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AbStract

High eﬁergy physics experiments on the latest generation
colliding beaﬁ machines require large superconducting sole-
noid magnets. The Lawrence Berkeley Laboratory is developing
a new generation of high current density (~ 109 Am'z) super -
.conducting solenoid magnets which are thin from a radiation
standpoint. In order to meet our design objectives,,an
integrated mégnet and cryostat design has evolved. Recent
test of one meter diameter prototype magnets show that our
design concepts are technically viable. The results of

the one meter magnet test are reported here.

ThlS work was performed by the U.S. Energy. Research and '

Development Administration.

T The author is with the Unlver51ty of Callfornla - Lawrence

Berkeley Laboratory, Berkeley, California, U.S.A. 94720.
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A new generation of superconducting solenoid magnets is under
dévelopment at the Lawrence Berkeley Laboratory. This development is
prompted by a need for large supercondgcting solenoids which are thin
from a radiation sténdpoint. These magnets would be used on one or more
of the high energy physics éxperiments on the electron-positron colliding
beam facility calléd'PEP, which is now under construction at the |
Stanford Lineér Accelerator Center in the United States;1 The develop-
mentvof thin superconducting solenoids is also of interest to physicists
who are designing experiments for use on the Intersecting Stofage Rings
(ISR) at CERN and the PETRA machine now being built in Hamburg, Germany.

Experiments being proposed for PEP require a solénoid which is
about 2 meters in diameter with length between iron poles of about
4 meters. The design central induction for these magnets will be
approximately 1.5 T (see Fig. 1). The proposed experiments require
that physics be done putside the magnet coil in a relatively field-free
fegion as well as inside the solenoid.2 Thus the radiation thickness of
the solenoid magnet and cryostat must be minimized. Conventional
cryogenically/stabilized solenoids cannot be used because‘of their high

radiation thickness. .

A Conceptual Design

Experiments being proposed suggest that the thin sﬁperconducting’
solenoid magnet system be as thin as possiblé. A compromise may be
around one third of a radiation length. (One radiation length of
material willléoﬁvért;just oﬁér'SO percent of gamma rays passing

through the material to charged particle pairs.) Table 1 shows that



desirablé materiais from a radiatiohvthickﬁess standpoint have a low
atomic number and a low density.s- Unfortunately, niobium-titanium has
neither of these properties. Since the radiation thickness of the
magnef system includes the coil, the coil form; and the cryostat,

less than 40% of the radiation thickness of a third radiation length |
thick solenoid can be the superconductor. Therefore, the maximum
Supérconductor thickness is 2.2 mm. One finds that the minimm cUrrént
denSifyvin the superconducting matrix for a thin coil, (1/3 radiation

length total magnet system thickness) 1.5 T magnet will be 0.54 X 10°

Am-z. Most practical magnet designs call for superconductor matrix

current densities of 0.8 to 1.0 X 10° Am 2.
A 4 m long, 2m diameter, 1.5 T solenoid bounded by iron poles

will have a stored energy larger than 10 MJ. This size and stored

energy is well beyond.the state of the art for a magnet with superconduc;

9 am™? or more.

tors which operates at current densities of 10
Figure 2 shows the superconductor matrix current density versus stored
energy fbr a number of magnets built in the last 15 years. The figure
shows that magnets which operate at high sﬁperconductor current

- densities have low stored energies and vice-versa. Magnets which héVe
been built to date fall in two broad categories: the intrinsically
stable magnets which have a stored energy under 2 MJ and the cryogenically
stable magnets which have high stored energies. The large circles |
which are crosshatched show the prdgress made to date by LBL. The

large open circles show test magnets which are under construction

and the proposed PEP detector magnet. It is clear from Fig. 2 that

the large LBL test magnets and the proposed PEP detector magnet must

operate at current densities well beyond the state of the art.
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- difficult if the magnet can quench. Large magnets, which are usually

Cryogenically stable magnets do not quench (dump their magnetic
energy suddenly when a portion of the superconductor turns normal).
Hence this safe method of stabilization has been used on all of the ) -
large magnets built to date. Intrinsically stable magnets, which use‘
a twisted multifilament superconductor, will quench when a portion of‘
the superconductor becomes normal. The propagation of the normal.
region determines whether or not the magnet can be quenched without -
burning up the coil. The larger the stored energy and superconductor
current density, the worse the burnout'problém becomes.

