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A SPLITTER SYSTEM FOR THE SLOW EXTRACTED BEAM

I. Introduction

A beam of 1013 protons per pulse will be available after the AGS
Conversion project is completed. The most efficient way of utilizing this
high intensity beam will be by sharing on multiple target stations during
the same AGS pulse. In the slow external beam, two target stations are
being proposed. The beam will be split so that protons in the SEB will
impinge on the two targets simultaneously. The percentage of sharing can
be altered to any desired extent, including being ablé to send all the beam
to one target. The device used to achieve this goal is a splitter system.

A splitter unit is formed with two '"C'' type septum units facing each other.
The center septum may or may not fuse into one. The fields inside of these
side~by-side units are opposite to each other and this allows part of the
beam to be bent in one direction and the other part in the opposite direction.

The goal set for the design of this system was to keep the transmission
efficiency as high as possible, to obtain the desired separation at the
lowest cost and to accomplish this in the amount of floor space in the beam
direction available for this purpose. This goal calls for a very strong
magnet with an extremely thin septum. Combinations of splitting units were

considered to produce a total bend of + 19.5 mrad. This note presents the
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basic design and parameters of the final splitter system.
A cost comparison was made between a superconducting and a cold pure
aluminum splitter unit. This comparison was used to guide the final design
of the overall splitter system and is included at the end of this report.

II. Description of the Beam Splitter System

The beam.spli;ter system consists of several units separated by beam
drift space. Beam losses are kept low by using as the first unit a thin
septum electrostatic beam deflection device which produces small bend angles.
The Iast unit is a cryogenically cooled beam splitter magnet with a relatively
thick septum capable of large bending angles. A series of studies on dif-
ferent combinations of components of a splitter system were conducted and the
final system is shown in Fig. 1. It consists of a hyper thin septum, electro-
static unit for the first element, followed by a thin edge cooled copper
septum unit, a steel shield, and as the last element, a superconducting
splitter magnet. The steel shield is installed at the upstream end of the
cold magnet assembly and shadows the thick superconducting septum in order
to prevent heating of/the septum as a result of beam interception in case
of failure of eithé;“one or both of the upstream units. A study of this beam
heating effect has beeﬁ made by L. Blumberg.1 The remainder of this report
describes the units of the beam gplitter system and some of the reasons for
the specific parameter selection.

Element No. 1 - Electrostatic Splitter

An electrostatic deflector was selected for the first element because
the effective thickness of the septum of this type of unit can be made
extremely thin, allowing a high transmission efficiency. The minimal beam
loss will result in i;W radioactivity in this area. The unit is a high
voltage device with a series of .,002 in. diameter tungsten wires spaced 2 mm

apart as its septum (see Fig. 2). Since the beam width at this location will
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be of the order of 1-1/2 in. (3.81 cm) the aperture width was selected at
5 cm per gap.

A length of 100 in. was considered a practical limit. The minimum
space required between this unit and the .020 in. thick copper septum magnet
was selected at 50 in. The reasons for the selection of .020 in. thickness
for the second unit will be discussed under element #2.

Given the length of 100 in. for the deflector, 50 in. between elements,
a .020 in. thick septum for the second element and introducing one additional
requirement that the beam clear the second element by .010 in., we can solve
for the required milliradians of bend and the voltage across the gap.

The total bend required of the deflector will be:

¢ =+ 49g9§1I3%9% =+ .00019 ~+ 0.2 mrad.

The angle of bend per unit length of an electrostatic deflector is

¢ _ 1074 ¢

I mrad/meter

where ¢ = kV/cm and vy = I,+ tﬁé;iéfﬂ0;of total proton energy Eo;its-rest;u;>
energy. For the maximum proton kinetic energy of 30 GeV, under consideration,
v = 33.

The electric field wvalue is therefore

Yo _ 33 x 0.2
€ = 10741~ L1074 x 100 x .0254

_ 24,2 kV/cm.

