S5C DETECTOR SOLENOID DESIGN NOTE #108

TITLE: Correspondence and Suggestions

AUTHOR: Ron Fast and Peter Clee, Rutherford Appleton Laboratory, UK
DATE: Jan 10, 1990

ABSTRACT: This Design Note counsists of a letter from Peter Clee, RAL, in
which he answers some questions put to him by Ron Fast and of a copy of a
paper describing the DELPHI and HI magnets built at RAL for LEP and HERA.
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December 21, 1989

P.T.M. Clee
Rutherford Appleton Laboratory
England

Dear Peter,

I regret that our paths have not crossed for some years now. [ was planning
to go to Japan for MT-11, but the trip did not work out. Actually I was
prompted to write you after seeing your paper in the abstract booklet.

Several of us here at Fermilab have been involved with conceptual designs of
8 superconducting solenoid that might be part of a magnetic detector at the
88C. We at first worked on a 9 m ¢ X 16 m version which, because the
calorimetry would be inside the cryostat, could be thick, cryostable, bath-
cooled, ete. It became apparent, both to the physicists and to us, that even
if feasible this 1.7 GJ magnet would be expensive and would take a long time
to engineer, design and build.

It is now generally agreed that the calorimetry should be out of the central
field region and so we are now working on a thin solenoid with a diameter of
3.4-4.0 m, between 8 and 168 m long.

It would be helpful if you could send us coples of RAL papers on Delphi and
the HI1 m&gamq‘és for HERA. I have those papers which appeared in the
proceedings of ASC-84 and MT-9, but we would appreciate the MT-11 paper
and any RAL reports about mmdmmﬁ@r? coil and cryostat design and the LHe
PUINP.

Our thoughts, and those of our colleagues at KEK, are leading us into ‘‘new”
areas with regard to two or three items. We are seriously thinking about an
aluminum honey comb with 1.5 mm aluminum skins for the outer vacuum
shell and a flat annular vacuum head which is machined in a sort of waffle
pattern (there is interest in maintaining the thinness down fo small a,nglew}
We have @saemmﬂy adopted an operating current of 10 kA, which for a given
temperature rise gives a thinner coil than the usual 5 kA. Do you have any
comments about these issues? I would appreciate hearing both your ‘“knee-
jerk” and more considered opinions.

Thanks for your help! Have a good Christmas holiday.

Warmest regards,

Ron Fast
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Chilton, DIDCOT, Oxen
OX11 00X

Tel Abingdon (0235821900 Ext 6649

Direct Line (0235)uuy, ¢
Ron Fast Telex 83159 RUTHLE G
Mail Station 219 Fax (0235)44 5808

Fermi National Accelerator Laboratory

PO Box 508 g January 1990

Batavia
Illinois 60510
USA

Dear Ron

Thank you for your letter and Christmas greetings, and a Happy New Year to you.
With regards to your questions on large solencids, you may be interested to khnow
that T am planning to attend the detector workshop at Tuscon so I hope to see
you there and discuss the problems in move detail. Meanwhile, as requested, our
comments on your points raised in vour letiter are:w

ticle Transparency
a} General Comments
Lt dg very i
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beginning of the pro
actual thicknesses to
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) ¥ lon material and
improve the transparency, grest care must be taken
not to build in new problems. Continuous assessment of actual total
savings in material thickness should be made throughout the design period

and be weighted against overall relisbility and safety.

s b

We found with DELPHI that we were brought in too late to contribute to
the design concept for the overall detector. In conseguence we found
many detail design problems that were difficult te resolve. As you know
space at the ends of the cryestat is very limited for supports, cooling
pipes and current leads etc, and therefores need to he gongidered at an
early stage in the design.

b} Honeyveomb Construction

The main problems with a honeycomb type design are not with the basic
shell structure but with termination of the honeycomb structure at
flanges and access ports, reaction of loads eg overall coil weight
supported through the vessel to the main support and out-of-balance
loads due to coil/iron asymmetries,

I would not advise a honeycomb structure without carefully considering
what can be achieved with & more 'conventional' structure,



Jprp—

e
b
TR
Faices S
LEs
—n
e
frcwsd
e
—
-
R
facard
Laconcl
Ercowd
fal ]

446603 RAL THST ; :

Lo
.y}
LF

We considered the ysge of honeycomb for the initial design of ELECTRA -
precursor of DELPHT,

In all these considerations the demands for high dimensional tolerances
mist be borne in mind. Both DELBPHT and Hl solencids were required Lo be
extremely accurate both in coll and vacuum vessel, ie a few mms in 5-¢
metres. This was difficult to achisve even though we used conventional

welding and machining techniques with stainless steel for the vaouum
vessel .