The key problem to be solved in large thin solenoids is the quench
protection problem. Most magnet designers solve this problem by
dumping most of the magnet energy into an external resistor. ' The dump

resistor approach alone does not work in high-current-density magnets

 for the following reasons: 1) when the external resistance is high-

enough to remove an appreciable amount of magnetic energy, the

transient voltages in the system are excessive; 2) the current is not

reduced- quickly- enough to prevent burnout; 3) the dump resistor
requires quench.detection and switching;-thevsystem may not be safe
enough.

The second problem which faces all large-magnetvbuilders is the

cryogenic cooling problem. The cryogenic system design becomes more

cooled by a bath of liquid helium, are difficult to cool down from

Toom temperature to liquid helium temperature.



The LBL design solves the quench protection problems and cryogenic
systems problem in a single integrated package. The LBL thin solenoid
consists of three primary parts: 1) the thin coil (the superconductor),
2) a low resistance, low radiation 1ength, bore tube closely coupled
to the coil, and 3) a tubular cooling system carrying pumped two-phase
helium at 4.6°K. The threerparts of the magnet are cast together into
a single rigid unit with a radiation thickness less than 0.25 radiation
lengths. (The cryogenic vacuum vessel is the remainder of the radiation
thickness.) |

The low resistance bore tube, which is inductively coupléd to the
coil, is theAkey to quenéh protection in_é large high-current-denéity
solenoid magnet. The closely coupled bore tube behaves like a
shorted secondary in a transformer; therefore: -

1) Increasing resistance of the coil as the normal region

propagates causes the current in the coil to shift to the
bore tube. This reduction of the coil cUrrenttreduces the
hot spot temperature in the coil.
2) The bore tube can absorb a substantial amount of thé mégnet's
- stored energy during a quench;
3) Since the coil current is quickly reduced, transient voltages"
- within the coil are reduced during a quench. |
4) ‘The bore tube causes the entire magnet to go normal before
the quench is entirely propagated. We call this phehdmenon

"quench back."
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In summary, the well-coupled low resistance bore ﬁube confrols the

© quench process in’a fail:sgfe manner,-invcdntrast-with,the external-

. resistor technique.: Therefore, therewis,less dependence on electronics
or switches. -

Sincé_one must,usé an intrinsically stable superconductor, one
is not restricted to a bath cooling system. - Intrinsically‘stable
,supercoﬁductorv(in a d.c. magnet) does not care how it is cooied~as
_lohg as it is cold. ‘A tubular cooling system carrying two-phase
helium will provide all of the cooling that is needed. The tubular
~-cooling system will av@id the major problems which are encountered
in many.large magnet cryogenic Systems. Thé advantages_of the
tubular cooling-over an ordinary bath-cooled system are:

1) The cool-down of the magnet is well controlled because the

helium flows through the magnet in a well-defined path.
-2) The:-mass and radiation thickness of the tubular cooling
system is less than a conventional bath cryostat.

3) The amount of helium in direct contact with the magnet coil
is minimized. Helium boil-off during a quench is orderly
and Qell confrolled,v

. Two-phase helium has been chosen over Supertritical helium as a
coolant for the following reasons: .1) A two phase 'boiling' helium
system will opérate-atflpwer temperatures than a supercritical helium -
system. 2) The mass flow for a given amount of refrigeration is

lower for the two-phase helium system. 3) The boiling two-phase
system can transfer large local heat fluxes without changing

appreciably the temperature of the helium stream.



The One Meter Diameter Test Coils

4 The inside

‘ Two 1m diameter test solenoids were built at LEL.
diameter of the magnets is 1021 mh; magnets are 500 mm long; thickness
of the magnets with their tubular cooling system is 24.5 mm. The two
test solenoids'have’very neafly identical physical parameters.

