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Abstract

The cryogenic system for the conceptual design of the
SSC is described. The collider consists of two rings of
superconducting magnets some 85 km in circumference. The
principal design issues of the SSC cryogenic system are the
production of the refrigeration nceded for the operational loads,
the transport of the refrigeration to all parts of the system, the
provision for redundancy and reparability leading to high
availability of the system, and the provision for non-stcady
state operation such as cool-down and quench recovery in a
}va.y‘ that provides a suitable operating schedule for the whole
acthity.

Introduction

The Superconducting Supercollider is a logical
exlension of the technology developed in the TeVatron applied
to the current problems of high energy physics. An overall
description of this program together with an outline of magnet
develpment and a description of the cryostat design and
production are given in other articles in these proceedings [ 1.
The layout of the ring is illustrated in the first of (hese articles
and the dipole cryostat in the second.

The design of the collider has proceeded through a
series of reference designs [2] and a magnet style selection to
the completion of a conceptual design | 3] for the facility.
During these stages the cryogenic sysiem for the collider has
undergone optimization through the efforts of many people
[4]. In the following paragraphs an outline is given of the SSC
cryogenic system as it appears in the conceptual design.

The SSC is a pair of 20 TeV superconducting proton
storage rings. Both are in a single tunncl about 85 km in
circumference. The machine is divided into ten approxiamtely
equal seclors, eight of which are arranged in two arcs and
consist entirely of regular machine lattice, and two of which
conlain eight utility and interaction regions. These two
interaction region clusters are on opposite sides of the ring
separating the arcs. All of the ten sectors have more or less
equal cryogenic load. Each sector has connected to it at the
midpoint a refrigeration plant complete with helium storage,
purification and other auxiliaries to make a stand alone sysiem,

These individual systems are interconnecied at the
sector boundaries in such a way that the various refrigerant
flows can be passed from one sector to the next. This in the
case of plant faiture allows the refrigeration load of one seclor
to be shifted and distributed among the others. The capacity of
cach refrigeration plant is chosen at 150% of the nominal heat
load. Load shifting between sectors can deliver this
redundancy wherever in the ring that it is needed, and studies
of this model using data from the operaling history of the
central helium liquifier of the TeVatron show that a system
availability of greater than 97% can be achicved in this wat [5].
Sending inventory and refrigeration around the ring is likely to
be a common operation of the SSC cryogenic system, done
regularly even when all plants are running. In order to maintain
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schedule and run reliably, the system must have some

immunity from the plague of low-grade problems always

encountered in any complex operation, problems such as

contamination, local poor cryostat vacuum, and so on. Load

ghifﬁ ng is a primary way of providing this immunity for the
SC.

In addition to the ten sectors of the main rings, the
injector high energy booster ring is an eleventh interconnected
cryogenic unit with & similar refrigeration station. During the
fast ramping two hour injection period the booster has a heat
load about three times the refrigerator nominal capacity in
excess of the heat leak. This requires a peak-shaving storage
tank to be added to this refrigeration plant.

The basic concept of magnet coolin‘g and refrigeration
distribution is illustrated in Fig. 1. I this figure a refrigeration

lant is on the left, providing and accepting flow. Single-phase
i:clium at4.15 K and 4 atmospheres is forced out into the
magnet string of each ring upsiream and downstream from the
refrigerator for a distance of 4 km, R flows through the
magnets in series and is re-cooled periodically to maintain the
superconducting windings at or below the specified 4.35 K. At
the end of the 4 km string, the flow is returned toward the
refrigerator. This fluid is flowing at a pressure above its critical
pressure, so in all parts of the circuit only a single phase is
possible. Along this line small flows are withdrawn and
expanded into pool-boiling re-coolers spaced at intcrvals of one
celt, 192 meters. The saturated gas from the recoolers is
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Figure I. A conceptual representation of the SSC collider
rings cryogenic system. In each of the two rings the magnets
are cooled in series by a flow of single-phase helium. This
stream is recooled at cell intervals by heat exchange with
boiling helium. The cryostat of eacﬁ ring has cooled shields at
B4 K and 20 K.
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Figure 2. Block diagram of the major components of a cryogenic sector of the collider.ring. The refrigerator at center cools
four strings of magnets, onc in cach ring in cither direction from the refrigerator, Each string is divided into four sections by
means of U-tube disconnects. Connections to the cryogenic system of the adjacent sectors are made through valve boxes at each
end of the sector. A cryogenic sector includes the magnets if 1/10 of the circumference of each ring