With a 107 safety margin
e' = 24.2 x 1.1 = 26.6 kV/em.

This is a rather low and acceptable field value. The total length of the

electrostatic splitter is kept, however, at 100 in., since the aperture width




wlpm

is equal to 5 cm, and therefore, the total voltage across the gap would be

V=26.6 5= 133 kv,
Rather than increasing the absolute peak voltage across the gap which involves
bulky high voltage "feed throughs", it was thought more desirable to keep the
absolute voltage low. The electrode of the deflector will be designed so that
the constant field region of this unit will be 1/2 in. high.

Element No. 2 - Water Cooled Magnetic Splittex

There are two reasons to introduce a thin edge cooled septum between the
electrostatic deflector and the superconducting magnet., The first one is to
provide a larger separation of the beam than can be obtained with an electro=- ?
static device only in the available drift space. The second one is that in !
the case of failure of the electrostatic deflector, the splitter system would
still be operational, although with a lower transmission efficiency. Without
the introduction of the copper septum, the beam heating due to the failure
of the electrostatic deflector would be 40 Wattsl on the last element. This
amount of heat would cause the superconductor to go normal and would require
a gignificant amount of time before steady state (Q.ZOK) conditions Woﬁldibe: .
 :ésf6ré&L‘!Tﬁevchsé;seétion ;f:thiS"ﬁagnet‘is ;hown iﬁ Fig?@B._ ;A  ,; '

The thickness of the éeptum.was chosen té be .020 iﬁ. becauée this
represents only 27 of the total beam width, and even though a somewhat thinner
septum could be chosen, the dimensional stability of an unevenly heated strip
is rather difficult to maintain. This would result in a larger effective
thickness due to thermal deformation and possible unreliable operation.

With a maximum current density of 15,000 amps/cm2 and an aperture height
of 5/8 in., the current in the septum will be

2

s = 15,000 amps/cm® x .02 in. x .625 in. x 6.452 %
max in

=l
1

1210 amps.



With a 15% safety margin
‘ I = 1210 _ 1050 amps.

The field is

_ JA4TNI
1

- <4m=x 1 x 1050
.625 x 2.54 x 2

= 416 gauss/gap.

The angle of bend in radians for T = 30 BeV and a chosen steel length

L = 48 in. is
BL

4706 % 107

o =

where B = the magnetic field in kGauss. Therefore,

416 x 48,625
4,06 x 104

o

+ .0005 radians or £ 0.5 mxad.

A summary of the other parameters of this magnet is as follows:
Room temperature resistance across magnet = 3 x 10_3 Q
Resistance at operating temperature = 3.7 x 10‘-3 Q
Duty cycle = 507%

DC heat dissipation = 4.2 kW
Total voltage across magnet == 4 volts
Maximum temperature of the septum at 50% duty cycle = 152°F

Water cooling required = 2 gpm

Total pressure drop across magnet - 150 psi

The maximum final temperature of the septum would be 230°F if this
magnet were to run in the dc mode. The change in temperature from the center
of the septum to the center of the cooling tubes, approximately 7/16 in.,

. would be 1190]5’. This temperature gradient would cause severe thermal
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deformation of the copper septum. In addition, the high gradient would cause
a poor current density distribution across the gap which would result in more
of a non-uniform field close to the septum. Therefore, the magnet has been
calculated as a pulsed device with an estimated rise rate of 15 msec, a flat
top of 1 second and a repetition rate of two seconds.