The primary differéncé between the two'magnets is the copper to
superconductor ratio of the superconductdr.
The characteristics of the superconductors used in the two test

coils are shown in Table 2. Both superconductors have a formvar
insulation which is 0.05 mm thick. The superconductor was wound on
low resistance bore tubes fabricated from 6.35 mm thick 1100-aluminum
plate. Two layers of.superconductor were wound on the bore tube. A
Windihg pre-teﬁsion of 130 N was applied to the superconductor so that
the thermal contraction Between the coil and bore tube was matched.
Layer to layer and layér to ground insulation was provided by 0.35 mm
of impregnated glass tape. An aluminum cooling tube 117 m long with
an outside diameter of 12.7 mm'was wound on top of the coil. The space
between the tubes was filled with polyester braid. The whole
assembly was vacuﬁm cast in epoxy to form a singie unit. A cross
section of the magnet is shown in Fig. 3. Figure 4 is a photograph

of the complete B magnet. The physical and electrical properties

of the two test coils are shown in Table 3.
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. Refrigeration System Tests

A recent test‘of fhe LBL 1 m diameter magnets was made with the
two magnets connectedvto the same rgfrigeration circuit. The assembly
of the two magﬁets, which are connected in series, in shown in Fig. 5.
The magnets could be,tested_electrically either individually or with
»both magnets in series. The tubdlar cooling system was supplied with
two-phase helium from a CTi Model 1400 refrigeratdr. A schematic
of the refrigeration system is shown in Fig. 6. The magnet and control
cryoétét are connected by a 9 m long flexible transfer line. The
refrigerator compressor pumps the helium through the magnet cooling
circuit. The control cryostat serves as a liquid heliﬁm collection
point. The quality of the helium entering the m;énet is reduced by
heat exchanging with the liquid helium in the control dewar.5

Tests of the two magnets indicate that the tubular cooling éystem
will operate on a‘:losedcycle refrigerator{ IThe CTi Model 1400
_refrigerato; used for the test is capable of delivering 55 W at 4,5°K,

or it will liquify helium gas at the rate of 0.54 és_l.

The measured
refrigeration liquefaction coefficient for the refrigérator runhing at
high,refrigeration_loads (90 rpm engine speed) was 125 Jg-l (4.4 W per
liter per hour). ‘ |

The refrigerator cooled'the magnets down (the cold mass of the
system was around 220 kg) and was able to refrigerate_the magnets
with plenty of excess capacity. The mass flow through the magnet
cooling tubeé increased as their temperature decreased (see Fig. 7).

The pressure drop across the 235 m of cooling tube decreased with

temperature (see Fig. 8). When the magnet temperature reached 5.3°K



(just above the critical tempefature) the pressure drbp was aﬁout
0.2 bar. The onset of two-phase flow was ahnouncedvby a dramatic
decrease in pfessure.drop (at least a factor of 2) across the mégnets.
As the heat exchanger became covered by liquid helium the pressure
‘drop leveled off below 0.05 bafawhen the mass flow through the magnet
‘was 4 gs-l. | |
The average operating temperature of the two magnets was 4.6°K
(as measured by silicon diode thermometers). The estimated heat leak
into the cryogenic system (including control dewar and transfer line)
was 10 W. The three 1000 A électrical leads required 0.18 gs-1 of
gas flow. The refrigerator was able to refrigerate the magnet, provide
gas for the electrical leads, and liquefy 0.27 gs-1 of helium into
the control cryostat.‘ Steady state operation of the twb-phase
cooling system was smooth. There was no evidence of flow oscillations
in the cooling system. |
The refrigeration syétem was operated when the load exceeded
the refrigerator output. "During steady state operation, with the
liquid level in the control dewar dropping, a magnet temperature of
4.6-4.8°K was maintained even though there was insufficient refrigera-
tion. The magnet temperature did not increase until the helium
which covered the heat exchanger had boiled away.6 |
" The tubular cooliﬁg system was well behaved during a magnet
qdench. The 235 m of cooling tube in the two magnets contained about
20 liters of liquid helium. Since the heat transfer from the coii

and bore tube is poor, the pressure buildup in the cooling tube

took 10 or 15 seconds. Peak transient pressures of 14 bar were
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measured in the cooling tubes. The time required for the system to
recover from a quench depended on mégnet stored energy released into

the coil and bore tube. Recovery times varied from 1 to 20 minutes.