collected and returned (o the refrigerator in a third line,

These low-temperature parts of each ring are enclosed
in separate vacuum insulated cryostats conlaining shields at 20
K and at 84 K with multilayer insulation. The hclium gas flow
cooling the 20 K shield passes out from the local refrigeratot in
one ring and is returned in the other ring. Heat is removed
from the 84 K shield by subcooled liquid nitrogen that is
produced at two central air separation plants. It is passed
around the accelerator ring through the shield piping, and
subcooled and circulated by pumps and heat exchangers at cach
refrigerator location. Except for a warm header for the
collection of power lead cooling flow, all of the system piping
is contained within the magnet cryostats

The cryogenic system of the collider must be capable of
many dilferent modes of operation. Warmup and cooldown,
both of entire sectors or of individual sections, must be
supported. Steady operation for injection, ramping, and for
full-enerpy colliding is needed, and recovery from transients
such as magnet quench must be rapid. In addition, the system
must run on a schedule set by the use of the beam and a
schedule consistent with the high beam availability that is
necessary to the sucess of the collider facility as a whole.

A block diagram of a typical arc sector is shown in Fig.
2. Tn this figure only the single phase helium circulation is
shown, The refrigeration plant is centrally located in the sector
and feeds two strings, one for each ring, in either direction,
The strings each consist of 21 machine cells and so arc 21 x
192 = 4032 m long, The overall fength of a sector is thus
8.064 km. Each string is divided into four sections by U-tube
disconnects. In a typical string there arc three sections of five
cells and one section of six cells. The section, consisting of
five or six cells and of length 960 or 1152 melers, is the
minimum length of the machine that can be isolated and
warmed up for service. Atcach end of each arc there are
strings of 20 cells rather than the standard 21, Thus the total
length of an arc is 166 x 192 = 31.872 km.

Table I gives the heat load budget for the arc sector.
Note that the total heat load for the arc refrigerator includes
contributions from both rings. Also in this table is a listing of
the total load expressed as ideal isothermal power. This allows
comparison of the different parts of the load, and it is
immediately apparent that the synchrotron radiation is a very
tmportant fraction. The heat leak at ali temperatures is only balfl
of the total load. This is due to the 20 K intercept. A
refrigerated intercept at this lower temperature in addition to the
usual nitrogen shield is made econiomical by the scale of the
system, and its use is responsible for the good performance of

the cryostats. Other stcady operating parameters of the system
are shown in Table 1I.

Table I: Heat Loads for an Arc Cryogenic Secior

LHe 415K 20K 84K
(g/s) (watts)
Dipole
Infrared 005 216 17.7
Supports 012 082 72
Conn. & Inst. 0.15 032 2.1
(Synch. Radiation) {2.34)
Tota] static 032 330 270
4 Km Suing (in one ring)
210 dipoles 67.2 693 5670
42 quadrupoles 15.2 91 574
piping and valving 486 351 2254
6.6 KA leads (4) 1.58 317 2 6
other leads (224) 1.26 25.3
splices : 300
Sub totat 2.84 2180 1137 8504
synch. radiation 492.0
other beam loss 750
Totals 2,84 785 1137 8504
{gfs) {watts)
Heat Loads per refrigerator (includes both rings)
4 strings 11.36 3140 4548 34016
distribution & other _0,64 20 252 4784
Totals 12.00 3160 4800 383800

(g/s)

Tolal Load Expressed as 1deal Isothermal power at 300 K
Helium Refrigeration

(watts)

Static loss & shielding
20K 67200 (14%)
415K 62160 (13%)
Subtotal Static 129360 (27%)
Current Leads 78110 (16%)
S/R & beam loss 161680 (33%)
Misc. 9045 (2%)
Helium Refrigeration Total 378200 watts (78%)
LN Refrigeration 106700 watts  (22%)