In addition to material thickness actual geometric radia) space iz at a
premivm and in the case of Hl we used the radial space between
stiffening rings to locate the radiation shields and cooling pipes.
This would not be possible in o honeveomb structure,

¢} Operating Current

Some reduction in coil winding thickness achieved by operating at a
higher current is clearly available in principle since for a fived
stored energy, quench voltage and peak quench temperature the coil

thickness is given by~
. 1/%
L%(ﬁ“}/

T

the red

wtion in coil winding thickness shoul
terms of the overall thickness of coll and o
and in terms of the effect the hig
heating at joints, Jungtions to o
on ¥ geration ete,

Tt a vabled superconductor insert iz used in an aluminium substrate
there would seem to be no real problem in terms of conductoy
manufacture, The manufacture and operation of conductors with cable
inserts is well established from DELPHT, H1 and ALEDH.

Again the ineresse in operating currvent and its effect anl coll

thicknesgs
ghould be viewed as ap overall concept rather than in

isolation,

Helium Pumps

The helium pumps used on DELFHI and HI are of the CERN design - infact the
DELFHI pumps were procured and installed by CERN. For H1 the PUMNDE werse
manufactured through RAL te CERN specification and assembled ar CERN under their
technical supervision, The pumpe allow large mase flows of two phase helium
approximately 50g/sec to be circulated.

The pumps require an intermediate dewar eystem helium reservoir to act as a
buffer betwesn the solenoid and the refrigeration systen, This buffer
volume allows the solenoid to be run down in a controlled fashion Lo sero
current in the event of g refrigeration supply failure, 1 am not certain as

to whether or not a Paper has been produced on these pumps but T will check
when next at CERN.
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I will

also look out other information that may be of use to YOu.

L am afraid my comments are not very supportive to your
have congideved most of these points already.
discussions at Tuscon.

problem and 1 expect you
However I look forward to further

Eind regards

ftiy

Peter Cleas
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TOWARDS THE REALIZATION OF TWO 1.2 TESLA SUPERCONDUC

TING SOLENOIDS FOR PARTICLE
PHYSTCS EXPERIMENTS,

FTMClee and p R Baynham, Rutherford Appleton Laboratory, Chilten, Dideot,
Oxfordshire, England.

ABSTRACT

superconducting solenoids arg required to produce a magnetic field of 1,7 Tesla
@ room temperature volume of 145m" for the DELPHI particle physic
CERN and for the H1 experiment on HERA at DESY.

The large solenoids which are In the region of S-6m diameter and
constructed with aluminium clad Nb-71 conductor, wound on the ingide of
cooled support cylinder.,

in
B e¥periment on LEP at

D=l long, were
& liquid helium
The colls are indivectly ecooled with 2 phase liquid helium and
80K gas cooled radiation shield inside a stajnle
The coils have & stored

suspended within an
L.

88 steel vacuum vesse
d energy > 100 MJ when poweraed at 50004,

The paper eovers agpects of the constroction, installation and test of
solenoids,

the two

THTRGDUCTION

The Rutherford Appleton Laboratory

2
(RAL) has designed, built, insztalled apd
tested  two  superconducting  solenoids Central Fleld 1.2 1.2
providing very large volumes of magnetic Peak Fiald T 1.6 2.2
field for High Energy Particle Physics Lurrent
experiments. The first was for DELEHT, Main Coil A Skedy 5.5kA
one of four experiments operating on the Trim Coil 4 Flkh 6 - 6
Large Electron Positron (LEP) Collidep at Ampere Turns AL T 45%107  7.0%10
CERN, Geneva. The second was part of the Run Up Time Min &0 60
URs contribution to the Hi Experiment on Run Down Time  Mip E 120
the Hadron Electron Ring Accelerator Inductance H 8.75 7.8
{HERA) at Deutgcheg Elektronen Stored Energy  MJ 109, 4 120
Synchrotron (DESY), Hamburg. Discharge Volt. v 750 750
The basic demign concept used fop Discharge Time Seo 60 &0
DELPHI %?lenoid {(described in a previous Inner Clear Dia mm 8200 520%
pager}[” was also adopted for H1. The Quter Clear Dia mm 6200 6075
overall parameters for the Solenoids are Radial Width mm 500 438
given in Table 1. Length Overall mm 7400 5751
The DELPHI Solenoid has been fully Weight Total Tonnes 84 73
installed and commissionad. H1 has

passed the preliminary tests at RAL, beaen
installed at DESY, and is at the stage of
final commissioning and test,

i, DESIGH CONCBPRTS

The overall design and deve lopment
carried out for the DELDPHT Soleroid
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produced a  design  and congtruction
techniques which in practice proved to be
sound and economic,