- Magnet Performance Tests- . ..

The A and B magnets were tested by an LBL team.of engineeis and
physicists lead by P. Eberhard, J. Taylor and the author. Quenches
were' induced by discharging a 1000 yF capacitor into small (10 mm
diameter) quench coils. The magnetic field pulse created by these
coils turns-a small region of the magnet normal. The pulse of the
quench coil provides a time mark for the quench process. Electrical
data, such as thé magnet current and the voltage generated in a coil
which measured d¢/dt, were recorded on pictures of a storage oscillo-
scope Screen.7' The pictures were measured and the digital information
was then processéd on the Computér.

Quench tests were made in graduated steps with quenches being
induced at low currents first.8 This procedure was followed in order
to get as much experimental data as possible before the coil might
be destroyed. Both magnets were operated at current densities in
excess of.log Am'2 without apparent damage. The quench tests yielded
the following information: 1) quench propagation velocities were
estimated; 2) a shift in the current from the coil to the bore tube
was measured; and 3)" quench back from ‘bore tube back to superconducting
pdrtions of the coil was demonstrated. In-addition to quench tests,
strain measurements on the-bore tube of -two coils were made. Training

or lack of it can be correlated with these measurements of strain.
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The LBL quench tests showed that the.coii resistancé (the normal
region size) grew as time squared early in‘the quench process.

Quench velbcities as high as 35 ms_v1 were ﬁeasured_along the wire.
Quench velocities along the wire as a function of matrix current
density are shown.in Fig. 9. 1In the early portion of the quench, the
functional relationship between quench wave velocity and current
density is in general agreement with theory. The estimated quench
velocities agree with the theoretical values better than a factor of 2.

The quench tests demonstrated the viability of the coupled bore..
tube, and alsé demonstrated that thevmagnét current is shifted into
the bore tube as the coil goes normal. Figure 10, which is a plot
of the magnetic flux due to the céil current, bore tube current,
andftotalscurrent, shows that early in the quench process the current
shifts from the coil to the bore tube while the total flux remains
relatively unchanged.

Figure 11 shows the’normaiized coil current I/IO as a function of '
~ time for various starting Curfents iO in the B magnet. All of the
curves except for the 100 A curve show a break where the current
in the coil suddenly drops. This is the "'quench back" process.When
the entire coil quicklyrbecomes normal. Quench back divides the
quench process into two distinct periods. The first period is charac-
terized by the quadratic increase in coil resistance described
previously.' The cdil.current drops while the bore tubé current
increases. The first period (Period 1) ends with the sharp bore tﬁbe

current increase (or sharp coil current decrease) we call 'quench back."
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Quench back usﬁally starts when the coil current drops to about 70%
of its starting value. Before quench back, only a fraction of the
coil winding is normal. Heat from resistive heating in the bore tube
drives the rest of the coil normal.. (It should be noted that the
shift in the magnetic field in the coil could cause quench back at
~high cUrrents'in the coil.) After quench back, when the coil is
entirely normal, the second period starts. This‘period, called
Period 2, is characteriied by a roughly exponential current decay in
both the coil and the bore tube (see Fig. 10).10

Figure 12 shows the quench-back time as a function starting
current in the A and B magneté. The band between the upper and lower
curves represents the time over which the coil becomes entirely normal
through the quench back process. The A magnet requires more time to
Quench back than does the B magnet. An explanation for this is that
normal resistance per unit length is greater for the B magnet conductor
than for the A magnet conductor. Quench back abparently occurs when
the magnet coil resistance reaches a specific value. The B magnet
reaches this value sooner than the A magnet. When the B magnet had
nofmal regions induced at more than one point, the quench back timev
was‘reduced. When the A and B magnets were hooked in series the quench
back time was longer than for either of the magnets alone. This
suggests that d¢/dt had to reach a certain value in order to induce

enough current in the bore tube to drive the rest of the magnet normal.
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'.The dufation of Period 1, the time before'qﬁehch back, is
important for hot spot formation within the coil. The length of Period 1
was found to decrease as the starting current to the 3/2 poWer.

