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1 - OVERVIEW OF THE SYSTEM

This document describes the cryogenic target to be used in G.S.l. for the isotope production
dudy in 0.8 A GeV % U on proton reactions relevant for hybrid reactor system. The target, 1 cm
long, and 3 cm in diameter, is ddimited by titanium foils (20 pum thickness). Hydrogen is cooled and
liquefied by contact with the expander module second stage of the 1020 CP closed-cycle
refrigeration system C.T.l. This configuration limits liquid volume to 45 cn? : 7 en for target, 9 cn?
for connecting tubes, 29 cnt for the bottom of condenser.

The target and the refrigeration system are in a resdud 30 liters vacuum chamber, which
provides a secondary containment volume in case of rupture of the target cell. When the target isin
operation, it is connected to a 57 liters storage tank through two separate relief vaves The find
pressure in the storage tank will be 1.05 bar. Thisdiminates any risk of exploson fueled by oxygen
lesking into the system. This pressure will be the vapor pressure of the liquid, corresponding to a
temperature of 20.5 K for hydrogen (23.8 K for deuterium). Filling the target with hydrogen requires
about 38 liters of gas a NTP (44 liters for deuterium). As aresult, the storage tank is at a pressure
of 1.7 bars before liquefaction for hydrogen (1.8 bars for deuterium).The total amount of hydrogen in
useinthe entire system is 97 litersat NTP (103 liters at NTP deuterium).

According to the Fermilab regulations, Storage and use of flammable gases at physics
experiments, our system is dassified as risk dass 0 (hydrogen volum £ 7.4 n7). This till does
present some explosion potentia, so the system has been designed to be fall-safe and condtitutes a
totally closed loop with two levels of containment.

The basic idea behind safe handling of any flammable or explosve gasis to diminate oxygen
and to prevent exposure to any energy source that could cause ignition. The most likely source of
oxygen is of course the amosphere and the mogt likely ignition sources are from eectricd
equipment.

The following generd guiddines are used for the design of the gas handling system:
no vaves which could open the system to air
each pressure monitor is sparkproof, satisfying the US National Standard.
the pumps RPO2 used in the storage tank circuitry is leakproof (hermetic).
the only other dectrica equipment in direct contact with hydrogen are the heaters, temperature
sensors and liquid level sensors.



2 - MECHANICAL SYSTEMS

2.1.- TARGET CELL

The target congsts of ainox body where the filling and return gas tubes are connected to the
cryostat by the means of KENOL connectors (CEFILAC Industry/CARBONE-LORRAINE). The
KENOL system conssts of a single sed cup clamped between the flat contact face of one
connector, and the machined annular surface on the mating connector. Two nuts rotating freely on
the pipe permit tightening of the seal cup.

The target is closed by two titanium foils (20 pum thickness and 3 cm in diameter : structura
cdculatiionin APPENDIX A2). When the two foils are assembled, the cdll is secured by a Helicoflex
eladic metd sed, coated with duminium. Hdicoflex is a patented system LCL-CEFILAC/CEA
(French Atomic Energy Commission)/ CEA license. Hdlicoflex seds fegture high sedling capacity and
exceptiona eadtic recovery over alarge range of temperatures.

Ore level sensor (470 carbon resstor) which adlow detection of the thermd exchange
difference between gas and liquid is used to determine the full state target. The controller RN12 Sl of
TBT Industry/AIR LIQUIDE, is approved for hydrogen use. The transfer operation is stopped when
alevel pressure of 1 bar is reached on the PTS pressure transducer of the storage tank. For safety,
this operation can a so be stopped when the upper level sensor is activated.

