitably during devel opnent, engineering and designing of all
channel s. Sorme of them can be solved in the nornal way. The other ones need
addi tional research and devel opnent.

1 Channel |

Channel | has no problem One can start to devel op and design worKking
dr awi ngs.

2 Channel 11

Channel 11 has one problem The nagnetic attractive forces acting on

the first and |l ast magnets in the string are very large. It needs nore care-
ful consideration in design of supports in order to nmaintain nechanical sta-
bility of magnets in string and to save an acceptabl e bal ance of heat [ oads
over these supports.

3 Channel 11

Channel I11 consists of many nunber of short nagnets wi th enough short
gaps between them Snmll gaps create troubles in connection of magnets on
electric joint and cryogenic. Besides LIA is placed outwardly of channel and
it can al so have own connections, which can nake difficult in access of free
space outside of cryostat.

4 Channel 1V

Channel |V consists of great nunber of problens. Even the period of
2.2 mwith sinusoidal field anmplitude of 3.6 T has an enough large field on
coil surface, large stored energy and |arge ponderonotive forces. One can
try to optimze the geonetry of magnet in aimof field enhancenent reducing

on coil. This object requires study of dependences and relationships the
various geonetric parameters. First of all it is necessary to consider the
coil, having layers with variable current densities and variable |engths.

There are many questions in devel opnent of quench protection system m-
chani cal strength of solenoid, cool down and warm up of superconducting so-
| enoids. Both radial and axial ponderonptive forces are very large as well
as the interacting forces acting on the first and the |ast nagnets in the
string. Undoubtedly the devel opment of the magnetic system nust be acconpa-
nied by nodeling of solenoid prototypes. Mre detail studies are needed for
consideration of the questions like: the increase of field anplitude, grow
ing of coil inner radius, the shortening of the sinusoidal field period etc.

5 R&D Schedul e

1. Geonetry optimzation for IV channel. Study of dependences and re-
| ati onshi ps of geonetric paraneters influencing on the magnetic
field characteristics in order to increase the field anplitude, to
short the field period and to raise the coil inner radius.

2. Conceptual design of cryogenic systemfor all four channels:

cal cul ations and choice of cooling circuit;
cal cul ati ons of cool down and warmup tine;
requi renents to cryogenic plant.

3. Overall drawings of the first and |last nmgnets of all four chan-
nel s:

speci al axial supports of superconducting coil;



6 kA current | eads.
4. Devel opmrents of joint units between superconducting solenoids in
channel I1I1.