The temperature which'a coil hot spot reaches is a function of the
integral of the current density squared with time.8 It is important
that coil current décay quickly in a high-current-density magnet.

~ Since quench back is an important part of the process of dumping the
coil current, it is important to minimize the quench back time.

Since there is a marked shift in current from the coil to the
bore tube, much:of the magnet energy will end up in the bore tube.

The amount of energy which ends up in the bore tube is a function

of the current decay time constants for the coil and the bore tube.

For example, at a current of 700 A in the A magnet'73% of the magnetic
energy was deposited in the bore tube. - The bore tube current decéy
time constant is a factor of 3 to 4 longer than the coil time

constant for this magnet. In general, it Was found that more of the
magnetic energy ended up in the bore tube at high initial currents than
at low currents.

The training of the two magnets was quite different. The B
magnet which was tested only once, exhibited no training as the coil
was changed to various currents up to 920 A (the limit of the power ‘
supply we were using). The A magnet which had been tested three times
has trained during the last two tests. The first test may have had
some training but we are not sure. (The refrigeration system wés
troubleéome during the.first test of the A magnet.) Training quenches

occurred at currents of 597, 654, 696, 733, and 773 A during the second
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test of the A magnet. ' The third test of A magnet had only one training
quench at 804 A. Training in the A magnet is apparently caused by
‘movement of the superconductor within the magnet due to a broken
epdxy bond between the bore tube and the coil. Strain gage measure-
ments on the A magnet bore tube showed that a portion of the coil
moved away from the bore tube as magnetic stresses were applied.
The B magnet, which exhibited no training, showed no evidence of coil
separation from the bore tube. Future LBL thin solenoids will be
designed to prevent movement of the coil away from the bore tube.

The two LBL 1 m test coils both operated at current densities

in excess 109'Am_2

. The B magnet was quenched when itsstored magnetic
energy approached a third of a megajoule (see Table 3). Both 1 m

test magnets operated at current densities far above what is normal for
magnets of their stored magnetic energy (See Fig.‘2). “We conclude

that the concept of the well-coupled ldw resistance bore tube worked
as expected. The experimental evidence gained'has aided the design

of the 2 m test magnet.

The Two Meter Test Coil

One or two more test solenoids will be built beforé the PEP
detecfor mégnet is built. At least one of these magnets will have a
diameter of 2 m. Our LBL team has decided to iﬁcorporate two features
not found in the 1 m diameter coiis: 1) There wili be longitudinal
-quench propagaters built within the magnet coil.to.increase the turn-

to-turn quench velocity. Quench propagation turn-to-turn in theory



can be made as.fasf as,quenqh_propagation along the superconductor.
Thus'the resistance of the coil will grow much faster.

‘2) There will be a support member built into the coil to prevent coil
movement away from the bore tube in the event the epoxy bond is broken.
In addition we intend to pursue the development of magnets using
aluminum based conductors and other matérials'which have a low radiation
vthickness. (For example, one could use a magnesium bore tube, magnesium
cooling tubes, and a boron fiber composite support system.)

Other methods of quench control will be considered. The LBL
experiments show the importance of dumping the current in the coil
quickly. The low resistance bore tube is the key to this process.

Our team is investigating two other methods of speeding up the quench
back process in addition to the longitudinal quench propagaters.