The main design concept adopted fopr
the colls in both Salenoids is
illustrated in Figure 1. The conductor,
made up with Nb-Ti Rutherford cable and
clad with aluminium for stabilisation, is
wound  on  the inside of a support
oylinder. Conductor joints within the
coil were made hy welding of parsllel
conductors over one complete turn of the
eoll  (>1%m): originally developed in
Japan for COF and Topaz %olencids . Very
low  registance Joints were mada -
extrapolation.  from short joint  testg
indicate <10 per joint,

Coile were fabricated in modular
form of lengths up to 1.8m for heth
double and single layers, and were wound
on a oustom bullt machine uging the
"inside winding' technique developed at
RAL.  This enabled a production line to
be set up to manufacture all the madules
and included - support cylinder ¢leaning
- lining with glass/resin insulation
honding and curing alectrical
insulation tesat conductor «leaning
winding of modules with continuous double
half lap tape insulating and inline foint
welding ~ bonding and curing - then final
zlectrics

3 indicated that
R ge gl 1owag Lo be used as
the insulating and bonding medium. This
material only carries & small amount of
resin  which is  partially cured and
requires large pressures between mating
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surfaces during the curing process to
achisve high bond strengths,

Since that statement a similar but
much  improved system has bean developed
and used for both Solenoids. This
conglsts of mixing solid and liquid epowy
resin o produce a thixetropic
consistency. The glass cloth and tape,
are vacuum impregnated with this mixmture
but unlike 'ge stage, the vesin is not
partially cured. The system enasbles s
large amount of resin to be taken up by
the glass. When finally vacuum bagged
and/or pressure bonded with a 120%C cure,
the final coils are indigceynible from a
vacuum - potted  coil  and  very high
insulation resistances are achiaved,

H1 DEVIATIONS FROM DELPHI

There were many small changes to the
DELPHT dezign and layout of componants to
meet the HI requirements, but two major
changes  in concept  wWere  introduced,
These were the reduction in the radial
width of Lha Solenoid and the
introduction of compression vather than
tension supports for the coil within the
vaguum vessel .,

To meat the 435mm radial dimension,
he vacuum vessel
5t nang nge  inside the vessel and
use the space between the i ngs to locate
the eircumferential vadiation shields
{see Figure 1), Ry designing the shields
as simple aluminium sheets with He gas
conled pipes welded to the outer surface,

Lt weé
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FIGURE 1 Cross Section of Hl Solenoid
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it was possible to highly polish the
surface facing the ¢oil, thereby aveiding
the need for any superinsulating blankets
between the coil and shields.

The DELPHI coll was suspended at the
ends frem the wvacuum vessel, on thin
stainless steel rods and additional tie

rods provided lateral stability. In the
finished state this principle was
parfectly acceptable, in practice

however, during the assembly stage with
the vacuum vessel end plates removed, the
unsupported inner and ovuter shells moved
a few millimetres. This made the setting
up operation of centring the coll and
then fitting the end plates vary
difficult,

For this reason, the support system
for H1 was changed to two glass fibre
support pillars logated at sach end on
the horizontal axis, Linear bearings
wore  bullt into the  gupports to
accomiodate the contraction of the coil
during acoldown to 4.5K.

CRYOQGENIC SYETHHS

The cryogenic systems are requlred
to cooldown and maintaln the coil at
4.5K, the radiation shields at BOE and
provide 4.5K gas and liguid to cool the
current  leac Additional oo ¥ i
regquired during the current changs 1L
coils to remove inductive heat genevated
in the support cylinder and a reserve of
coolant  is required for the coil  and
current leads when the coil is run down
in the case of a power cutage.

Cryogens for H1 are supplied {rom a
large central refrigerator feeding a ring
main, whaereas for  DELPHI & local
refrigerator 1g provided by CERN.