2.2.- CONDENSER

The condenser is a copper cylinder 5.6 cm long and 9 cm in diameter. It is cooled by contact
with the second stage of the expander module, and thermally isolated from the exterior by a copper
shield cooled by contact with the first stage of the cold head. The temperature of the condenser is
monitored and regulated by a Lakeshore 330 cryogenic temperature controller, which reads the
temperature from a cdibrated silicon diode DT 470 and drives a 50 ohms hester in a PID control
loop. For additional safety, this instrumentetion is duplicated, (condenser structura calculetion is
shownin APPENDIX A.1.3)



2.3.-VACUUM CHAMBER

The target cdl is located ingde a seded vacuum chamber which provides a secondary
containment volume in case of target rupture. When the target is operationd, the pump is closed and
vacuum is preserved by cryopumping (see APPENDIX A.1.2. for dructurd caculation). The
entrance and outlet windows, 3 cm in diameter, are made of titanium foil. The fail thicknessis 20 um
(see APPENDIX A.2 for structura calculation and tests). The cdll is secured by a Hedlicoflex dagtic
metal sed in a case of atarget rupture and a deposition of liquid hydrogen in the bottom of vacuum
chamber. Also, the find pressures in the vacuum chamber and the storage are respectively 1.17 bars
and 1.1 bars for hydrogen (1.23 bars and 1.16 bars for deuterium).

Thereis no need relief vave to evacuate the vacuum chamber in a case of atarget crash.

2.4.- STORAGE TANK

The hydrogen (deuterium) to be used in the target will be kept in storage tank, in a well
ventilated area. It is a cylinder 45 cm long and 35 cm in diameter closed by two torispherica caps
(12cm long), able to bear 17 bars and 12 bars interna and externa pressure respectively (see
APPENDIX A.11 for dructurd ASME cdculation). The gas pressure in the tank will be
approximatdy 1.7 bars when dl the gasis in the tank, and dightly over 1 bar when the target cdl is
filled.

3 - GAS HANDLING SYSTEM

3.1. - GENERAL DESCRIPTION

The gas handling system for the G.S.I. cryotarget is composed of the plumbing, valves and
controls necessary for trandferring the hydrogen (deuterium) from the storage tank to the target cell
and vice-versa It aso includes the pumps and vaves for evacuating the vacuum chamber prior to
filling the target.

The entire gas handling syslem will be housed in one rack. The system is equipped with
manual valves, relief vaves, indicators and tranmitters pressure and the M.K.S. flow controler to
ensure safe operation of the target. Figure [I, APPENDIX E, shows a schematic of the whole gas
handling sysem Components are labeled according to the abbreviations related in the complete list
of ingrumentation given in APPENDIX E, Figurel.



3.2.-TARGET CELL CIRCUIT

NAME TYPE SETTING FOR PSV
MV03 Manud vave 2V CR (NUPRO)
MV 04 Manud Vave ¥2VCR (NUPRO)
MV 05 Manud vave ¥2VCR (NUPRO)
MV 06 Manud vave %2VCR (NUPRO)
MVO7 Manud control vave ¥4V CR (NUPRO)
MVQ9 Manud vave %2VCR (NUPRO)
RvV01 Rdief vave 4 MP (Circle Sed) 20 PSI
RV02 Rdief vave 4 MP (Circle Sed) 20 PSI
RvV04 Rdief vave 4 MP (Circle Sed) 35 PSI
Cv01l Check vave 4 PP (Circle Sedl) 1PSI
Cvo2 Check valve 4 PP (Circle Sedl) 1PS
MKS Flow controller (MKYS) 5000 sccm N,
PI04 Pressure indicator MIX5B (Bourdon) -1/+1.5bars
PI05 Pressure indicator M1X5B (Bourdon) -1/+1.5 bars
PI06 Pressure indicator MEX 3B (Bourdon) -1/ +5 bars
PTO2 Pressure transmitter 422C11266 (MKS) ADF/ 5 bars

Short list of instruments and valves for the target cell circuit.

The target circuit is evacuated by pump RPO2 through vaves MVV03 and MV 04. The target

isfilled through aflow control vave (MKS). The massflow is regulated by an MKS controller which
reads the target pressure from a transducer PT02 and drives the flow vave in a PID control [oop.
The target may be filled by manud vaves MV06 and MV 07 in any case. The initid vacuum in the
target circuit is controlled by gauge PGO1, and the pressure under norma operating conditions
(target full) is read out by gauges PT02, PI04 and PIO5. Vave MVO05 alows entry of nitrogen to
restore atmospheric pressure in the target cell circuit.

