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1 Introduction

The scope of this document is to provide the needed information to assess
the cryogenic safety of the polarized target system for the SpinQuest (E1039)
experiment in Fermilab NM4. The E1039 Experiment is a successor experiment
to Experiment E906 and re-uses the same spectrometer but the target system is
a substantially different designs and there are many additional subsystems used
in the new experiment.

The E1039 target system will be located in the SpinQuest Hall inside building
NM4. The target system consists of a 5 T polarizing magnet and a high-powered
evaporation refrigerator system which both connect to a helium liquifier system
provided by the Quantum Technologies Inc. The polarizing target magnet is
a superconducting split pair constructed for nuclear and high energy physics
experiments. The evaporation refrigerator is a rebuilt assembly designed and
constructed by the University of Virginia. The target system is the responsibility
of the University of Virginia and this document only focuses on those critical
components of the full cryogenic system.

The full target system is shown in Fig. 1. A close up diagram of the top
magnet and fridge flanges is shown in Fig. 2. The target cave piping and
instrumentation diagram is shown in Fig. 3. A cross-section of inside the
refrigerator and magnet can be seen in Fig. 6 without the target insert. The
same diagram is then shown with the target insert in position in Fig. 7. The
target system has four separate vessels indicated by the four following figures.
These vessels include the liquid nitrogen shield Dewar (Fig. 8), the magnet
dewar (Fig. 10), and the refrigerator cryostat (Fig. 11, 15). The refrigerator
sits in the shell. The lower part of the shell connects to the lower volume with an
indium seal making the liquid helium evaporation reservoir. This lower volume
is referred to as the nose. The refrigerator has its own upper internal reservoir
that separates the vapor from the incoming liquid. This unit is the fourth vessel
known as the separator (Fig. 6). There is also a U-tube transfer-line (Fig.
17) that connects the magnet tank to the separator to supply the fridge with
liquid helium. Other than the separator these vessels are all surrounded by
a single insulating vacuum (IV) which should be maintained at high vacuum
at all times. The separator along with the rest of the refrigerator sits in the
refrigerator cryostat and so has an extra layer of controlled insulation from
atmosphere.

The exact liquid helium volume of the magnet dewar is 135 liters. This
space normally operates at atmospheric pressure and vents directly out of the
cave and out of the building. During a quench the energy is exponentially
dumped into the liquid helium over a period of about 100 seconds by the magnet
quench protector. Quenching is a normal superconducting magnet response
to part of the coil going resistive. All Oxford magnets systems are design to
quench and tolerate the pressures pertaining to quenching. Oxford and UVA
have both performed multiple quench tests without incident on the SpinQuest
magnet. Quenching the magnet results in a large part of the target volume being
vaporized. This vapor vents out of the top of the magnet dewar tank through the
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risers and exhausts out through the quench ports. This system, when energized
to full field has a considerable stray field, extending over 3 meters. The fully
energized magnet can not store over 0.25 MJ by design.

2 Operating Principles

This target system uses cryogenically frozen solid state target materials polar-
ized using dynamic nuclear polarization (DNP). DNP results from transferring
spin polarization from electrons to nuclei, aligning the nuclear spins to near
that of the extent that electron spins. The polarization of the electron spins at
a given magnetic field and temperature is described by the Boltzmann distribu-
tion under thermal equilibrium. The DNP process relies on the electron’s fast
relaxation rate to transfer spin polarization to the nucleons using a continuous
microwave source. The target cryostat operates at 1 K with the use of a high
cooling power evaporation refrigerator and a 5 T magnetic field produced by
a pool cooling superconducting magnet submerged in liquid helium at 4 K. In
the following all cryogenic parts are analyzed for functional safety. The opti-
mization of polarization and its measurement is a big part of the target spin
asymmetry measurements and uncertainties [1].

2.1 General Overview

The magnet dewar holds up to 135 L of liquid helium which is surrounded by an
insulating vacuum layer and a liquid nitrogen layer, which itself is surrounded by
the external vacuum layer. The insulating vacuum is pumped down below 10−6

Torr using a TMU 1001 P turbomolecular drag pump. The jumper-transfer
line connects the 135 L magnet dewar to the high-cooling power evaporation
refrigerator. This jumper is a vacuum insulated line that is used to continuously
transfer liquid helium into the evaporation refrigerator phase separator. The
function of the phase separator is to separate the vapor from the liquid creating
a helium reservoir supply to feed the evaporator where the target material is
positioned into the beamline and coolded to 1 K. The separator also works as a
thermal barrier to help thermally isolate the cooler part of the evaporation area.
The high cooling power evaporation refrigerator consists of a set of upper heat
exchangers (baffles) that are cooled when vapor from the separator is pumped
through, using a KNF helium compressor pump (or separator pump). Liquid
enters the separator via the jumper-transfer line from the liquid helium in the
magnet. The incoming helium liquid from the jumper transfer line is a mixture
of helium vapor and liquid depending on how much enthalpy leaks to liquid
during the transfer. The phase separator contains a sintered disk that divides
the separator to upper and lower halves. In the upper half the vapor is pumped
out at a rate that lowers the temperature of the remaining liquid to about
2.5 K. The cooled liquid in the lower part of the separator flows down the 1
K evaporator path through a series of gas-liquid heat exchangers and through
the run valve that controls the flow, to the 1 K path. Below the lower heat
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Figure 1: The full target system with beam-line connection to the insulating
vacuum. 5



Figure 2: Close up of the top flange of the target system.
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exchangers is the cold helium reservoir in the nose which is simply a helium
space made of the nose and shell and connects to the large roots pumps through
the turret. This volume defines the refrigerator and achieves high power from the
roots pump stack to pump on the liquid helium volume creating a high degree of
evaporation. Passing the cold helium vapor over the lower heat exchanger and
then upper baffles optimizes cooling and functionality of the refrigerator. Over
1.6 W of cooling power is achievable with the 14,000 m3/hour pumps. This high
cooling power is useful during the dynamic nuclear polarization of the target
where nearly 1 W of microwave power is required to polarize the target and the
additional heat load of about 0.5 W from the proton beam.

A 5 T magnetic field is produced by the set of precision superconducting
iron-free quasi-Helmholtz coils. The fringe fields produced are capable of pulling
any magnetic object towards them, with enough force to puncture the windows
on the vacuum. In addition, medical implants that may contain ferromagnetic
materials are at serious risk of being affected by the fringe fields. The operation
of mechanical equipment may be impacted, and electronic devices in the vicinity
stand the risk of being damaged by the powerful magnetic fields.

3 The Main Subsystems

3.1 Superconducting Magnet

The magnet dewar (Fig. 18) is a standard Oxford Instruments superconducting
magnet dewar that has passed all EU safety requirements before being trans-
ported to the United States (Fig. 6). There are three risers that vent the liquid
helium boil off and exhausts straight to the vent out of the building. These
three openings provide the path for quick pressure release when the magnet
quenches. Each of these are KF-25 and connect to the top venting ports of the
magnet dewar tank. The piping on top is also 25 mm ID. The exhaust port
is 10 mm ID. and operates at atmospheric pressure. The magnet dewar holds
liquid helium cooled to 4 K simply for the sake of running the superconducting
magnet. This type of vessel is standard and meets all the safety specifications
to pass Oxford Instruments functionality and safety criteria.