Table II: System Steady State Operating Paramelers

4.15 K Circuit Paramelers

1. Synchrotron radiation W/m 2x 0.142
2. Synchrotron radiation W 2x 9,100
3. Beam microwave load W 2x 1000
4. Beam-gas loss load W 2x 500
5. IR beam loss load W 800
6. Heat Leak, average Wim 2x 0.057
7. Total load for 2 rings kW 315
8. Heat Load per refrigerator W 3150
9. Refrigerator capacity W 4700
10. Refr. liq. helium cap. g/s 20.67
11. Number of refrigerators 10
12. Liquid He volume million liters 2.1
13. Total lead flow g/sec 129
14. 1 phase He flow rate g/s 2x 100
15. 1 phase He flow pressure atm 45-4.15
16. 1 phase return line 1D inches 1.53
17. 1 phase return line pressure atm 415 -3.83
18. Temperature rise between recoolers K 0.090
19. Number of recoolers 836
20. Distance between recoolers m 192
21. Recooler duty W 32
22. Maximum He temperature at the coil K 4.35
23. Highest temperature 1 phase (lastcell) K 4.295
24. Lowest temperature 2 phase (firstcell) K 4.175
25. Cold mass kg/m 2x373
20 K Circuit Parameters
26. Heat teak W/m 2x0.29
27. Total for 2 rings kW 48.2
28. Shield flow rate g/sec 100
29. Temperature in K 17
30. Temperature out K 21.4
31. Circuit flow pressure atm 3.0-2.12
32. Cold mass kg/m 2x121
33. Surface area sq-ft /m 2x 120
34. Trace pipe size (ID) inches 3.0
84 K Circuit Parameters
35. Heat leak W/m 2x 22
36. Total for system kW 365
37. Fluid for shield cooling LN
38. Flowrate g/sec 500 - 1000
39. Temperature in K 77.5
40, Tempcerature out K 89
41. Circuit flow pressure atm G- 4.68
42, Cold mass kg/m 2X 143
43. Surface area sq-fl /m 2x14.6
44. Trace pipe Size (ID) inches 2,50
45. Number of LN Plants 2
46. LN plant capacity tons/day 2006

At the half-cell interval in the spool (the multi-purpose
section of the system between the quad and the next hall-cell
dipole) there are several things of particular cryogenic
importance. First, there is a pair of safety leads with their
quench stoppers, and there is a quench relicf valve. This valve
connects the single-phase space with the 20 K shicld header.
The valve is opened by the quench dctection electronics to vent
the heliwm inventory and to provide for recooling of the
quenched half-cell,  Second, there is a vacuum barricr in the
insulating vacuum. Thus each half-cell is separate for fcak
checking and is evacuated separately with a portable pump
station, There is no permanent pumping installed for the
tnsulating vacuum.

In addition to the cight arc sectors, approximatcly 50%

of the two IR sectors consist of the regular cell structure
described here. Thus some 90% of the circumference of the
collider is made up of these cells with their cryogenic system.

In the IR regions the cryogenic system is considerably
more complicated in layout than in the uniform arc regions.
Double cryoslats are needed to contain the insertion region
magnets in which the beam separation is 35 cm. There are
approximately 1600 meters of these 2-in-1 cryostats in the four
IRs. In addition there are magnets common to both rings in the
IRs. These cryostats must be able to operate from the flows of
either ring, and some of them may need to operate at a different
temperature from the ring by means of satellite refrigeration. In
addition, cryostats nearest to the interaction Point intercept
especially heavy beam-loss heating. There 1s a pair of such
cryostats in each of the [Rs.

In addition, the interaction and ulility regions must be
bypassed by transfer lines camrying the cryogenic flows.
Because it is often the case that elements on opposite sides of
the interaction region must operate at the same current, these
transfer lines carry superconducling bus work with its quench
protection as well. There are 8320 meters of these lines in the
two clusters, over 40% of the total cluster length. Because of
the cost in power supply, cryostat leads, and system
complexity in dealing with the 2-in-1 and the common
elements, maintaining the two rings functionally separate in the
IR clusters as is done in the arc regions of the collider is
impractical.