3.3.-VACUUM CHAMBER CIRCUIT

NAME TYPE SETTING FOR PSV

Pump TPO1 Turbo Pump serie 50 (Leybold 331/s)

Pump RPO1 Roughing pump (Alcatel 15 nt/h)
PV0O1 Pneumatic Vave DN 40 (VAT)
1GO1 lon gauge(Bazers PK5250)

Short list of instruments and valves for the vacuum chamber circuit.

The vacuum chamber is evacuated by primary pump RPO1 and turbomolecular pump TPO1
Gauge 1G01 measures primary and secondary vacuum from 1000 mbar to 5x10° mbar (Bazers
PK5 250).




3.4. - STORAGE TANK CIRCUIT

NAME TYPE SETTING FOR PSV
Pump RPO2 | Hermetic roughing Pump (Alcatel 2015H)
MVO1 Manua Vave DN 25 (VAT)
MV 02 Manud Vave DN 25 (VAT)
MV08 Manud Vave 2V CR (NUPRO)
MV 10 Manud Vave %2V CR (NUPRO)
MV11 Manud Vave %2V CR (NUPRO)
RV03 Rdief Vave 4 MP (Circle Sed ) 1 PS|
RV05 Reief Vave 4 MP (Circle Sed ) 35 PS|
PIO1 Pressure indicator MIX5D (Bourdon) -1/+1.5bars
PI02 Pressure indicator MIX5D (Bourdon) -1/+1.5bars
PIO3 Pressure indicator M1 X5B (Bourdon) -1/+1.5bars
PIO7 Pressure indicator MEX 3B (Bourdon) -1/ +5 bars
PGO1 Pressure gauge (Alcatel) 10° 1200 mbars
PTO1 Pressure transmitter 422C11266 MKS ADF /5 bars

Short list of instruments and valves for storage tank.

The storage tank is connected both to a supply bottle to fill it through MV 11 and to a supply
line connecting it to the target circuit through manua valve MV08.

Vacuum is created in the supply line by a pump RPO2 through valve MV 10. The pressure in
the hydrogen tank is controlled by pressure indicators PIO1 or PI02, PI0O3 and pressure transducer
PTOL1. Manua opening of the tank is performed with valves MV01 or MV02.

4 - SAFETY CONSIDERATIONS

4.1. - GAS HANDLING SYSTEM

4.1.1. - Target cdl circuit

The titanium entrance and outside windows target (20 um thick and 3 cm diameter) have
been tested up to 7,5 bars (see APPENDIX A.2).

In the event of blockage of the supply line to the target cdll, awarm return lineis provided
through vave CVO01 to dlow gas to flow back into the storage tank via MVO1 or MV 02 blocked
open with amechanica system.



In the event of atarget warming due to a compressor stop or a loss of vacuum, gas returns
into the storage tank via CVO01 and CV02 (see venting caculaions in APPENDIX B1).In the very
unlikely case that one of valves MVO1 or MV02 is closed, gas flows directly through RVO1 in the
vent line,

4.1.2. - Vacuum chamber circuit

The titanium entrance and outlet windows ( 3 cm in diameter) have been tested up to 7.5
bars. Thisvaueisthe crash pressure.

4.1.3. - Storage tank circuit

The gtorage tank and the low pressure manifold at the output of the supply gas bottle are
protected by safety vaves, RV02 and RV05. The exhaust from these valves is to be collected and
evacuated through the safety exhaust line outsde. In a case of a compressed air falure and/or
electrica failure, the target is dways connected to the storage tank via CV01 and CV02. The tank
can be isolated by a manua valve MVO1 or MV02 which is blocked open for added safety in
normal operation.

4.2. -HANDLING OF EMERGENCIES

4.2.1. - Accidental closing of manual valves

Thereisonly one vave between the target and the Storage :
MVO01 or MV02 : bolted open with mechanicd system,
however, in the case of cloang of vaves MVO1 or MV02 the gas l€ft in the target will be vented
to the exhaust line through vave RVO1 st to open at 1.4 bars (enough far from the target crash
pressure).

4.2.2. - Power outage

In case there is a power failure the compressor stops, the target heats up and gas
returns to the storage tank through valves CvV01 and CV02.

4.2.3. - Computer failure

The computer hasn't safety rall. Its utilization is pressure and temperature datums watch and
Synopses production.
The whole inddlation is protected by pressure safety vaves. The target is controlled by an
independent Lakeshore 330 cryogenic temperature controller which guarantees againgt solidification.