The magnet dewar consists of two parts (Fig. 10). The lower section houses
the magnet coils inside a cylindrical dewar. The quench protection diodes and
resistors sit in the top of the magnet tank. The top magnet tank (Fig. 9) is
a cylindrical helium reservoir. These sections are connected by two 6.0 cm ID
tubes with an indium seal on both. A vertical center bore through both the
upper and lower sections allows for insertion of the 4He evaporation refrigerator
and the target insert. There is also a rectangular open bore through the coils
where the beam passes.

The magnet dewar has a large annular geometry that wraps around the re-
frigerator area separated by the insulating vacuum (Fig. 19). This is the main
holding tank for the cold helium before being pumped over to the refrigerator
through the U-tube transfer-line. This liquid helium reservoir is not a pressur-
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ized vessel under normal operating conditions. It contains 4 K liquid helium at
near atmospheric pressure and keeps the superconducting magnet submerged.
There are three risers that give sealed access to the tank and coils. One is fitted
with a liquid helium level probe, a second is fitted with the magnet leads con-
nections, and the third is fitted with the fill port. The fill port is the 3/8” female
connector designed to seal to a transfer-line bayonets. The bayonet fits into a
cup inside the tank connecting to an internal tube that channels the helium
down to the coil region for efficient transfer.

The magnet is made of a heavy steel former that holds the coils in place.
The cylindrical dewar walls wrap around and are welded to the former making
helium dewar. This beam bore goes through the magnet former and has a very
rigid structure. It is along this line that the beam windows are located on the
nose and up and down stream beam lines.

3.2 Nitrogen Shield

The liquid nitrogen shield dewar is also part of the Oxford Instruments magnet
(Fig. 8). This dewar has a volume of 115 L. The nitrogen dewar surrounds the
magnet dewar tank on top of the magnet and creates a thermal barrier with
vacuum on either side. The nitrogen dewar operates at atmospheric pressure so
this can operate as an open vessel. As nitrogen boils off it vents out of the cave
and then out of the building.

The liquid nitrogen tank connects to a aluminum radiation shield that sur-
rounds the magnet dewar. The liquid nitrogen tank should remain at least half
full of liquid nitrogen in order to protect the liquid helium components from
heat radiation from the outside. It is not a pressurized unit and serves only
to sit at 77 K and provide thermal insulation between the outer most vacuum
region and the liquid helium reservoirs. This reservoir level should be monitored
at all times and refilled regularly for efficient usage of the liquid helium. This
tank has four venting ports on the top of the tank to be connected to the out-
side exhaust system in the cave. One of the venting ports is used for measuring
the boil-off rate and another is used for a level probe measurement. The only
notable dangers involved with this part of the system is if the nitrogen ports
are not properly connected to the exhaust channels and atmospheric ice builds
up and blocks all ports.

3.3 Evaporation Refrigerator

The refrigerator cryostat holds the University of Virginia evaporation refrigera-
tor. The fridge is fitted into a stainless steel shell and attaches to an aluminum
nose piece on bottom. The nose piece has a thin beam window around the
cylinder of 13 mils. This helium space only requires 1.45 L of liquid helium to
completely cover the target material. On the top of this cryostat connected to
the main flow there is one main pressure release valve set to less than 1 psig.

The top stainless steel shell (Fig. 11) fits into the Oxford Instruments magnet
vacuum layer. The vacuum seal is a standard ethylene propylene rubber O-ring
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around the vacuum layer on top where the metal is close to room temperature
and a 0.030 indium seal is used on the aluminum nose piece where the cryostat
is colder. The maximum volume of just the nose piece is 3.57 L. The volume of
the shell and nose piece together is 22 L. There is never any need for this much
helium in the fridge. Filling the fridge this much can freeze the top shell seal
and cause a vacuum leak. The turret (Fig. 14) fits on top of the shell assembly.
The refrigerator fits into the top of the turret and the roots blowers connect to
the side pumpout of the turret. The top flange to access the refrigerator is a
standard 4.5” Ladish flange and clamp.

The 4He refrigerator (Fig. 7) is designed to run at temperatures close to
1 K, and contain exceptionally high cooling power. The refrigerator can only
run when liquid 4He is fed into the separator from the reservoir of the magnet
dewar. This transfer come through the vacuum insulated U-tube. Then, the
liquid and vapor are separated, and the vapor is filtered out of the separator
vessel through the exhaust tube through the upper baffles while being pumped
into the recycling system with the separator pump (KNF). The liquid in the
separator will pass through by opening either the run valve, bypass valve, or
both to bleed helium into the nose where the target sample space is. If it flows
through the run valve, the liquid will pass through a low temperature heat
exchanger and be cooled on the way down. The bypass valve bypasses this
lower heat exchanger to fill the nose faster when necessary. The Fridge Bellows
(Fig. 12) allows the target insert to move up and down so that the target cell
can be positioned correctly in the beam.

3.4 Separator

The separator is a holding reservoir for cold liquid helium before it is transferred
to the nose, where the target material is held. As the liquid helium is transferred
from the separator to the nose, it will pass through several heat exchangers
which are cooled by the evaporating helium being pumped out of the fridge
(See Subsection: Evaporation Refrigerator). To maintain low temperatures,
despite as much as 1 W microwave and beam power being dumped onto the
target. The large roots pumps help to maintain the required low pressure.
These pumps pull evaporated helium up, past the heat exchangers and baffles,
and out of the fridge. The separator is a seal helium vessel with a pressure relief
port connected to the top of it running out of the refrigerator. This valve opens
at 3 psi and serves to vent the separator and prevent serious pressure build in
this vessel.

3.5 Insulating Vacuum

The vacuum space works as a thermal insulator. It is critical to separate the
helium layers from the atmosphere temperature to conserve the Helium and to
move the helium with the least losses. This includes the U-tube jumper line
which should have the vacuum insulation pumped down to a leak rate around
10−10 mbar×L/s. The amount of liquid helium in the U-tube at any time is
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estimated to be no more than 5 g. Instantaneous vacuum loss in the U-tube
only results in not transferring liquid efficiently or not at all.

The insulating vacuum for the magnet and refrigerator is common. This is
an annular space that surrounds both and provides a interface with the outside
world. The outside can is solid stainless steel with fused welds. The weakest
points of the vacuum space are the nose beam windows and the two beam-
line beam windows. There is a safety pressure release on the vacuum space
which is a simple pop-off valve. This safety pop-off valve on the side of the
vacuum insulator is shown in Fig. 13. This valve has a very light spring holding
only 0.1 psig when not under vacuum. This valve is designed to allows release
under pressure build in the vacuum space from a punctured magnet dewar or
refrigerator nose.

The Piping and Instrumentation Diagram for this system is shown below,
and the instrumentation list is included in Fig. 16.
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Figure 3: Piping and instrumentation diagram inside the Cave.
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3.6 Target Insert

The target insert is a long carbon fiber shaft that holds the microwave horn for
the DNP process, the NMR coils for polarization measurement and the target
cells that hold the frozen solid state target material. These inserts also provide
the proper impedance for the evaporation refrigerator to run optimally as well
as provide a thermal barrier near the separator.