The force due to the magnetic field on either side of the septum will be
theoretically equal and opposite in sense, therefore, the septum should not be'
. , _ =y

o under any 1ateral load. In view of the severe temperature rise of the septum

all the end connections of this magnet will be carefully designed to pr0v1de

a sufficient amount of flexibility so that the fatigue problem will be‘mioiﬁized.
The possibility of using an edge cooled cold aluminum magnet for the second
element was considered. The beam heating on this element in the event of
electrostatic deflector failure would have been =~ 400 watts.1 This was too

high to be-préotioaij

Element No. 3 = Superconducting Magnet

A dc superconducting magnet assembly operating with liquid helium at 4.20K

is proposed for the last element of the splitter system. It is required to é
produce a total bend of + 18.8 mR with a gap height of 1 in. The cross sectioé
of this magnet is shown in Fig. 4. The conductor will be a niobium tin solid
ribbon with copper as a stabilizer on both sides. The current density in the
composite will be 50,000 amps/cm .( ) jlurmjtojturh insulatrou wiil~be‘prorideq
by using .0003 in. stainless steel tape while the ground insulation will be
anodized aluminum strips. A length of 48 in. was selected for this unit.

For an 18.8 mrad bend at 30 BeV the field required in the magnet will be

B = 4.06 x 104 X o

L
L = effective magnet length
o = angle of bend in radians.
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Therefore, 4
_ 4,06 x 10" x .0188

B = 49

15.5 kG

A .007 in. nominal thickness superconducting ribbon and a .0003 in,
nominal thickness insulating tape were selected which would make the per
turn thickness of the composite = ,0073 in., ignoring packing factor. in
the 1 in. height of the gap, this would allow 137 turns. If we let the
packing factor equal 947, the number of turns that could be fitted in this
space would be 128.

Then

BL,

L= AN

15,500 x 1 x 2.54
Lo 128

= 242 amps.

1f we set the current density = 50,000 amps/cmz, the ribbon width

will be
242
.007 x 50,000 x 6.452

= ,107 in.

We shall select a ribbon of ,007 in. thick x .118 in. wide due to the
availability of this commerciai stock size. The current density will be
45,500 amp/cmz.

Figures 4 and 5 show views of the superconducting splitter magnet with
the proposed vacuum chambers in place. This magnet will be entirely sur-
rounded by liquid helium. Natural convection will be used to maintain the
assembly below the critical temperature. Helium passages will be provided
by slotting the aluminum insulation strips and by leaving space between

groups of laminations. The assembly will be suspended at two points to
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reduce the heat influx from the 300°K environment. It is proposed that this

magnet be energized by a flux pump which will share the same dewar system,
The iron core will have a cross section of 7 in. x 14 in. with an

opening of 1 in. x 6 in., The total mass of this core assembly will be

[ (7% 14) - (1 in. x 6 in.) | x 48 x 1/3 ~ 15004

Cool down enthalpy from 300°k to 77°K will be

1500 x 33.4 = 5 x 104 Btu.
Cool down enthalpy from 77°K to 4.2°K will be

1500 x 1,5 = 2250 Btu.
In view of the large amount of enthalpy required from 300°K to 77OK, an inde-
pendent cooling circuit will be provided for the iron core by flowing liquid
nitrogen through a series of flat copper tubings. These tubings are mechanically
held against the iron core. The initial cool down will rely on conduction
and forced convection. This may prolong the cool down period, but it seems to
be the more economical way to achieve the purpose. Liquid hydrogen could be
used to cool the assembly down to ZOOK, but the safety precautions required
when using this liquid make it less attractive than using liquid helium to
cool the assembly down to 4.2° by natural convection,

For a 4 ft long magnet, the length of the dewar system Wpuld'belé:ftliong,;“

Heat loss through the dewar has been conservatively estimated at 1 watt per
foot of dewar length; 1.5 watt per end, 1.5 watt per electrical 1ead.3 The
beam heating is estimated to be 2 Watts.1 Similarly, the IZR loss from the
soldered joints has been estimated to be 0,5 watts. Then the total heat

dissipation will be

C1x6.+2x 1.5+ 2x 1.5+ 2+ 0.5= 15 vatts.
Using a safety factor of 2, the refrigerator will be rated so that a cooling

load of 30 watts can be handled. The refrigeration efficiency is 7% of the




Carnot cycle efficiency.
The refrigerator input power will be

= 292:& % —%7 = 1000 W/W.