In both cases a pumpsd ftwo phase
helium system has been adopted, usigq
mechanical punps  developed by QﬁﬁNl 1
which are located in an intermediate
dawar (ID) which alse contains the
reservolr of LHe. Two LHe pumps are
installed, one operates under normal
conditions with the second as a spare.
puring the current run up and down modes
both pumps are opervated.

The items most likely to cause
problems during the lifetime of the
Bolenoid are the current leads, the
superconducting/resistive trangition
joints, the electrically insulated joints
in the current lead cooling circults and
the cryogenic interface connectiang. In

the case of DELPHI these jtems are housed
in special turrets located on top of the
iram yoke At each end of the magnet and
for H1 inside a valve/current lead box
located on the floor outside the iron
veke,

The current lead gystem is bhased on
a horizontal f£in Pﬁ?t axchanger design
developed by CERN . For colls with
storsd energy » 100MJ, current lead
reliability under fault conditions is of
greater importance than minimising
refrigeration heat loads at 4.5K. The
fin type design allows extremely good
safety in the event of gas flow faillure
with acceptable 4.5K heat loads for
normal operation. Under test conditions
lead tempervatures did not exceed 350K
when the current was rpun down from S5kA
over Z hours with zero gas flow.

The fin heat exchanger section
between 4.5K and 300K iz cooled with 4.5
qas taken from the Lop of the
intermediate dewar. The base of the
current lead is separately connected by g
heat exchanger to the two phase clrcuit
af the ceil. In this way the bass of the
current lead is held at 4.5K by the two
phase f{low which absorbs the wain heat
load from 300K,

POWER SURPLIEE 8MD PROTE

TON SY8TEH

The HI Salencid is powered from a 20
valt, 6kA power supply connected to the
coil  through high voltage, high power
civouit breaksrs. DELPHT has a similay
main cupply but in addition thers are two
trim  correction circults powered Dy
supplies that can operate up to + 1kh,

Under quench conditions the clrouit
breakers are opened and approximately 100
I of the stored energy is dumped into a
large external resistor. This process
takes about 2 minutes and the resistor is
sized to limit the temperature rise to
less than 300°C. This is for safety
TRAZONS with the possibllity of
inflammable gases in the area.

B cquench fault condition ls detected
by multiple bridge circults across the
coil which senses any out of balance
voltage developed across & normal region
in the guperconductor. An added
complication arises with the DELPHI trim
circuits from indueed out of balance
voltages when the correction currents are

changed. These voltages are compensated
by a signal froem mutual inductors located



in the rreation current bushar clroult.

For novmal run down of The magnetic
field the voltage and current decay are
controlled by  passive dicde reslstor
agsembliss., Due to the low inductance of
the DELPHI trim coils the ourrents decay
more rapidly than Lhe main coil current.
The voltage drop in the trim pircuits is
1d the decay time and
avaoid sxcessive eddy cuprent heating in
the coil ppoart. oylinder which could
initiate & quench.
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FIGURE 2 41 Solencid Assembly
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transit were fitted. The Solencids were
ralled out of the building on a trolley
and transferred to a multi wheel ({(all
steerable} transport trailer by a mobile
crane, for transit by rosd and roll-on,
rall-off zhip to the destinations at CERN
ansd DESY.

HL S0LEMOID YEEST

Final assembly and pre-shipment test

of the Hl Solenuid was made at RAL durd

1989, See Pigure 3,
wWan designed
anic  aperation
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FIGURE 3 HL Test at RAL
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With a helium mass flow rate of = 30
g/sec the cooldown of the 25 tonpe coil
to 90K was achieved in approximately 10
days.

The mass flow through the radiation
shields was controlled in order to
maintain a  temperature differential
between coil and shields <10K..

With the system cooled to 90K flow

was directed to maintain the shields at

90K under the radiation heat load.

(ii} Cooldown and Operaticn of the
Sclenoid coil at 5K. The cooldown of the
Solenoid coll to 5K was made using 5K
helium gas supplied from a large mobile
30000 litre tanker. 1In this operation
the wmass flow through the coil was
carefully controlled in order to achieve
maximum enthalpy exchange with the gas.
Cooldown of the call required
approximately 9000 liguid litres against
a perfect efficiency requirement of
approximately 7000 litres. With the
Solenoid at <10K the helium supply was
switehed  to  transfer ligquid to  the
dewar. Cireulation of two phase liguid
through the coil was established

Cryogenic tests were carried out to

confirm heat loads to the opil  and
radiation shieldg:»
{a) radiation shiasld
radiation and conduction.
(b) coll static beat load “100 watts with
radiation shields at 90K.