The fridge can run with or without the target insert installed and so we do
not include it here as part of the cryo-safety review document. These details
will be covered in different documentation.

4 Design Calculations

The E1039 Target System is new to Fermilab and uses a series of vessels. Here
we specify the design calculations and materials for the target system and eval-
uated pressure build and relief.

The separator itself is fuse welded, using a DFW weld prep done in the Univer-
sity of Virginia’s machine shop.

4.1 Separator Relief Tube

The separator is made from SST 304 plate and tube.

Elastic modulus: E = 2.86 · 106 ksi
Yield Strength: Sy = 30 ksi
Ultimate Strength: SU = 75 ksi
Offset Strain: EY = 0.002
Allowable Stress: Sa = 20 ksi

The dimensions of the SpinQuest separator are as follows:

Outer Diameter: ODsep = 6.5 inches
Wall Thickness: t = 0.065 inches
Length: L = 2.345 inches
Main Support Tube OD: ODsup = 3.63 inches
Inner Thickness: TI = 0.030 inches

First, calculations for the volume and surface area of the separator will be
computed. Using Equation 1.1 seen below

Vsep = π
4 · (ODsep

2-ODsup
2)·Lsep

we find the volume of the separator to be 53.5456 inches cubed, which is equiv-
alent to 0.87745 liters.
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Next, we will use the following equation to find the area of the separator.

Asep = π·(ODsep+ODsup)·Lsep+2·π4 ·(ODsep
2-ODsup

2)

It is computed to be 120.296 inches squared, or 0.07761 meters squared.

The velocity of sound at 100K and 300K have already been computed as 593
m/s and 1020 m/s respectively. These two number will be sued to determine
whether or not the escaping vapor through each portion of the relief tube is
supersonic or subsonic.

The separator includes a separate relief tube. The tube is split into two main
parts, a large diameter section and a small diameter section. Connecting the
two is a cone-like fastener. The dimensions for this section are given below:

Length: L = 27 inches
Large Diameter: DL = 0.25 inches
Small Diameter: DS = 0.185 inches
Connector Length: LC = 1.1 inches
Wall Thickness 1: T1 = 0.016 inches
Wall Thickness 2: T2 = 0.02 inches

The lengths of each portion of the relief tube were measured using the orig-
inal 3D model in SolidWorks. They are listed below:

Length (Large Diameter): L1 = 5.45 inches
Length (Small Diameter): L2 = 21.55 inches

Loss of IV:
In order to lose insulation around the separator the refrigerator would have to
be open to atmosphere or is a situation with very warm gas around it. This is
common during the backfill process but because of location of the separator the
pressure and temperature around it is very well controlled and quick transitions
to room temperature are rare. In the next part of these calculations a worst
case scenario is assumed where there is instantaneous insulating vacuum loss
around the separator while containing liquid helium in its liquid reservoir. In
this situation the heat flux, heat load, latent heat, and mass evolution rate are
calculated below.

Max heat flux: q = 8kW
m2

Total Heat load: Q = q ·Asep = 620.881 W
Latent Heat: λ = 21 J

g

Mass Evolution Rate: dm = Q
λ = 29.5658 g

s

The easiest way to calculate our unknowns would be to assume that the gas
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reaches room temperature immediately. Unfortunately, this would create a very
sizable amount of error, as the relief line is still fairly short, and the refrigerator
space outside of the separator is filled with He from the boil off from the nose
piece. To help mitigate this error, we will assume that the He in the first stage of
the relief line is at 100K, and for the second stage of the relief pipe will be 300K.

Density of He at 300K, 30 psia: ρ300 = 0.332· 10-3· g/cm3

Density of He at 100K, 80 psia: ρ100 = 2.63· 10-3· g/cm3

Volumetric Flow rate at 100K: W100 = dm
ρ100

Volumetric flow rate at 300K: W300 = dm
ρ300

Viscosity of He at 100K: v100 = 9.87·10-6·Pa·s
Viscosity of He at 300K: v300 = 19.93·10-6·Pa·s
Velocity of sound at 100K: Vs100 = 593 m

s
Velocity of sound at 300K: Vs300 = 1020 m

s

Next, the exact dimensions of each part of the relief tube will be computed.
Note that each calculation will be done twice, once for the smaller diameter
segment, and a second for the larger diameter segment.

Inner Diameter (Small) IDsmall = 0.153 inches
Area (Small) Asmall = 0.01839 in2 = 1.2·10-5 m2

Inner Diameter (Large) IDlarge = 0.21 inches
Area(Large) Alarge = 0.03464 in2 = 2.2·10-5 m2

Now, the connector between the two segments of the relief tube will be ana-
lyzed. The length of the connector has been measured as 1.1 inches long.

θ = atan
(OD2−OD1)

1in = 0.06491 radians = 3.71899 degrees

β =
OD1
OD2

= 0.74

The resistance coefficient for this component is:
Kcone = 2.6·(1-β2)·sin( θ2 ) = 0.03817

First Stage Flow:

V1 =
W100
Asmall

= 503.081 m
s

The flow is subsonic.

Reynolds Number: R = IDsmall·V 1·ρ100
v100

= 257994.94

Friction Factor: F1 = (1.14 + 2log(
IDsmall

e1
))-2 = 0.016

Pressure Drop: ∆P1 = F1·ρ·LSmall· V 1
2

IDsmall
= 57.628 psi
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Second Stage Flow:

V2 =
W300
ABig

= 3985.247 m
s

The flow is supersonic.

Reynolds Number: R2 = IDbig·V 2·ρ300
v300

= 354110.70

Friction Factor: F2 = (1.14 + 2log(
IDbig
e2

))-2 = 0.039

Pressure Drop: ∆P2 = F2·ρ·LBig· V 2
2

IDBig
= 323.678 psi

For the conical reducer section:

∆PCone = KCone · ρ300·V 2
2

2 = 14.59 psi

This next section will go over the elbow at the end of the relief line. It is a
KF 25 90 degree elbow.

Inner Diameter: ID = 1.03 inches

Area: A = 0.83 in2 = 0.00054 m2

K Factor: K = 1.18

In this version of the system, the relief pipe is not welded, and as such, only the
welding information for the separator will be used.

4.2 IV Loss Calculations

During a loss of IV the walls of the magnet will also provide a heat load. The
load from loss of IV will be higher for non-insulated surfaces than for the insu-
lated ones. Considerable effort was made to insulate all exterior surfaces of the
magnet. We therefore use a conservative 7 kW/m2 heat flux for loss of vacuum
on insulated surfaces and 38 kW/m2 on uninsulated ones. In a case such as this,
the pop off valve (Fig 13) will be launched from the system, and could erupt
with cold pressurized helium vapor.

Geometry of the Coils:

Inner Coil:
Inside Radius r1in = 117.5 mm
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Outer Radius rlout = 151.3 mm
Width w1 = 30.5 mm
Surface Area: Ain =

2 ·π·(r1out
2 - r1in

2) + 2 ·π·rlout·w1 = 0.086 m2

Outer Coil:
Inside Radius r2in = 167.6 mm
Outer Radius r2out = 219.9 mm
Width w2 = 46.8 mm
Surface Area:

Ain = 2 ·π·(r2out
2 - r2in

2) + 2 ·π·r2out·w2 = 0.192 m2

Total surface area of one coil set (there is one on top and one on the bot-
tom)

Acoils = Ain + Aout = 0.287m2

External magnet surface have been measured from the CAD drawing,
and are listed here.