Then the total refrigeration requirement is
= 30 x 1000 = 30 kW.

Total septum thickness which includes vacuum chambers, helium passages
and superconductors, will be approximately .350 in. thick. ZLet the clearance
between the beam and the septum be .050 in.

Then between the center of the copper magnet and entrance end of super-

conducting magnet the drift space required is

.350 - .020 + .100
.0005 x 2

430 in.

The bend contributed by the electrostatic deflector was purposely ignored
in order to provide a second operational option in case of deflector failure.

The steel shield will be made exactly the same thickness as the super-
conducting septum so that under no circumstances will the particles impinge :
on the superconductor. I

In view of the detrimental effect on the superconducting magnet in case
of an accidental misalignment between the steel shield and the superconducting
magnet, it is proposed to place the shield as close as possible to the super~-
conducting magnet so that these two units will share the same mounting platform.
All the adjustments will be accomplished by the same mechanical system which
will insure perfect alignment at all times.

The cross section of the steel shield is shown in Fig. 6. A partial 1ist%

of the parameters of each element is listed in Table TI.
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Parameters - Splitter System

Coolant

Element No. 1 2 3
Type of Unit Electro~ Electro- Electro~
static magnetic magnetic
Type of Coil Tungsten OFHC Superconductor
wire copper Nb3Sn
Septum Thickness (in.) .002 dia. .020 .350
Usable Aperture (in.) 1/2 x 2 5/8 x 2-1/4 7/8 x 2=-1/4
Field Per Gap (kG) -- L'416 ' 15.5
kV/cem 26.6 - - ;
‘ Effec“"e ‘Magnetic Length (in.) - 48-5/8 49
Electric Field Length (in.) 100 -- --
Total Bend (mrad) + .2 + .5 + 18.8
Ampere Turn Per Gap - 525 31 x 103
Current in the Septum (amp) -- 1050 242
Current Density in the Septum -- 13,000 45,500
Amp/ cm? ‘
Duty Cycle % 100 51.5% 100
-- water

IH
e
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I1T. Cost Comparison Between a Superconducting Splitter Magnet and g Pure

Aluminum Splitter Magnet

A splitter system with a cryogenic magnet was adopted. Then the parameters
which define the cryogenic magnet were used for cost estimating purposes. The
comparison was based on an identical design approach with the exception of
differences in coil material, coil size and coolant. The two magnet assemblies
had the same usable aperture, total septum thickness, maximum field and ef-
fective magnetic length. Both assemblies were suspended inside either a
liquid hydrogen or liquid helium bath. The results of this cost comparison is
shown in Table II.

The costs of refrigeration were taken from the average curve in a published
paper by T.R. Strobridge.4 No attempt was made to distinguish the difference
between 4.2°K and 15°K.

The major part of the cost of a cryogenic magnet is its refrigeration
system. For the pure aluminum case, one should try to utilize the best
material available commercially, i.e., the material which will have the highest
resistivity ratio gain from 300°K to 150K, this is especially true for the
magnet which does not require large amounts of material,

For a '"6-9" pure aluminum, with a resistivity ratio of 15,000 the bulk
specific resistivity equals:

9 5

plSOK = 1.12 x 10. 7 Q-cm

for a purer aluminum with a ratio of 40,000 this value becomes
5

_ ~10
plSOK = 5,25 % 10 Q=cm.

The above resistivity data include a factor of 2.86"7 for the magneto
resistance effect. The purer aluminum with the resistivity ratio of 40,000

was used in this cost comparison. The size effect of the conductor on the

resistivity ratio was not taken into consideration.