They are: 1) small quench coils are scattered about the magnet and
induée many normal regions into the magnet simultaneoﬁsly; 2) a dump
resistor is put across the leads, putting d¢/dt into the magnet to
drive enough current into the bore tube in order to cause early quench
back. The low resistance bore tube causes the current iﬁ the coil

to decrease rapidly. Both of the methods mentioned previously

require the development of a reliable quénch detection system.
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Summary

Our team at the Lawrence Berkeley Laboratory has demonstrated
that iarge thin solenoids can be refnigerated with a two-phase
helium tubular cooling system. These magnets have operated at high
superconducting matrix current densities up to 1.17 X 109’Am'z.
At this current density the magnet stored energy was 312 kJ.

It is now felt that high current density solenoids with stored
enetgiesvin excess of 10 MJ can be built using the technology now
under development at LBL. The use of high current density, tubular
cooled solenoid magnets could extend far beyond high energy physics.
Such magnets may eventually find their way into magnetic separators,
or magnets for space application due to the light weight of the magnet
coil. Integration of the coil, bore tube éno cryogenic system into

a single unit is an important step toward developing a reliable super-

conducting magnet system.
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Table 1. The thlckness of various materlals for a radiation thickness of
: .one radlatlon 1ength '

Thickness for one radiation length

| Material 3 _ o - (mm)
 ‘Helium (liquid) S “. .- -.7450.0 - -
Epoxy-dacron ' ‘ B . 345.0
-Epoxy-glass | _ - L. 183.0
Magnesium I . 145.0 . -
Aluminmum o _ . 90.0 -
| Copper ‘ o L+ 1405
Copper based* : o e
- superconductor C - .+ 15.6-16.2

Nb-Ti

*
Copper to superconductor ratios-vary from 2 to 1 to 1 to 1.
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' Table 2. The_ superconductor characteristics for
‘the two LBL one meter solenoids

Magnef A ‘Magnet
Bare matrix diameter (mm) » ~0.99 C - . 1.00
Insulatad matric diameter (mm)- '1.09 . - 1.10
Copper to superconductor ratio 1.8 - : 1.0
Mumber of filaments ~ 2300 . S 2700
Filament diameter (um) ' 12.3 o 13.6
Filament twist pitch (mm) ~ 10 ‘ | ~ 10

Critical current (A) €4.2K,2T 900 , 1360

(defined as 10 14 on resistivity
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Table 3. Physical and electrical characteristic of the

two LBL one meter solenoids

| A Magnet B Magnet

Coil diameter (mm) : 1035.0 1035.0
Coil length (mm) 461.0. 464.0
Number of turns 835.0 832.0
Magnet self inductance (H) 0.75 0.74
Magnet design current (A) 700.0 880.0
Design current density in 9

matrix (Am-2) | 0.91x10 1.12x10°
Stored energy at design 5

current (J) 1.83x10 2.88x10°
Peak current achieved in test (A) 804.0 920.0
Peak current density achieved 9 9
in test (Am-2) - ~1.02x10 1.17x10
Peak stored energy (J) 2.42x105 3.12><105
Radiation thickness

(radiation lengths) 0.24 0.24
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Figure Captions

An exploded view of a colliding beam machine detector magnet

.showing the inner cryostat, coil, and outer cryostat.

The stored energy versus superconductor matrix current

density for a number of magnets built since 1961.

A cross section of the LBL 1 m diameter solenoid coil.

The completed LBL magnet B showing the lead bﬁs bar assembly.
The A and B solenoid magnets connected together for testing.

A schematic of the tubular cooling refrigeration system used -

for the LBL thin coil tests.

Helium mass flow from the CTi 1400 refrigerator as a function

of average magnet temperature.

The pressure drop across the A and B magnet cooling coils
(235 m of 10.8 mm inside diameter tube) as a function of

average magnet temperature.

Quench propagation velocity as a function of matrix current

density (the Karlsruhe data taken by P. Turowski9 shows a J2

| dependence. The sample was well cooled, retarding the

velocity at low current).



0060460526 |

-23-

Fig. 10 Magnetic flux due to current in the coil, bore tube and
the total magnetic flux as a function of time since the

start of the quench in magnet A at a starting current of 709 A.

Fig. 11 The normalized coil current versus time after quench start

for various starting currents in magnet B.

Fig. 12 Quench back time versus starting current in magnets A and B.
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