Insulated Area of Magnet (Top):
Atop = 0.593 m2

Insulated Area of Magnet (Bottom)
Abottom = 0.654 m2

Insulated Area of Dewar:
Adewar = 1.66 m2

Uninsulated Area of Dewar:
Auns = 0.2 m2

Heat Flux From Loss of Vacuum on an Insulated Surface:
Φvac = 7 kW

m2

Heat Flux From Loss of Vacuum on an Uninsulated Surface:
Φuns = 38 kW

m2

Latent Heat of He:
λHe = 21 J

g

Mass Flow From Magnet:

dmbottom = Φvac · (
Abottom
λHe

) + Φquench ·
Acoils
λHe

= 0.35 kg
s

dmtop = Φvac · (
Atop
λHe

) + Φquench ·
Acoils
λHe

= 0.33 kg
s

Mass Flow From Dewar:
dmdewar = Φvac · (

Adewar
λHe

) + Φquench · Auns
λHe

= 0.915 kg
s

The resulting total mass flow must be relieved from the magnet and dewar
through the current external relief path. The mass flow from the magnet must
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pass through plumbing to enter the dewar first. We assume that the mass
flow from the magnet to the dewar is very cold, at 6 K. From the dewar to
the relief valves and average temperature of 10 K is assumed. The relief path
for the magnet is complicated by the separation of the two halves of the magnet.

Gas constant for He:
RHe = 2207 J

kg·K
Assumed Temperature of He:

Tmag = 6 K
ID of tubes:

IDtop = 0.37 in
Mass Flow in One Tube:

dmtube =
dmtop

4

Friction Factor For Tube is Chosen to be the Simple
but Conservative Weymouth Factor:

ftop = 0.032·in1/3

IDtop
1/3 = 0.045

We assume a conservative absolute pressure of 45 psia for the magnet.
Ptop = 45 psi

Density of He:
ρtop = 58 kg

m3

Length of tubes:
ltop = 6 in

Velocity of the flow in one tube:

vtop =
dmtube

ρ·π
IDtop

2

4

= 20.511 m
s

Pressure drop from top to bottom of magnet

∆P = ftop·(
ρ·vtop

2

2 ) · ltop
IDtop

= 1.279 psi

The magnet volume relieves through the two connecting tubes. The opening is
1.4” (Inner Diameter) and is connected to a 1.87” (Inner Diameter) tube with
bends and fittings to the dewar. This line also contains the magnet wires. These
are assumed to be 1

4” (Outer Diameter) each. The reduced hydraulic diameter
for the relief path will be used in the calculations. The path contains about 35”
of tubing and 3 elbows at 90 degrees.

Hydraulic Diameter of Opening:
ODwire = 0.25 in
IDopen = 1.4 in

ID1 =
2·

ODwire
2

4 +
IDopen2

4

2·ODwire+IDopen
· 4 = 1.097 in

Hydraulic Diameter of Relief Path Tubing:
IDpath

ID2 =
2·

ODwire
2

4 +
IDpath

2

4

2·ODwire+IDpath
· 4 = 1.528 in
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The flow velocity and friction factor for the larger section are:

fbottom = 0.032in1/3

ID2
1/3 = 0.028

The density at the of the GasPak is:
ρbottom = 58 kg

m3

Assumed pressure at bottom of magnet absolute:
Pbottom = 45 psi

vbottom =
(dmtop+dmbottom)

ρ·π·
ID2

2

4

= 9.914 m
s

We use the resistance coefficient method for determining the pressure drop from
the magnet to the dewar. There are three (3) 90 degree elbows, two enlarge-
ments, and the flex hose, which will be treated as 3 straight pipes. This gives
an equivalent tube length of 35” in and four (4) K factors for the bellows (2)
and enlargement. There is a further enlargement at the entrance of the dewar.
Note that one of the elbows is a 90 degree miter.

Kencl = (1 -
ID1

2

ID2
2 )2 = 0.235

Ktube = (35in)
ID2

· fbottom = 0.636

Kelbow = 30·fbottom = 0.833
Kmiter = 60·fbottom = 1.667
Kdewar = 1

∆P = (Kencl+Ktube+2·Kelbow+Kmiter+Kdewar) · ρbottom·
vbottom

2

2 = 2.152 psi
The relief path from the dewar to the relief valves has three (3) 0.93” (Inner
Diameter) tubes. The magnet current leads in one tube are hollow thin walled
brass tubes and have been ignored for this calculation. We assume that only two
of these tubes carry the total mass flow. The average temperature is assumed
to be 10 K in the relief tubes and 10 K at the relief valves. The magnet line
and the level probe are in separate relief tubes.

Pressure at the relief tube:
Ptube = 48 psi

Temperature at relief tube:
Ttube = 10 K

Density of He at the relief tube:

ρtube =
P tube

RHe·T tube

Nose Calculations:

The nose of the magnet is made with 6061 T6 Aluminum, which has a maximum
strength of 30 ksi.
Properties of the nose are given below:
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Name Value Unit

Radius 1.885 in
Diameter 3.77 in
Thickness 0.013 in

Tensile Strength 45 ksi

The equation to find the maximum allowable pressure is:

P =
σh·t
d

Plugging in the values listed above, we find the maximum pressure to be 310 psi.

Magnet Dewar Calculations:

The Helium Magnet Dewar is made from 316L Stainless Steel, which has a
maximum strength of 70 ksi.
Properties of the Helium Magnet Dewar are given below:

Name Value Unit

Radius 8.7495 in
Diameter 17.499 in
Thickness 0.060 in

Tensile Strength 70 ksi

The equation to find the maximum allowable pressure is:

P =
σh·t
d

Plugging in the values in the table gives us an allowable pressure of .48 ksi, or
480 psi.

The magnet dewar is made from 316L Stainless Steel. The following are listed
material properties for the dewar.

Elastic Modulus Ey = 27992.3 ksi
Yield Strength Sy = 24.6564 ksi
Ultimate Strength Su = 70.3433 ksi
Offset Strength εy = 0.002
Allowable stress Sa = 0.48

Magnet Dewar
The dewar is a large enclosed volume inside the system. This systems relief
path will be the three risers.