These measurements showed heat loads
within the design limits.

; Ue00

o

watts

Electrical Tests

Blectrical tests on the Solenoid
coll showed correct performance of joints
and  superconductoy  up  to  2kA. In
addition the electrical test programme
wag designed to commission the main power
supply and protection svstem,

Caorrect operation of hoth slow dump
and fast dump protection systems were
demonstrated at currents up to 2.

Coll temperature rise under fast
dump was in line with computed
predictions.

DELPHLI BOLENOID TEST AMD COMMISSIOMIRG

Although a large amount of stage and
partial tests ware carried out, it was
not possible to fully test the solenoid
until the final installation in the
Fxperimental Hall,

Pump Down of the Vacuum System

E% tock 14 days to veach a pressure
of 10 7 mbar and the pverall laa&lrata
was measured as 2 x 10 7 L mbar sec ©.

Conldown and Cryogenin Tests

The cold hox, intermediate dewar
(ID} and 30lencid were cooled as one at
an average rate of 1.7%/hour from room
temperature to 4.5K in 7 days.

Static heat load into the Solenoid,
measured by temperature rise of the known
Mass wag:-

HMeasured Caloculate Max
Tharmal Shield 900w 2500w
at 77K
45K System 40U 87w

The dynamic heat leak of the coil,
transfer lines and ID was found to be
higher than expected, nemsly 147W at
4.5K.,  This was measured by recording the
fall in IHe level in the ID with the
refrigerator ead off. The reason fov
this high theat Ipad is not fully
understood at present. The overall heat
load on the total system however, iz well
within the capacity of the refrigerater.

The  current leads operated to
specification and the totel liguification
load at 4.5K was 0.8231 g/s. This is less
than tr sign Tigure of 1.1 g/s becauvse
the (ipnal operating currents through the
main leads are 4.1kB and 4.3kA instead of
the nominal 5ka.

Powering and Protection Tests

Pawering of the Solencid was carried
out ln steps of S00A up to SkA to enshle
all the equipment Lo be checked out and
to  ensure that the protection system
could handle the setraction of 110MJ of
energy. Durlsg this test the temperaturs
risg of the external dum@@tﬂ%istar wag
1007C compared with the 3007C restriction
and the temperature rise of the esil was
34F compared to the computed temperature
of 42K.

In  commissioning the protection
system the response of the quench
detector to currvent changes in the main
windings was as ewpected, but the
response o changes in the end trim
windings was wmore complex. This was
probably dug to the effect of eddy
current Lrangients in the coil support
eylinder, which wmade it difficult to

maintain a null output from the detector
during the first few seconds of the slow
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run down. This problem was solved by
filtering the signal from the mutual
inductors.

As mentioned garlier, problems could
develop from the rapid decay of the trim
currents creating eddy current heating in
the coil support cylinder which could
initiate a quench. In practice this was
the case and the problem was overcome by
by-passing the flywheel diodes in the
trim power supplies with a shorting
contactor during the slow run down, this
doubled the decay time.

Magnetlic BeasUrements .
: ) e : {41

In measuring the magnetic fisld
it was found that the properties of the
iron yoke were better than expected and
the extra ampere turns at the ceil ends
over compansated for the field fall off.
This was corrected by running the trin
current in the end turns in the reverse
direction to the main coil current. The
field measurements also indicated that
the Solenoid was offset sxially relative
to the iron yoke by émm, This was aleo
corvected by adiusting the trim currents,
Thee final trim current setbings were
=T00A and -900A,

At these curvent setitipngs, the field
was measured over a oylii cal volume of
202om radivs and 960cm length and out to
The Ba
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fields at three radii are shown in Fiqure
4 and are well within the required +
0.01% over the volume of the TPC. Br was
within specification and BY was at most +
1 Gauss within the volume of the TPC and
I 4 Gauss elsewhere. The stability of
the field was 0.01% over a 17 hour
pariod.

CONCLUSIONS

It is now ¢lear that large solengids
can he designed and built to
specification by Cﬁ%ﬁful uze of suitable
computation models* ™', In arriving at an
optimised design all the requirements for
space, materials, heat load, supports,
ancilliary equipment etc, had to he
carefully examined by several iterations
to ensure a practical, safe and econemic
solution wag obtained.
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