4.2.4. - Blockage

Protection againgt a blockage due to the solidification of a contaminating gas, such asair, in
the H refrigeration circuit, no matter where the blockage occurs, is ensured by the fact that the
entrance and return target lines are connected to pressure safety vaves.

During the transfer operation the target condenser and cell are protected against blockage by
the radiation shield which precools the gas to 40 K; dl gases other than hydrogen will be trapped
there. Blockage in the trandfer lines at this location is very unlikely because the diameter of the piping
iIS6 mm.

4.2.5. - Solidification of the target materiel

The target temperature is regulated by cryogenic temperature controller. Should the target
nevertheess solidify, the pressure tranamitter PTO2 will fal below 1.05 bar and an darm will inform
the user. The action required to rectify this Stuation is to heat the target.

4.2.6. - Loss of vacuum in the chamber

Loss of vacuum in the chamber represents the highest level of emergency in the system
because of the potential for a hydrogen leak. Immediate actions are taken automaticaly :
every pump is stopped, if necessary,
compressor 1020R is stopped,
it is verified that MV03 and MV4 are closed (normd status) to avoid additiona hydrogen (or
deuterium) coming from the storage tank. The gaz will go back to the storage tank via pressure
sdfety valves.

Loss of avacuum can be due to two causes :

Lesk in the vacuum chamber

The target heats up in seconds by conduction with the intruding gas and returns naturaly to
the storage tank through valves CV01 and CV02, since MV03 and MV 04 are closed. In that case,
the pressure in the storage tank will end up to be about 1.8 bars (see APPENDIX B for venting
cdculations).

Rupture of the target cell

Firg of dl, gaz flows back into the storage tank via CV01 and CV02. The maximum
pressure in the vacuum chamber and the storage tank will be 1.17 bars and 1.1 bars respectively for
hydrogen (1.23 bars and 1.16 bars for deuterium). The resdua gaz in the vacuum chamber has to
be evacuated manualy with pump RPO2.

In the case, vary unlikdy of cosng of manud vaves MVO1L or MVO02 occuring
Smultaneoudy with atarget cell rupture, the maximum pressure in the vacuum chamber is 1.27 bars
for hydrogen (1.47 bars for deuterium).

In any case, thereis no need rdief valves on the vacuum chamber to evacuate the gaz. The
fina pressureislow enough. Thereis no risk to have atitanium failure.

10



APPENDIX A : STRUCTURAL CALCULATIONS

A.1-STORAGE TANK, VACUUM CHAMBER AND LH; CRYOSTAT

We discuss here the cdculaions to vaidate the design of the vacuum chamber and the LH, cryostat
under norma or accidenta operating conditions. The minimum required thickness of the walls of
these vessdls or the maximum pressure have been computed according to the procedures of the

ASME code.
PRESSURE STRESS
NORMAL WORKING INITIAL PURGE
Storage tank Pinsice = 1,9 bar Pinsigce = 0 bar
I:)outside =1 bar Poutside =1 bar
Maximum Internd Pressure : Maximum Externd Pressure :
MIP = 0.9 bar MEP = 1 bar
Vacuum chamber ACCIDENTAL WORKING
Pinsice = 0 bar Pnsige = 1.2 bar (crash target)
Pousige = 0 bar Poutsice = 0 bar
No Stress MIP = 1.2 bar
Cryostat Pinsige = 1.05 bar Pinside = 1.8 bar
Poutsice = O bar Poutside = O bar
MIP= 1.05 bar MIP = 1.8 bar
MATERIAL :

Vacuum chamber isredized in dainlesssted 304 L.
The yidld strength and tensil strength of 304 L are sy = 25000 PS| and s = 70000 PSI
The maximum adlowed gressis:
S=Min[2/3sy, Y4Sq|
Then:

Szoa. = 16700 PS

The condenser isredized in copper. At least, mechanica propertiesare:
Sy = 2900 PS
Sr= 20300 PS
Thisleadsto anomind sressas defined informula[l] :

Seopper = 1935 PSS

Thin windows are redized in titanium. We use T40 titanium manufactured by TELEDYNE
RODNEY METALS:

11




Catificate of test;

sy= 10° PS

sg= 1.210°PS

E (modulus of elasticity) = 15,66 10° PS|

P S titanium = 30000 PSI

ASME CODE:

I nternal pressure
The minimum thickness, t, for acylindrica vessd can be determined from :

np ot= PR
SE- 06P

where pistheinterna pressure (p<0.3385 SE)
R theingderadius
Sthedlowable stress
E the wdld efficiency.
The minimum thickness; t, for atorisphericd capis:

m o t= 0885PL
~ SE-0lp
where L istheingde radius of the spherica cap.