Dimension of the dewar:

Outer Diameter ODdewar = 17.515 in
Wall Thickness tdewar = 0.06 in
Length Ldewar = 19.32
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Volume of dewar:
Vdewar = π

4 ·(ODdewar
2)·Ldewar = 76.2814 L Surface area of dewar:

Adewar = π·(ODdewar)·Ldewar+2·π4 ·(ODdewar
2) = 0.997 m2

Loss of IV

Max Heat Flux q = 8kWm2

The total heat load on the He fluid is Q = q·Adewar = 7976 W
The latent heat of He is Λ = 21 J

g

The total mass evolution rate is then dm = Q
Λ = 379.80952 g

s

It is a conservative estimate to assume that the He gas reaches room tem-
perature immediately.

the density of He at 300 K, 30 psia is ρ300 = 0.332·10-3 g
cm3

The density of He at 100 K, 80 psia is ρ100 = 2.63·10-3 g
cm3

Volumetric flow rate at 100 K W100 = dm
ρ100

= 0.1444 m3

s

Volumetric flow rate at 300 K W300 = dm
ρ300

= 1.1795 m3

s

Viscosity of He at 100 K v100 = 9.87·10-6 Pa·s
Viscosity of He at 300 K v300 = 19.93·10-6 Pa·s
Velocity of sound at 100 K Vs100 = 593 m

s
Velocity of sound at 300 K Vs300 = 1020 m

s

Relief of Dewar
The dewar relieves through a set of three risers, the dimensions of which are
listed below:

Riser A Riser B Riser C
Length L1 = 14.016 in L2 = 17.22 in L3 = 17.22 in
Outer Diameter – OD2 = 1.06 in OD3 = 0.96 in
Wall Thickness – – –
Inner Diameter ID1 = 0.96 in ID2 = 0.98 in ID3 = 0.5 in
Area A1 = 0.72382 in2 A2 = 0.754 in2 A3 = 0.19635 in2

Surface Roughness e1 = 0.00006 in e2 = 0.0006 in e3 = 0.0006 in

Next, the velocities of the flow for each riser will be calculated.

v =
W100
A

so, v1 = 309.238 m
s , v2 = 296.7823 m

s , and v3 = 1139.81 m
s .

Next, the Reynolds Number for each riser will be computed.

Re = ID·v·ρ100
v100

so, Re1 = 2009.26, Re2 = 1968.5044, and Re3 = 3857.23.

The friction factor will be used to compute the final pressure drop, which is
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found using the equation:
f = (1.14 + 2·log( IDe ))-2

This gives us that f1 = 0.01097, f2 = 0.01092, and f3 = 0.0124

Finally, the pressure drop for each riser will be computed.

∆P1 = f·ρ100·L· v
2

ID

This gives us the ∆P1 = 2255.36 psi, ∆P2 = 2704.2268 psi, and ∆P3 = 6012.6
psi.

This means that the toal pressure drop between the three risers is a total 10972.2
psi.

In a worst case scenario, if there was an instantaneous loss of insulating vacuum
in the Magnet dewar, the pressure drop would be higher than the allowable
pressure by quite a large amount. However, due to the high strength in the
Nitrogen Shield, any worst-case scenario risk it mitigated greatly. The calcula-
tions for the Nitrogen Dewar are covered in the next section.

Nitrogen Dewar Calculations The Nitrogen Dewar is made from 316L Stain-
less Steel, which has a maximum strength of 70 ksi.
Properties of the Nitrogen Dewar are given below:

Name Value Unit

Radius 14.2815 in
Diameter 28.563 in
Thickness 0.10 in

Tensile Strength 70 ksi

The equation to find the maximum allowable pressure is:

P = s·t
r+(0.6t

Plugging in these values we get the allowable pressure to be 48.81 ksi.

Due to the high allowable pressure in the Nitrogen Dewar, it is extremely un-
likely that the walls would buckle in the case of instantaneous IV loss.

4.3 Quench Calculations

The worst case scenario pressure load will follow a magnet quench and sudden
loss of insulating vacuum, or IV. During a magnet quench the superconducting
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wire will provide a heat load. The are two pairs of coil packs. The heat load to
the magnet has been experimentally determined by Oxford to be 1 W/cm2.

Heat Flux In Coil From Quench:
Φquench = 1 W

cm2

Magnet Stored Energy:
Magnet Inductance:

L = 71 Henry
Magnet Max Current:

I = 78.3 Amps
Magnet initial stored energy:

E0 = 0.5 · L · I · |0.001 kJ
Henry−A2 |

Start time when the initial energy stored is at its maximum:
time0 = 0 seconds

Decay time constant:
τ = L

R
τ = 27 seconds

Helium Properties:
Atmospheric Pressure:

Patm = 100 kPa
Magnet reservoir fully open relieving pressure:

Pmagnet = Patm + 3.5 psi ·|6.895 · kPapsi |
Heat of vaporization:

hfg = h(Helium, P = Pmagnet, x = 1) - h(Helium, P = Pmagnet, x = 0)
Volume at vaporization:

vfg = v(Helium, P = Pmagnet, x = 1) - v(Helium, P = Pmagnet, x = 0)
vg = v(Helium, P =Pmagnet, x = 1)
vf = v(Helium, P =Pmagnet, x = 0)

Quantity of LHe in magnet reservoir:
Physical volume of magnet helium reservoir:

Vol = 135 L · |0.001 · m
3

L |
Mass of liquid helium present in reservoir:

mreservoir = V ol
vf

Calculated helium fluid properties:
Inlet temperature assuming saturated vapor:

Tinlet = T(Helium, P = Pmagnet, x = 1)
Cp for ideal gas at relieving temperature:

CpHe,ideal = Cp(He, T = Tinlet)
Cv for ideal gas at relieving temperature:

CvHe,ideal = Cv(He, T = Tinlet)
Ratio of specific heats for ideal gas at relieving temperatures:

kHe =
CpHe,ideal
CvHe,ideal

Molar Mass:
MHe = MolarMass(He)
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Compressiblity Factor:
ZHe = Pmagnet · MHe ·

vg
8.314kJ/mol·K·T inlet

Critical flow equation constant:

CHe = 0.03948[kg0.5−kgmol0.5·K0.5]

1[mm2·hr·kPa]
·
√
kHe[[ 2

kHe+1
[kHe+1/kHe-1]

Critical flow nozzle pressure:

Pcf,He = Pmagnet ·[[ 2
kHe+1 ](

kHe
kHe−1 )]

Text statement whether the flow through relief orifice is critical or
subcritical:

FlowHe = if(Patm,Pcf,He, ’critical’, ’critical’, ’subcritical’)
Nsteps = 150
timestep = 0.1

Determine heat transfer rate:
Time after quench:

timej = timej-1 + timestep (for j = 1 to Nsteps)
Stored energy in magnet:

Ej = E0 · exp[
−timej

τ ] (for j = 1 to Nsteps)
Heat transfer rate to helium:

Q̇ =
Ej-1−Ej
timestep

(for j = 1 to Nsteps)

Determine minimum relief valve size (assume saturated vapor at inlet)
Required mass flow rate:

ṁj= Q̇j ·
vgf

hfg·vg
(for J = 1 to Nsteps)

Peak mass flow rate:
ṁmax = Max(ṁ1..N,steps)

Equations fpr critical flow:
Discharge coefficient * orifice area:

KdAcrit = ṁmax
CHe·Pmagnet

·
√
ZHe ·

T inlet
MHe

· |3600 · 1/hr
1/s |

Equations for Subcritical Flow:
Ratio of backpressure to upstream relieving pressure:

rsubcrit = Patm
Pmagnet

Coefficient for subcritical flow:

F2,He =

√
[
kHe
kHe−1 ] · rsubcrit

2/kHe · [ 1−rsubcrit
[kHe-1/kHe]

1−rsubcrit
]

Equation coefficient and unit conversion factor:

Unitfactor = 17.9[hr·mm2−kPa]

