Engineering Journey for
ICAL development




Engineering Module (E-ICAL)
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Full scale ICAL: underground




ICAL Magnets — A Comparison Contd.

Sl. No. | Parameter/ Mini-ICAL E-ICAL Main ICAL
Description
1. Size (m) 4x4x1.8 8x8x3.1 16x 16 x 15-each
(3 modules)
2. Weight 80 tons 660 tons 51000 tons (total)
Plate size 1x2,1.6x2,1.2x 2 x4, 2 x4,
3. inm 2, 56mm tk 56mm tk
56mm tk
4, Iron plates 77 (7/layer) 184 (8/layer) 15,000 (32/layer)
5. No of layers 11 23 151
6. No of RPCs 22 (2 x2) 352 (2 x2) 28,800 (total) 2 x 2
;. | Noofcoil & 2, 18/coil 2, 38/coll 4, 30/coil
turns
AT rating
8. (for 1T field) 30.6kAT 52kAT 80kAT
9 Conductor 30 x 30 with @17 30 x 30 with 30 x 30 with
' size in mm hole @17 hole @17 hole




Deciding Magnetic Properties for ICAL magnet plates

Desirable magnetic properties of soft iron plate
1. Minimum residual magnetic field

2. Minimum cohesive force

3. High permeability, knee point

Acceptable Properties:

Sr. No Parameters Values (Allowable tol: 2%)
1. The knee point of B-H curve 1.5 Tesla
2 Saturation induction Bgy 2 Tesla
3. Magnetic field intensity required for 1 T <350 A/m
4. Magnetic field intensity required for 1.5 T < 1500 A/m
5. Maximum relative permeability > 2300
6. Coercive force <150 A/m
7. Residual induction 1.2:02T

Impurities/additives present in iron result in changes in magnetic properties

Plate rolling method, temperature control, metallurgical factors, plate
machining methods etc also affect the magnetic properties.

A detail study and trials have enabled us to finalize plate magnetic properties
with respect to chemical composition, rolling and machining methods.

Plate samples of different configurations from industry were studied



Sample Studies contd.
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BARC Mumbai BARC Mumbai
Customer : INO Customer : RCM
Product  : PURUS 1.80 — 000.0 Product  : MDN2 2.10 L 1000.0
Material  : FE Material  : SOFT | e
21 June, 2019 :14:31 1.60 666.0 11 March, 2020 :1 | =TT .
Br 104271 T 1.40 £333.0 Br 1.68 .00
bHe 11.09 Ajlem bHe
jHe 11.09 Alem 1.20 000.0 jHe 126 koo.00
Bmax :2.0648 T 1.00 h666.0 Bmax 1 2. E .
Jmax 12,0301 T Jmax 12,0167 T
Hmax  :187.82 Aiem 0.80 1333.0 Hmax  :94.44 Ajem .34 400.00
L[peak]  :2887.85 0.60 hooo.o Llpeak] :1162.11 - .
1L (init) : 2887.85 - : 1L (init) : 298.42
Hpmax 13.02 Ajem 0.40 66.00 Hpmax 15.29 Ajfem 0.47 bog.00
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20.0 1671500 1.96 -0.20 10,0  1.35
00 171 040 200 1.73 0.42
400 1.74 - 300 182
50.0 177 -0.60 0.0 1.86
§0.0 180 50.0 1.9 -0.84
700 1.82 -0.80 60.0  1.92
80.0 184 .00 700 195
90.0  1.86 80.0 197 -1.26
1000 1.88 -1.20 90.0 199
105.0  1.89 1000 2.00
-1.40 J -1.68
Sample Dia : 8.00mm 160 Sample Dia I
Sample Length  : 140.00mm Sample Length L
Sample Temp  : 25.00 -1.80 -] Sample Temp -2.10
Ambient Temp @ 25.00 Ambient Temp
: -200.00 -150.00 -100.00  -50.00 0.00 50.00  100.00 150.00  200.00
Operatar : Soft H (arem) Operator -125.00 -100.00 -75.00 -50.00 -25.00 0.00 2500 50.00 75.00 100.00 125.00
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Product : Bhilai 18000 [E— o £200.01 Product : Rod 25000 £2000.0!
Material S Sefen . coon 9550} Material : 8mm
M December, 2017 :14:53 . 15 May, 2018 :17:33 20833 566.01
: 6669 Gs 14000 71100 7669 Gs I A A
th 1191 0Oe [ th :2.47 Oe ) L]
iHe ‘101 0g 12000 466.01 iHe 247 0Oc 16666 333.0
Bmax 119168 Gegppp 222.01 Bmax : 21063 Gs
Jmax 119014 Gs Jmax 120783 Gel 2500 000.01
Hmax :153.35 Oe 8000 77.00 Hmax : 280.09 Oe
I [peak) : 2158.96 I [peak) :1962.88 .
1 [iniy ‘206865 0000 / 3300 1 [iniy ‘192933 9333 00
Hjimax 12,92 -Oe 4000 88.00 Hpmax 1 4.08 -Oc
Ref. No. : 0412¢0171453 S Ref. No. : 1605801814086 1333.00
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20 5213 0 100 14.057 0 I
50 9358 4000 17.283
100 12.901 -2000 50.0  17.574
150 14.549 _a000 80.0  18.261 -4166
20,0 15.363 1000 18.634
25.0 15902 6000 1250  19.041 8333
30.0  16.238 200.0  20.008
40.0  16.737 -3000 2250 20271 12500
50.0  17.086 10000 /
-12000 -16666
Sample Dia : 8.00mm Sample Dia : 8.00mm L
Sample Length  : 160.00mm -14000 Sample Length X 20833 "1
Sample Temp  : 27.00 16000 Sample Temp 25.00
Ambient Temp @ 27.00 Ambient Temp @ 25.00
Operator :NSD -18000 ] Operator {ROD_1 -25000
100.00 75,00 -50.00  -25.00 0.00 2500 5000 7500  100.00 200.00  -150.00  -100.00 -50.00 0.00 50.00 100.00 150.00 200.00
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Sample Studies contd.
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Br 16353 Gs 14000 i / 711.00 Br 19735 Gs 14000 133.00
bHe 134 0c [ bHe 1318 0e
Bmax 16237 Gs 12000 466.00 jHe 1318 Oe 12000 00.00
Hmax $66.01 0e 10000 1 22900 Bmax 118812 Gs 10000 _—
Peak Mu $2043.40 N Jmax 116639 Gs
Inital Mu $325.98 Gsf0e 8000 < 77.00 Hmax 1112.26 0¢ 8000 ) 33.00
Ref. No. 1130720161157 N Hipeak) 11118.96 S
MO JiGs)  Hoe JikGs) £ano I = fiso 1 finy s 000 - H00.00
01 6133 170 1429 ~ a0 183.00 Hymax 1730 0e 5 40 =t 56.00
12 6073 175 14438 8 e Rel. No. (160620161426 / IS .
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Secondary Turns: 100 4o Mg
TN seesmsiotasen TN wewsermsntasn.
Resdy —r— 1 sy S
tont | 23t | |sawe ceen| 24 | Ba 104 (204 |ces Mks | IEEH | — il za-n:Eqw, zoait| | g MKS | I | DO | DI 7 | SETC |=eows| (20 | BBE
—~ " ~ e —
-G N et