External pressure
The maximum working pressure must be smdler than the maximum alowable pressure PA.

For acylindrica vess :
[ PA=(4/3)B/Dolt
For atorigpherical cap :
PA =MIN [PA; ; PA;]
[1V] PA; = (4/3)B/(Rolt)
PA, =167 SEt/0.885L + 0,1t

where the stress B is given by factor A which depends :
for acylindrica vesH :

12




L/Do and Dot retios (Do = outsde diameter ; L = cylinder length)

for atorispherical cap:
A = 0.125/(Roft) (Ro = outside radius of the spherical cap).

A.1.1- Storagetank -
Cylindricd vessd : R indde = 6.69 inch.
Length = 17.72 inch.

Torispherical cap: L (ingderadius) = 13.38 inch.
Length = 4.33 inch.

The materid issainlesssed 304 L.

Internal pressure:
The maximum internal pressure (MIP) is 13.05 PSI.
Thewed efficiency is0.8
t min = 0.0065 inch. (for cylinder)
t min = 0.0115 inch. ( for cap)
Infact, weuset = 0.197 inch,

External pressure:

MEP = 14,5 PS|
then PA =181 PSl (for cylinder)
with L = cylinder length + 2 x 1/3 cap length = 20.60 inch.
L Do
Do =1.5and S =70 withDo=13.78in.andt =0.197 in.
P A=1510°p B=9500PS
and PA = PA; =190 PSI (for cap)
. Ro 3
with i 70andA=1810°p B =10000 PSI
PA, =371 PS (withL =13.38inch.)
PA
then ———=12.48

MEP
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A.1.2. - Vacuum chamber
Two cylinders compose the vacuum chamber.

Cylinder 1
It'sganless sted 304 L
Length=16,10in.
ingderadius=5.04in.

Internal pressure

MIP=145P9 b t., = 5.4 10%in.
in fact, we use t=0.118inch.

also ttmin =21.9

External pressure

PA =134 PS|
_ L Do 4

with Do =1,60 and K3 =8542pb A=10
then B = 8600 PS
MEP 14,5 PS
then PA/MEP =9.25

Cylinder 2
Itsgtainlesssted 304 L.
Lenght : 16.851n.

Indderadius: 246 in.

Internal pressure

MIP=145P9 b ty, = 2.67 103in.
in fact, we use t=0.0787 inch.

aISO t/tmin # 30

External pressure

PA = 170 PS|
, L Do B

with Do =342and == =6250P A=7510

then B = 8000 PS

then PA/MEP =11.7
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A.1.3. - Cryostat
The condenser, acylinder 1.61 in. long and 3.39 in. in diameter is made of copper.

Internal pressure
The maximum interna pressure (MIP) is 27,55 PSl (accidental working).
Thewed efficiency is0.8

tmin = 0.030 |nCh.
Infact, we use: t =0.078 inch

External pressure
Thereisno externd stressin normd or accidenta working. But it is necessary to know the maximum
alowable pressure PA because during vacuum test, atmospheric pressure acts on the condenser
(14,5 P9l).

PA =86 PSI
) L Do 3
with —=045and— =45 b A=510
Do t
and B = 2900 PS (copper curve)

PA/Atmospheric pressure # 6

15




A.2 - THIN WINDOWS

The vacuum chamber and the target are closed on the both faces by two thin titanium circular
windows.
The minimum thickness of circular window is:

e=4.19 a[E/sy’] ¥* [Fermilab Safety Manual, I1.E.1.c]
Where :
e = thickness of window, in.
a= diameter of window.
E = Yound' s modulus of window materid, ps.
Sy =yidd grength of window materid, ps.