1[kg0.5−kgmol0.5·K0.5]

Discharge coefficient, orifice area

KdA = ṁmax · UnitFactorF2,He
·
√
ZHe ·

T inlet
MHe·Pmagnet·(Pmagnet−Patm) ·

|3600 · 1/hr
1/s |

KdA = If (Patm, Pcf,He, KdAcrit, KdAcrit, KdAsubcrit)

Solutions:
CpHe,ideal = 5.193 kJ/kg-K
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CHe = 0.02867 (kg·kgmol·K)0.5/mm2·hr·kPa
F2,He = 0.9066
I = 78.3 A
KdAcrit = 295.8 mm2

kHe = 1.667
ṁmax = 0.3471 kg/s
mreservoir = 16.22 kg
Patm = 100 kPa
Pmagnet = 124.1 kPa
rsubcrit = 0.8056
timestep = 0.1 sec
UnitFactor = 17.9 hr·mm2·kPa/(kg·kgmol·K)0.5

vf = 0.008321 m3/kg
vfg = 0.04753 m3/kg
CvHe,ideal = 3.116 kJ/kg·K
FlowHe = subcritical
hfg = 19.12 kJ/kg
KdA = 379.7 mm2

KdAsubcrit = 379.7 mm2

L = 71 Henry
MHe = 4.003 kg/kmol
Nsteps = 150
Pcf,He = 60.47 kPa
R = 2.63 Ω
τ = 27 sec
Tinlet = 4.446 K
Vol = 0.135 m3

vfg = 0.03921
ZHe = 0.639

4.4 Quench Calculations Summary

Based on the calculations done above, the system should be sufficient to han-
dle a magnet quench event. Because the flow is subcritical (as shown in the
calculations above), the magnet dewar should hold in the event of a magnet
quench.

4.5 Overview of Risers

The calculations on the risers are conducted in a way to make them more simple.
A change made to the calculation is the impedance of the baffles being ignored.
This allows us to calculate mass and energy flow more conservatively.

Riser A: Withdrawal tube/level probe: This riser carries two tubes, a 1.422
cm diameter tube and a 0.478 cm diameter tube. The riser is fitted with ra-
diation baffles which are soldered to the tubes. The baffles are round and fit
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closely inside the 2.438 cm ID riser tube. One baffle is located near the bottom
of the riser, one near the center and one near the top.

Riser B: fill tube/bottom line: This riser has three tubes, one 1.422 cm di-
ameter, and two 0.635 cm diameter. The riser is fitted with one full round
radiation baffle located near the bottom of the riser. The baffle fits closely in-
side the ID of the riser.

Riser C: Magnet leads/sensor leads: This riser has a single tube 0.5 in (1.27
cm) in diameter. Wrapped around the tube are six wires or wire bundles each
contained in a 1

8 in diameter plastic sheath. The wires are wrapped loosely
around the central tube and make approximately 6 turns over the length of the
riser. At the bottom of the riser a cylindrical plastic plug 0.5 inches high fits
securely between the inner tube and the ID of the riser. This plug has four
semicircular channels cut along its length to allow the wires to pass through
to the helium space. The wires completely fill two of the four channels. The
remaining open area at the plug is estimated to be 0.32 cm2.

4.6 Evaluation of Risers

Parameters used:

Magnet Dewar Surface Area: 402.838 cm2

Helium Reservoir Surface Area: 18,931.6 cm2

Total Dewar Surface Area: 19,334.4 cm2

Heat Flux due to IV Loss: 0.6 W/cm2

Heat of Vaporization of LHe: 21 J/g (4.2 K, 1 atm)
Mass Flow on IV Loss: 19,334.4 cm2 · 0.6 W/cm2 / 21 J/g = 552.412
g/s
Mass Flow on Quench: 300 g/s

Total Mass Flow: 852.412 g/s
Exhaust Gas Temperature: 20 K
(ρ = 0.00242 g/cm3 at 1.0 atm,
ρ = 0.0732 g/sm3 at 3.0 atm,
ρ = 0.00977 g/sm3 at 4.0 atm)

The use of the heat of evaporation of liquid helium to derive the mass flow
and the use of 20 Kelvin as the exhaust temperature are assumptions used by
Oxford in their own analysis. These assumptions give the calculations a slight
safety factor. The actual enthalpy change in converting 4.2 Kelvin liquid helium
to 20 Kelvin vapor is 100 J/g. The mass flow due to IV loss would only be 233
g/s if the correct enthalpy change is used.
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Figure 4: Pressure drop in risers and relief manifold:

The friction in the riser and expansion at the top of the riser will be different
for each one. The discharge coefficient of the parallel-plate relief valve has also
been neglected. The relief valve is taken as a constant 4 psi pressure drop.

Riser A: 0.96” (2.438 cm) ID, 14” (35.6 cm) long contains one 0.56” (1.422
cm) tube and one 0.188” (0.478 cm) tube.
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Bend and flow path at the top of the riser: ∆P = c( 1
2ρv2

2) with c = 1.1

Reduction to KF25: For simplicity, we will neglect partial blockage of the
area at the top of the riser and assume that we are making a transition from d2

= 4.4 cm to d3 = 2.2 cm. For d3/d2 = 0.5 tables give c = 0.35. ∆P = c( 1
2ρv32)

with c = 0.35
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Riser B: 0.98” (2.489 cm) ID, 17.22” (43.79 cm) long
contains one 0.54” (1.372 cm) Ø tube and two 0.25” (0.635 cm) Ø tubes.

Friction:
Perimeter:

π(2.489 cm) = 7.82 cm
π(1.372 cm) = 4.31 cm
2π(0.635 cm) = 3.99 cm

total perimeter: 16.12 cm

Area: π(2.489 cm/2)2 = 4.886 cm2

Area blocked: π(1.372 cm/2)2 = 1.478 cm2

Area blocked: π(0.635 cm/2)2 = 0.317

Flow area: 3.07 cm2

Hydraulic Diameter: Dh = 4A/P = 4(3.07 cm2)/16.12 cm = 0.76 cm
∆ = (4f1)( 1

2ρv1
2)(L1/Dh)-(4f1)( 1

2ρv1
2)(43.79 cm/0.317 cm) = (4f1)( 1

2ρv1
2)(138.269)

Expansion at top of riser

∆P = 1
2ρv1

2(1-A1/A2)2

= 1
2ρv1

2(1-3.07 cm2(1-3.072 cm2/12.789 cm2)2

= 1
2ρv1

2(0.577)

Bend and flow path at the top of the riser: ∆P = c( 1
2ρv2

2) with c =
1.1

Reduction to KF25: For simplicity, neglect partial blockage of the area at
the top of the riser and assume that we are making a transition from d2 = 4.4
cm to d3 = 2.2 cm. For d3/d2 = 0.5 tables give c = 0.35. ∆P = c( 1

2ρv32) with
c = 0.35
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Bend and flow path at the top of the riser: ∆P = c( 1
2ρv2

2) with c = 1.1

Reduction to KF25: For simplicity, neglect partial blockage of the area at
the top of the riser and assume that we are making a transition from d2 = 4.4
cm to d3 = 2.2 cm. For d3/d2 = 0.5 tables give c = 0.35. ∆P = c( 1

2ρv32) with
c = 0.35

Each riser and its relief valve are treated independently. The fact that they
are connected by the manifold is neglected in this scenario.