BH Curve
Emsmmm

- TATA Steel e e by

g|d|n|s 0|8 ¢ || ]"%]|"% [shw|F[AD]

19
18 BARC Mumabi SA I L
Customer $sAIL
17 Product *Magnetic 150 B00.00
Material  Soft -
16 17 June, 2016 :13:52 g Az
Br 05123 T 140 24400
15 bHe 146 4om o . .
jHe 146 Aom 1. 00
14 Bmax $1.8560 T 10 26.00
Imax 18454 T /
13 Hmax $84.10 om 080 < 11.00
Wipeal) 1423.95 <
12 1w Gni) 131499 050 K} o pIs0n
Humax 1146 Acm .40 e 55.00
11 Ret. No. S O { -
= Higlom] JT)  Higlem] Jm S 1 —— 770
- 1 mno 12916 17.0 1.4839 0,00/
120 1336 175 14349 T
08 135 13927 176 14971 020 [
150 1.4398 176 1.4971 P {
08 160 14618 40
.60
07 0.80
06 100 / /
05 20
04 SampleDia  : 8.00mm .40
: Sample Length £ 150.00mm 150
03 Sample Temp  © 27.00
i Ambient Temp  : 27.00 -1.80]
02 Operator i 75.00 5000 2500 .00 2500 75.00
- H [#em)
01 RN s
o Ready rr
o 5 50 7 100 125 150 175 200 225 750 275 300 325 350 375

s | e [ 2| g [T s [
)

H (Oe)




Deciding Chemical Composition

Reducing carbon content increases soft iron nature
This inturn decreases structural strength.

Using simulations of mechanical and magnetic simulations, optimal value of
carbon was decided for necessary strength and magnetic field.

The simulation results were reflected in actual assembly with 5% deviation

Finalized chemical composition in percentage (ESSAR):

Percentage (% 0.0 0.3 0.019 0.009 0.1 0.0 65 Balance

- +0.02 +0.05 1+0.004 +0.001 0.1 10.01 5 to be reported




Plate Machining

 To meet functional requirements only edges of
iron plates machined. Rolled surfaces are not
machined.

* Heat Affected zone created by Plasma cutting was
removed by further machining / waterjet cutting.

* Time and cost comparisons for waterjet
machining and conventional machining provides
deciding inputs for subsequent plate machining.

» Standard setting for plate machining has been
established to achieve drawing specifications.



Plate Flatness

 Based on height of RPC tray, plate flatness, plate deflection, and assembly
tolerances ,gap between two Iron plate layers has been finalized to be 45mm.

* This minimum gap has been taken to decide full scale ICAL height in a cavern.