In the different IR configurations the various clements
are assembled in whatever way is suitable to provide for the
opetation of the magnets of each ring. This is done by means
of U-tube disconnects which provide the flexibility needed to
meet the changing needs of the experimental program.

The utility regions have very much the same cryogenic
arrangement as the IR regions, except that there are no 2-in-1
sections or commeon elements, Instead, there are quadrupole
pairs in each ring. As has aiready been mentioned, more than
half of an IR cluster consists of cells of dipoles, quads and
spools that are the same cryogenically as those in the arcs.
From an operating point of view the two types of regions, arcs
and clusters, are very much the same, and the same sequences
are used for cool-down, warm-up, and quench recovery.

Each of the ten refrigeration stations around the collider
ring is shown in Fig. 2 to consist of a compressor-cold box
system connected to the ring cryogenics, a helium management
and storage system, and a liquid nitrogen circulator and sub-
cooler with liquid nitrogen storage. Not shown on this figure
are the two air scparation plants that supply the liquid nitrogen
around the ring,

The capacities of the helium refrigeration and the air
separation plants proposed for the SSC are listed in Table 111,
‘The 150% value allows for the currently planned redundancy.
This may be increased to the 200% values listed. The tcn
helium plants provide refrigeration at 4.15 K, at 20 K, and
liquefication at the single-phase circulation conditions for lead
cooling. In the table also are given estimates of the power
consumption for the cryogenic system and a breakdown by
load type. It should be noticed that the synchrotron radiation
and other beam-loss loads are 31% of the total. The cost of
operating the current leads shows up clearly, also. The
importance of the 20 K shield in the system is shown by these
figures, If the 20 K load were taken at 4.15 K, the operating
power would need to be increased by 15 MW.

There are several requirements on the SSC refrigeration
plant that nced to be s'peci fically addressed as the design
proceeds. These are four in particular:



+ Capacity adjustment: The load varies from about 0.3 to 1.5
of nominal capacity. Part of this can be absorbed by ballasting,
but for economical operation of the collider facility, the
refrigeration plant must be capable of easy and efficient
adjustment to the load conditions.

+ Single-phase flow capacity: The single phase flow of 400 g/s
in each sector must be adjustable independent of the refrigerator
operating conditions. This flexibility is nceded for a number of
reasons: The large inventory of helium must be able to be
moved in and out of storage conveniently, In addition, quench
recovery and possibly the need for high temperature stability at
injection make the ability to temporarily increase the flow very
desirable.

» Quench tolerance: The refrigeration plant and system must
tolerate the quench of single and multiple half-cells, and it must
support rapid quench recovery.,

+ Contamination tolerance: There are 16 km of magnet coils
and laminations connected to each plant. It is unreasonable to
expect to clean up such a system to a high degree of purity. In
addition, the extended and complex nature of the operations
make contamination sensitivity very undesirable.

Specification of a plant to mcet the requirements of the
various modes of collider operation is onc of the earlicst tasks
of the enginecring design phase of the SSC.

To give a perspective on the size of the individual 5C
refrigeration plant, a comparison on the basis of ideal
isothermal power can be made with similar plants recently

Table 111: Refrigeration Plant Capnacity
and Power Requirements

Helium Refrigeration Plant Capacity:

Each of ten (150 %) (200%)
415K: 4700 watts 6300 watts
20K: 7200 watts 9600 watls
Lile: 20.67 g/s 27.6 gis
Power: Nominal Load Installed
(100%) (150%)
Compressor: (90% pD) 22 MW 35MW
Auxiliaries:(70% pf) 0.5 MW 0.5 MW

Air Separation Plant Capacity:

Each of two 200 Tons/day (2100 g/s)
Power:
Compressor: (90% pf) 5.6 MW
Auxiliaries: (70% pf} 1.0 MW
Total Cryogenic System Power:
Nominal Load Installed
{(100%)
10 Hetium Plants 27.0 MW 40 MW
Air Separation Plants 6.6 MW 13MW
Total 3.6 MW 53 MW
Power Breakdown by use:
Static loss & shielding
84 K 4.95 (15%)
20K 4.99 (15%)
415K 480 (14%)
Subtotal Static 14.74 (44%)
Current Leads 6.53 (19%)
S/R & beam loss 11.66 (35%)
Misc, (2%)

. 067
Nominal Power Total 33.60 MW

sucessfully completed. The SSC plant capacity is equivalent to
0.57 ideal megawatts. This about 0.77 of the size of the CVI
plant for the MFTF-B at Lawrence Livermore National
Laboratory. It is 0.26 the size of the large refrigerator at
Brookhaven National Laboratory and .63 of the central helivm
liqueficr at Fermilab. Among refrigerators now under
construction, particular mention should be made of the three
plants for the storage ring HERA at DESY. Each of these is

1.2 the size needed for the SSC and are noteworthy {or being
designed for the high efficiency of 24% of Carmnot. The
important points in these comparisons are not only that the size
of the SSC is plant within current industrial practice, but that an
adequate basis of experience exists for specifying and acquiring
such systems in a timely and efficient way.  ~

Liquid nitrogen in the SSC cryogenic system is used for
scveral requirements. First, it is used in cooldown of the large
cold-iron mass of the ring dipoles, and second, as has been
mentioned before, sub-cooled liquid nitrogen is used as the heat
transport medium for the 84 K cryostat shields. Third, the
latent heat of the nitrogen provides the 84 K shield
refrigeration, and tast, the sensible heat is used in the
refrigeration process. The choice of nitrogen for the first two
purposes is dicatated by technical necessity, Liquid nitrogen
can be stored and marshalled for rapid cooldown, and for the
purposes of heat transport, it is the most practical choice.
Stored liquid nitrogen also is important for control of the heat
leak and helium inventory loss in the case of utility failure.

The choice of nitrogen provided by air separation for
the third and the last use mentioned above is mainly an
economic one. The primary chuice is between refrigeration
produced by a helium cycle infegral with each of the ten
refrigeration plants, and the use of nitrogen latent heal. A
secondary choice exists between air separation and
reliquefication if nitrogen is used. It is lower in capital cost to
produce the nitrogen and distribute it than to produce the
refrigeration with helium. In addition, if the sensible heat can
be used, as it can here, operating cost is lower as weill. The use
of nitrogen provides an important opportunity for industrial
participation in the SSC program. The nature of this
participation, whether it takes the form of supplying nitrogen
from existing facilities or constructing and operating nitrogen
plants for the collider, will depend on the site location.

In the conceptual design, liquid nitrogen is supplied to
the SSC site from two 200 ton/day (2100 g/s) air separation
plants located near the IR clusters, The ring requirement for
LN is abont 2000 g/s so there is redundancy. However, the
total site usage, including the injector ring and experimental
areas is larger than half of this capacity. Located at cach air
plant are two 55,000 gal (168,000 kg) storage tank and at each
of the other eight refrigerator stations a 20,000 gal tank. The
total storage capacity is sufficient for six days consumption. In
normal operation both plants run at partial capacity, using the
storage for electric power load leveling or to take advantage of-
time-of-day power pricing. 'The liquid nitrogen is delivered
around the ring through the shicld piping by unbalancing the
flows in the two shield lines. When the ring can not be used
for transport of the nitrogen, trucking can be used. Each
station has storage and can be supplied by road. The
consumption of the system as a whole is equivalent to ten
truckloads a day,

The cold gas from the circulator-subcooler at each
station is used in the refrigeration process and exhausted at
room temperature.



The refrigeration requirement for the SSC, though large
in aggregate, is well within the scope of current technology.
Machinery and techniques that are part of current cryogenic
practice are adequate to support SSC operation, and the
individual plants proposcd for its use are smaller than ones now
in service. The experience gained in the operation of the
Tevatron, particularly the system experience, gives conlidence
that the SS5C cryogenics will meet expectations for performance
and availability. Where new ground is broken is in the extent
of the system, and in the low levels of heat leak for which it is
designed.
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