Friction in the KF25 Section:
To include the KF25/40 adapter, the length of the adapter is added to the KF25
section.
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∆P = (4f3)( 1
2ρv3

2)(L3/D3 = (4f3)( 1
2ρv3

2)(9 cm/2.2 cm)

Expansion to KF40: (A3 to A4); ∆P = 1
2ρv3

2(1−A3/A4)2

A3 = π(2.2 cm/2)2 = 3.801 cm2

A4 = π(3.4 cm/2)2 = 9.079 cm2

∆P = 1
2ρv3

2(1-3.801 cm2/9.079 cm2)2 = 1
2ρv3

2(0.338)
Branch Tee in KF40: ∆P = c( 1

2ρv4
2) with c = 1.5

Friction in KF40: We take the total length through the tee and assume
that the relief valve will add an additional 3 cm. ∆P = (4f4)( 1

2ρv4
2)(15 cm/4.4

cm).

Each riser and its relief valve are treated independently. The fact that they
are connected together by the manifold is neglected.

Friction in KF25 Section:
To include the KF25/40 adapter, the length of the adapter is added to the KF25
section.
∆P = (4f3)( 1

3ρv3
2)(L3/D3) = (4f4)( 1

2ρv4
2)(9 cm/2.2 cm)

Expansion to KF40: (A3 to A4); ∆P = 1
2ρv3

2(1−A3/A4)2

A3 = π(2.2 cm/2)2 = 3.801 cm2

A4 = π(3.4 cm/2)2 = 9.079 cm2

∆P = 1
2ρv3

2(1-3.801 cm2/9.079 cm2)2 = 1
2ρv3

2(0.338)

Branch Tee in KF40: ∆P = c( 1
2ρv4

2) with c = 1.5

Friction in KF40: We take the total length through the tee and assume
that the relief valve will add an additional 3 cm. ∆P = (4f4)( 1

2ρv4
2)(15 cm/
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4.4 cm).

Summary of Geometry Terms and Loss Coefficients

Table 1: Pressure drop ∆P Terms

Table 2: Flow Areas

The friction factors (4f1)-(4f4) depend on the Reynolds number of the flow.
These factors have become nearly constant at high Reynolds numbers. We will
be evaluating these expressions for the mass flows of around 300 g/s or higher.
The smallest value of the Reynolds number will occur in the KF40 piping sec-
tions:

NRE = ρvd/ν where ρ = density, d = diameter, and ν = viscosity
We can also use
NRE = 4ṁ

πνd where ṁ is the mass flow.

NRE = 4(0.3 kg/s)/π(3.8 · 10-6 Ns/m2)(0.034 m) 3 · 106

Taking a surface roughness e 0.001 cm for most of our piping system. The
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ratio e/d is approximately 0.001 cm/3 cm 0.0003 cm. For pipes having e/d
in this vicinity, the friction factor assumes an approximately constant value of
(4f) 0.015 for Reynolds numbers of 3 · 106 or higher. We will take all friction
factors to be (4fi) = 0.015.

In order to combine the factors in Table 1 to obtain an overall pressure drop for
each riser, the pressure drops in each section will be rewritten in terms of the
mass flow using the areas in Table 2.

ṁ = ρviAi
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5 UVA Functional Measurements and Tests

In the following section the results from UVA cooldowns and safety tests are
reported. UVA has performed 10 separate cooldowns on this magnet and re-
frigerator system without safety incident. Several intentional forced quenching
scenarios are investigated as part of the regular performance and characteriza-
tion studies of the full system. Both Oxford (2015) and UVA (2015-2019) have
performed several independent quench studies on this magnet to find the system
responding within design parameters.

5.1 UVA Quenching Safety Tests

A quench is a quick termination of magnet operation that occurs when part
of the superconducting coil enters the normal (resistive) state. This can occur
because the field inside the magnet is too large, the rate of change of field is
too large (causing eddy currents and resultant heating in the copper support
matrix), or if a portion of the coils are heated above critical temperature. Scat-
tered particles that go into the superconducting magnet can cause a quench.
When this happens, that particular spot is subject to rapid Joule heating from
the enormous current, which raises the temperature of the surrounding regions.
This pushes those regions into the normal state as well, which leads to more
heating in a chain reaction. The entire magnet rapidly becomes normal (this
can take around 100 seconds, depending on the size and field of the supercon-
ducting coil). This is accompanied by a clunking sound as the energy in the
magnetic field is converted to heat, and rapid boil-off of the cryogenic fluid. If
a large magnet undergoes a quench, the inert vapor formed by the evaporating
liquid helium fluid can present a significant asphyxiation hazard to operators
by displacing breathable air.

Protection resistors and diodes are provided for all magnet sections, restrict-
ing the development of potentially high voltages in the event of a magnet quench.
The resistors also dissipate most of the energy stored in the magnet during a
quench thereby reducing the energy dissipation within the magnet windings.
The resistors are mounted on baffles attached to the magnet support struc-
ture or on plates above the magnet itself and hard wired or coupled to the
magnet via an electrical connector. The connector will also incorporate the
wiring for the superconducting switch heater, making it impossible to run the
magnet without the protection circuit attached. If barrier diodes are used in
the protection circuit then, under limited voltage conditions, e.g. energization
or de-energization of field and when the field is static, all the current passes
through the magnet and ensures proportionality between energization current
and magnetic field. As no current is flowing through the protection circuit the
heat load from the protection resistors and hence system boil off are reduced.
Under quench conditions, the barrier voltage is exceeded and the protection
circuit shunts a proportion of the current away from the magnet windings.

As mentioned previously during a quench the 500 kJ is dumped into the
liquid helium in the magnet dewar. The time it take for the energy to be dumped
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is dependent on τ = L/R the magnet decay constant where L is the inductance
of the magnet and R is the total resistance. The total resistance is the sum
of the resistance of the coil when in the normal state (non-superconducting).
The quench protector circuit connect several segments of the superconducting
magnet to the same number of resistor and diode pairs. The resistor in each
segment is 1/2 Ω. The current needed to energize to 5 T is 74.5 A. This leads to a
decay constant of τ = 27 s. This implies that the time to de-energize the magnet
during a quench is about 4τ=108 seconds. This safety is built into the quench
protector circuit and prevents dangerous pressure from building into the magnet
dewar giving the helium vapor adequate time to escape the vessel through the
quench valves. This is a fail safe circuit as the resistors and diodes used in the
system have been proven to be radiation hard and have worked for many many
past experiments over a number of years by the University of Virginia and other
groups at Cern, SLAC and Jefferson Lab [2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14].
In some cases a magnet of the same era as the magnet for SpinQuest was used
over 25 years in high intensity scattering experiments without issue.