* An stringent value of 4mm flatness in a length of 4meter has been decided
against ASTM standard of 8mm.

* Alaser based plate flatness measurement system is under development.

Plate 4000X2000X56
(Al dimensions are in mm)

Flatness Measurement
Sensor mounting location



Plate corrosion resistance treatment for 40 years life

Iron Plate coating

Product Detail / Specification Product Name DFT-pum

Inorganic Zinc siIicaTte primer F-9 Zinc -0- Sil 75 - Grey 7c
> 80% Zinc
High build epoxy intermediate coat Pentadure HB 5540 125
High build epoxy MIO Pentadure HB MIO 5567 125
Aliphatic Acrylic PU top coat Pentathane HS 4510 50
Thinner Thinner for Above

Total Film Thickness um 375




50.0
450
40.0
350

£ 30.0

c 5.0

G 200
15.0
10.0

5.0
0.0

Plate gap measurement

Gap between two layers is created by SS
spacers. Plates are locked by pins in spacers.
Variation in gap due to plate flatness (~Y4mm),
thickness tolerance(~0.5 mm) & assembly
tolerance(~0.1mm) and plate deflection.

Gap margin 10mm can come down to 1mm.
Gap measurement during assembly by
analogue inductive proximity sensor set up.
Vehicle with 2 sensors driven by timer pulley.
Sensor location measured by encoder

PLC controlled DAQ panel for data acquisition.
The system is operated through custom built
software.

Gap 7

— i e A

——Track 15ensor 1
——Track 15ensor 2
——Track 2 5ensor 1

Track 2 Sensor 2
——Track 3 Sensor 1

——Track 3 Sensor 2

0 1000 2000 3000 4000
Encoder Location




Copper Coil

e Copper coil procured in spools of 200 mtr.

* Special tools, dies, lJigs,fixtures developed
for de-twisting/straitening and forming.

* Gap between two consecutive conductor :
12mm available for in-situ brazing.

e Total joints to be brazed: 80 Nos.

Brazing machine design criteria:
i. Localized heating for brazing efficiency.
ii. Low time of brazing
iii. Heating element suitable to 12mm gap.
iv. Low joint electrical resistance

Brazing machine was developed with i
i. Induction heating method & water cooled 4
inductor of 10mm thickness.

ii. Joint brazing time: 30s (Excluding setup)
iii. silver based filler for low joint resistence




Assembly: Mini ICAL




ICAL Assembly

* Special consideration and preparation is required for assembly of an ICAL magnet

Space available

Plate handling method and safety during plate handling

No damage to plates and to corrosion resistant coating of the plate during handling
Matching of the plate with respect to adjacent plates

Assembly gap among adjacent plates

Achieving intended gap between two plates for placement of hall probe sensors.
Matching plate holes with spacer pins

Flatness of one layer of plate assembly

O 0 N o U B W N e

Fixing of aluminium guides on the plate for tray movement

=
o

. Assembly of next layer of plates

[HY
[HY

. Measurement of gap between two layers and correction in the assembly if required
with respect to required gap of 45 mm
12. Placement of search coil on designated plate layers

13. Provision for supporting data cables etc



Magnetic Field Measurement

] Frequency s e
Technique Name Type Range(mT) Accuracy Response Applicability Remarks
Fluxmeter Vector 1to 104 High AC Applicable Wide range, Good accuracy
Hall sensor Vector 10? to 10* Medium DCand AC Applicable Wide range, Good accuracy
Fluxgate Vector 10°to 5 Medium DC and AC Not Applicable Low range upto 5mT
Magneto-resistance Scalar 5x101to 5 Low DCand AC Not Applicable Low range, Low accuracy
Range starts from 500mT
NMR Scalar 5x102to 10* Very High DC Not Applicable stability problem, difficult
to implement
squid Vector 2x10%to 1 Low DC Not Applicable | -0V range, Low accuracy,
Need very low temperature
Magneto-optical Scalar 50 to 10* Very low DC Not Applicable Low accuracy

The magnetic measurement system at Mini ICAL magnet is a search coil and hall probe-

based system.

Search coil measures the average field inside the cross-sectional area of iron plate during
dynamic conditions ie ramping up and ramping down. Hall probe measures the field
during both steady state & dynamic condition of the magnet.
A series of equidistant hall probes inserted in the gap between adjacent plates in specific
layers. To account for non-linearity of hall probes electromagnet based multi point

calibrator at multiple reference field points.

The magnetic field values obtained from hall probes and search coil are being
continuously monitored and stored




Magnetic Field Measurement

Hall sensor PCB strip

Hall probe PCB inserted for magnetic
measurement

L

Search coils for magnetic measurement Magnetic field pattern in a layer Polarity reversal switch for demagnetization




RPC Trolley & Shelf Automation

Assembled RPC ready for insertion in Min ICAL Manual insertion of RPC in Mini ICAL

111\
AT
T

RPC Trolley @ Main ICAL Schematic RPC Shelf Automation

RPC Trolley



Cosmic muon tracks @ Mini ICAL
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Thank you