There are many different cooling methods which can be applied to both



-12-

TABLE II
Usable Total Eff. Mag. Total
Aperture  Septum Cond. Max st'l Bend I J No.
Hx W Thick Size Length 33 BeV/c x 103  x 103 of Temp
Type (in.) (in.) (in.) (k@) (in.) (mR) amp amp/cm” Turns ox
Sup. 7/8 .350 .118 15.5 48 18.8 242 45.5 128 4.2
X pid
2-1/4 .007
Al 7/8 .350 .500 15.5 48 18.8 7.7 38 4 15
pe b4
2-1/4 .065
Dissipation Initial Cost .
Watts § x 103 Oper.
9 Tran Cost/Yr
IR Dewar Beam Total |Coil Core Ref Dewar Line P.S. Misc Total §$ x 103 Remark
0.5 12.5 2 15 4.5 5.5 60 15 3 4 15 107 2.1
336 12.5 2 350 2.5 5.5 106" 7.2 2 10.5 15 142 .7 3.5

+No factor of safety added to refrigeration capacity.

*
Operating cost/year shows power cost of refrigeration unit only.




-13=-
magnet assemblies. For the superconducting type coil, natural convection
is assumed. On the other hand, examination of the Lorentz formula for the
pure aluminum case

—_— =0 , where

. _ -1 -1
o = electrical conductivity QO ~ cm

T = absolute temperature °k
.. o
K = thermal conductivity cal/sec/em/ K

C = constant = 2,23 x 10_8

indicates that pure aluminum will have a very high thermal conductivity at
150K, and therefore, that cooling of the aluminum septum by conduction would
not be excluded. This could reduce the complexity of fabricating this magnet

assembly. J. Allinger has investigated the thermal conductivity of the

5"6 9" purlty alumlnum, the result of these tests shows that a current

density in the conductor of 50,000 am.p/cm2 is pos31ble Wlth two 11qu1d hydrogen
heat sinks located 12 in. apart. The temperature gradient between the center
of the tested sample and the heat sinks will reach a value high enough to
create runaway heating and eventually fuse the sample if the above current
density is exceeded. The test was done with zero field.

Extrapolating from Allinger's test results, taking into account the
difference in resistivity between the '"6-9" puritynaldmihhm,ese&iahdlaségterxfi
aluminum with a resistivity ratio of 40,000,and the magneto resistance effect
(a factor of 2.8), we find that we could build an end cooled cold aluminum
splitter for the last element. A design was studied consisting of two
elements, one 16 in. long, the other 32 in. long with a 12 in. drift space
in between. However, the cost savings over the free convection cold aluminum

splitter is only approximately 10%. This splitter would still represent a

cost increase over the superconducting magnet of approximately 20%.
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In addition, the end cooled type magnet will always have a higher risk of
coil failure due to runaway heating than the free convection type.

An investigation on the possibility of running pure aluminum at helium
temperature was made. The gain in resistivity from 156K to 4.2°% will not
offset the increase in refrigeration cost.

For both systems 1007 duty cycle operation was considered. The para-
meters of the aluminum splitter with a 1 second flat top in a 2 second period

were briefly examined. The reduction in refrigeration cost would be offset

'by the additional cost of the power supply and the magnet.

We have also investigated the possibility of designing a conventional
water-cooled copper conductor magnet. The total cost of this type of magnet

would be approximately $23,000 less than the superconducting magnet, but the

power consumption would be 400 kW. The power cost alone would be $25,000/

year which is $23,000/year more than_that of the superconducting magnet.

Due to the relatively low current density that can be used in this type

magnet, thé space required for + 18.8 mrad would be longer, and the final
temperature of copper conductor would be very close to the boiling point of
water. |

Because future beam splitter. devices may require significantly larger

study and cost comparison was also made for a superconducting septum and a
pure aluminum septum unit where the net bend angle would be three times

larger than the devices considered so far. Again, the result showed a

- higher cost for the aluminum septum device by approximately 407 over the

superconducting device.
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Fig. 1 Splitter System Layout
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Fig. 4 SuperconductingFSplitter
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_Superconducting Splitter Assembly .