Vacuum loss studies have also been performed at UVA. The standard way
to perform these studies involves cooling down the upper refrigerator seal so
there is insulating vacuum loss. This cannot be compared to instantaneous
vacuum loss from a ruptured beam window. The slow leakage from a frozen
seal results in a vacuum loss over several minutes in most cases. An example
of vacuum loss is shown in Fig. 5.1. This is induced by overfilling the liquid
helium refrigerator so that the top seal get frozen and begins to let atmosphere
in the vacuum space. When the superconducting magnet is ramped up and
this type of vacuum loss takes place, the magnet will quench soon after as the
liquid helium in the magnet dewar boils away quickly. Because it takes several
minutes for the vacuum to rise the magnet boil off can be gradual in this case
not building up notable excess pressure.

During a quench the helium vapor escapes through the quench valves so the
pressure does not exceed much over 3 psi during the whole process. This pres-
sure is measured on the relief line where the quench valves are connected. The
pressure results as a function of time are shown in Fig. 5.1. These measure-
ments are performed with two quench valves and one main open port for helium
vapor exhaust. Several quench studies have been performed on the SpinQuest
magnet. The initial Quench study was performed at Oxford with UVA present
demonstrating standard quench and safety protocol. All other SpinQuest mag-
net characterization studies have been performed at UVA. The values reported
in the plots are not precision measurements. We estimate a 10% uncertainty in
these measurements.

5.2 UVA Flow Measurements

UVA has also performed some standard operational flow measurements. These
measurements are taken using MKS mass flow monitoring units during UVA
cooldowns. These measurements have been studied during multiple cryogenic
conditions and tested for repeat-ability. The numbers reported here are averaged
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at similar operational conditions. All vessels have variable flows depending on
how full the vessel is and what degree of vacuum insulation the system is running
at. These numbers are for a vacuum of approximately 1× 10−6 torr. Reported
is the operation flow (OF) which is the normal flow recorded under standard
operations, the maximum flow (Max) note that these flow meters are limited
to 100 SLPM, the nominal range (NR) in percent of OF, and the estimated
uncertainty derived from several measurements.

Vessel OF Max NR Error

Magnet (LHe) 10 20 50% 2%
Main (LHe) 20 100 50% 2%
Separator 20 100 50% 2%

Nitrogen Dewar (LN2) 5 10 10% 5%

6 Failure Mode and Effect Analysis

We need information from FNAL to produce these sheets.

6.1 Maximum Allowable Working Pressures

In the following table we list the MAWP for all parts that may have pressure
limit pertaining to a safety issue. The normal operating pressure (NOP) is also
specified. The source of the information is also provided. The Index provided
is the part number or order number provided for confirmation.

For the bellows on the fridge the squirm pressure internally is 16.09 psi (30.79
psia). Here we list the bursting pressure is 104.3 psig as the MAWP. All units in
the table are psia. Other theoretical limits in the table are based on the ANSI
B31.3 design pressure formula.

Part MAWP NOP Source Index

Fridge Bellows 119 13.8 KeyHigh PO187560
U-tube 3648 13.8 Cryofab PO2116317

Separator 100 13.8 UVA -
Nose Window 312.4 10−4 UVA -

Nitrogen Dewar 48809 14.7 Oxford R260096
Helium Magnet Dewar 480 10972.19 Oxford R260096

Insulating Vacuum 16 10−8 Oxford R260096

7 What-If Analysis

For the case of instantaneous loss of vacuum (LOV) of the large magnet dewar
as much as 135 liquid litters could be vaporized instantly. In the worst case
scenario all of the helium in the system is saturated liquid at 1.2 atm. When
the LOV accident occurs the latent heat load is 33 kW. The volume of the liquid
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is 55.8 liters. The mass of the system is constant until the relief valves open.
At constant density the internal energy increases to 10.7 J/g, and the time it
takes to get to 1.6 atm is only 0.2 seconds. It is assumed that only gas is vented
through the relief valves. The enthalpy of the gas escaping the system is 29
J/g. The flow rate of the vent flow due to the loss of vacuum is 1132 g/s. The
additional 200 g/s from the quench is added to this for a total of 1332 g/s.

If in the case that loose metal can be pulled into the magnet when the mag-
netic field ramped is up, it can easily become a projectile that could collide with
the magnet and cause a LOV event. In addition, the thin beam window can
also be punctured to result in a LOV event. However, in the case of any instan-
taneous LOV the resultant pressure change can not escape from out vacuum
can. Because of the thick outer shell of the system, only the emergency relief
will open to allow pressurized helium vapor to escape. This negates the risk in
any area around the outer can (with the exception of the area around the plug).

Loss of Main Insulating Vacuum

Initiation:

1. Turbo pump failure

2. Puncture of beam windows

3. Puncture of nose window

4. damage to vacuum space exterior

Automatic Response:

1. Gate Valve closes

2. Relief valve opens

Results of Failure:

1. Possible eruption of magnet dewar

2. cold pressurize relief at emergency valve

3. cold pressurized relief at beam windows

Loss of U-tube Insulating Vacuum

Initiation:

1. U-tube pump-out seal failure

2. Puncture of U-tube
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3. Bending damage

Automatic Response:

1. None (None Needed)

2. Seen in Refrigerator liquid level

Results of Failure:

1. No liquid helium to refrigerator

2. Only vapor transferred

Loss of Insulation Around Separator

Initiation:

1. Refrigerator open to atmosphere

2. Refrigerator surrounded by warm helium gas

3. Nose window broken

Automatic Response:

1. None (None Needed)

2. Seen in other monitors

Results of Failure:

1. Venting helium vapor out separator relief

2. Venting helium out into the magnet

8 Summary

In the case of the separator relief pipe, the calculations have concluded that
the design is adequate for this experiment. Because the separator is split in
to two tanks of Helium that would need to escape in the case of instantaneous
insulating vacuum loss, even with a relief pipe of a smaller diameter, the design
will still work, and will ensure that the relief pipe will not burst in a worst case
scenario.

9 Figures
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Figure 6: Magnet and refrigerator with no target insert
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Figure 7: Magnet and refrigerator with the target insert
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Figure 8: Nitrogen Shield Dewar is an annular volume that holds liquid nitrogen.
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Figure 9: Liquid Helium Magnet Dewar(bottom, side, and top view). This is
only the tank portion. In the bottom view the two indium connections to the
coil portion can be seen. On the top view the tree ports for the risers can be
seen.
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Figure 10: Liquid Helium Magnet Dewar (Side View). Here both the liquid
helium tank and magnet coils can be seen. Both of these volumes contain liquid
helium. Indium seals connect the volumes. This entire volume is surrounded in
vacuum.
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Figure 11: Refrigerator Shell Assembly showing the Turret which connects to
the main pump out, the shell and nose which are connected with an indium
seal, and the nose with a 12 mils window all the way around. The evaporation
refrigerator sits in this volume.
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Figure 12: The Fridge Bellows Assembly. The bellows allow the target insert to
move up and down so that the target cell can be positioned in the beam.
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Figure 13: The pop off valve that will detach from the system in the event of
IV loss. The valve can potentially erupt with cold pressurized helium vapor and
should be shrouded to protect people in the area.
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Figure 14: Drawing of the Turret. The Turret connects the evaporation refrig-
erator to the roots pumping system.
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Figure 15: Shell with Target Window
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Figure 16: Instrumentation List for the P&ID
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Figure 18: Top view of superconducting magnet and top flange.
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Figure 19: The Insulating Vacuum: All Orange space represents the insulating
vacuum layer.
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