This thickness will give amaximum working stressin the center of the window of 0.633 sy a
15 psid. (66600PS)).

a=118in. = e=6.1810"%in.# 16 um
Infact weusee =20 um.

However, the find design shdl be based upon burst testing which is presented in the next
section. It's very important to optimise the window thickness in order to reduce background
producted in the window by the beam.

THIN WINDOW TESTING :

We have pressure tested two samples under a constant flow of water, to demonstrate a burst
pressure of a least 75 pad for al samples (Safety manual of Fermilab 11.E.3.9).
Test results are recapitulated in these following tables

Titanium T40 window: 3 cmin diameter and 20 um thickness.

Pressure (bars) 05| 1 |15 2 | 25| 3 35 4 |45

Deformation(mm) Test n°1 0.75]1.05[1.25|1.45|155] 1.65| 1.8 | 1.95 [2.05

Deformation(mm) Test n°2 0.75] 1 [1.25/145|155]| 1.65| 1.8 | 1.95 [2.05

Pressure (bars) 5|55 6 |65 7 | 75 8 85| 9

Deformation(mm) Test n°1 2.25( 2.4 |265| 2.8 [3.05| crash| - - -

Deformation(mm) Test n°2 2.25|12.35[255(2.75|2.95| 3.25| 3.35 | crash| -
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Thisisat least 7 times the operationna pressure required and 4.2 times the maximum
alowed pressure. We consider this experimentaly tested safety factor aslargely sufficient.

The maximum deformation in the window center is1 mm for 1 bar.

APPENDIX B : VENTING CALCULATIONS

B.1.- VACUUM LOSS
Vacuum loss around super-isolated target will induce :

1,5 bar overpressure
a2W/cn? maximum hest flux (W.Lehmann and G.Zahn).

Surface seen by liquid is 320 cnm? and maximum tota heet flux is 640 W. Then venting timeis 2.2
seconds and mass flow.

m=113Lb/h (1Lb=4530)
Discharge area of the safety vaveingginis:

A= —-%/I
CK Prax

m = mass flow = 11.3 1b/h

C = congant for gas or vapor which isafunction of the ratio of specific heats, k = Cp/Cv

C hydrogen = 357 with K = 1.408

K coefficient of discharge = 0.809

Pmax = 21,75 PSI

M=2

T =540 °R (300 K room temperature)

A =0.030 sgin

Diameter = 0.194 in.

In fact, we use two safety valves, each ¥z in. diameter. Oneis CV 01 on the « varm » return line, the
other is CV02 on the the entrance line.

17



APPENDIX C : ENERGY LOSSES

Theenergy losses  E of a0.8 A GeV U through one centimeter liquid hydrogen and 20
pm titanium are respectively :

Eq =288 GeV

Er =130 MeV

Then for a10° particles, the power losses in liquid hydrogen and one titanium foil are:

Py, =2.8810° (10° 1.6 10™) 46 mWaits

Pri=13010° (10° 1.610™) 2mwaitts
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APPENDIX D : A FEW PROPERTIES OF LIQUID H2 AND D2

Quantity Symbol Values
H2 20.39K and D2 23.67K and
101.3 kPa 101.3 kPa
Freezing Pt Tf 13.868 K 18.73 K
Bailing Pt Tb 20.39 K 23.67 K
Density | 0.070 g/cn?® 0.1620 g/cnt’
Density variation (T) dpT -1.1210° glen?/K | -2.22 107 glon?/K
Dengty variation (P) dpP -410% glom’/Pa | -7.14 10 g/ent/Pa
1 liter of liquid liberates I/ g 840 litersof gaz (15 | 974 liters of gaz (15
°C; 1 bar) °C; 1 bar)
Heat of vaporization Hv 450 Jg 300 Jg




APPENDIX E : SCHEMATIC AND FLOW DIAGRAMS

LEGENDS

Lig of ingruments and vaves.

Flow diagram of storage tank, target and vacuum chamber.

11 Electrotechnic circuit

\Y] Picture of the target cell, condenser and vacuum chamber.
\% Photography of the cryodtat.

VI Photography of the vacuum chamber.

VII Photography of the cryogenic rack.

VIlI Photography of the instrumentation rack.
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