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In June of 1975, the Laboratory received
" funds allowing it to move forward with an accel-
erator development program the goal of which is
to build and test a full-scale prototype magnet
for a 500 MeV superconducting cyclotron. Since
the magnet is the only superconducting element in
such a cyclotron, this step of itself largely
suffices in establishing basic feasibility of the
full cyclotron.

The general layout of the cyclotron involves
-a solenoid-like circular coil similar in many ways
to superconducting coils now in use on several
large bubble chambers.® With such a coil, mag-
netic fields of 50 kilogauss are feasible which
is about three times higher than typical in pres-
ent cyclotrons, and the energy from a structure
of given physical size is then nearly ten times
higher. Thus the 500 MeV cyclotron magnet is
approximately the same overall size and weight as
the present MSU 56 MeV cyclotron magnet. The
attractive features of such a cyclotron are small
size and low cost. (In particular the total cost
of the 500 MeV magnet is about $1 million of which
$750,000 is for construction and $250,000 is for
engineering.)

The project is similar in broad features to
superconducting cyclotron projects at Chalk River
On a detailed
level the projects are however rather different
both in basic goals and in construction details.
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and at the University of Milan.?®

In particular our project stresses strong focus-
ing in order to increase the energy of light ion
beams and also it includes an interchangeable
céntral geometry so that the magnet can eventually
be used either as a conventional cyclotron with
internal source or as a booster accelerator.

The coil design for the MSU magnet uses a
layer-type winding which is more compact and less
expensive than the pancake windings which have
thus far been used in bubble chamber magnets.

The basic cyclotron layout is a dee-in-valley
design with three sectors and three dees. Major
features can be seen in Figs. 1 and 2 which are a
section view of the complete cyclotron and a per-
spective view of the magnet. A listing of major
parameters is given in Table 1.

At the present time, the prototype magnet is
in the midst of construction. Steel castings for
the yoke have been completed, and Fig. 3 shows
the assembled yoke set up for factory inspection.
The outer cryostat vessel is also complete; the
inner cryostat vessel has unfortunately been de-

layed and is now expected in late August. Conductor

for the coil is now in-house in East Lansing so
that coil winding will start as soon as the inner
cryostat vessel is available. (This vessel is

also the coil form.) The refrigeration unit has
likewise been received after successfully complet-
ing factory tests; it is now being connected up

and should be ready for operation in late August.

The overall project schedule presented in
our original proposal estimated the first magnet
turn-on would come 20 months after funding. At
the present time it appears we have an excellent
chance of meeting this schedule and some chance
of getting to the first turn-on one or two months
earlier than anticipated.

Assuming the magnet performs as expected, we
hope to proceed without significant delay with
construction of the other components required to
make the magnet into a complete cyclotron in order
to verify beam characteristics. The expected per-
formance of the magnet using an internal ion source
is shown in Fig. 4. Even in this basic configura-
tion, the cyclotron is clearly an exceptionally
attractive instrument for nuclear research.
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Table 1: Parameter Sheet--500 MeV Cyclotron Magnet

Coil:
# of turns short coils 36 layers x 32 turns/layer = 1152
long coils 36 ™ X 64 " = 2304
total 4 coils = 6912
Neminal current density coil avg. 3,500 amps/cm2
conductor 5,000 amps/cm
Conductor size 0.110"x0.196" = 2. 8mmx5. Omm
Design current 700 amps
Stored energy (with iron yoke) 16.9 Mjoules
Inductance (full field) short coils 13.8 Henry
- long coils 27.6 "
mutual 13.8 "

Basic winding dimensions
Radial 60" I.D., 71" 0.D. (4r=5.5")

Axial median plane to small coil 1.425"
small coil ht. 6.465"
small coil to large coil .375"
large coil ht. 12.930"
total overall 42,390"
Magnet Yoke
Nominal weight 190,000 1bs.
Maximm size 120" dia x 86" high

Material
Magnetic Field:

cast 1020 steel

Average field at extraction radius 4.95 tesla
Max. hill field 5.9 tesla
Max. field in winding 4.4 tesla

Bp (at extraction radius)
Magnet bending limit
Magnet focusing limit
Refrigerator
CTI 1400 with 2 compressors
closed metal system (no gas bag)

3.22 tesla-meter
E=500 MeV (Q2/A).
E/A=160 MeV (Q/A)
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Fig. 4. Maximum energy per nucleon versus mass

nurber for the 500 MeV cyclotron. Intensity
contours correspond to an internal source of

the type presently used in heavy ion cyclotrons.
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Vertical section view of
the 500 MeV cyclotron.

Fig. 1.
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Perspective view of the magnet
for the 500 MeV cyclotron.



Field Calculations for 500 MeV Magnet
D. Johnson, H. Blosser, and M. Gordon

The cyclotron magnet consists of a cylindri-
cally symmetric yoke plus an array of iron ridges
(and holes) with 120° symmetry. The magnet oper-
ates at high fields where the steel is approxi-
mately fully saturated. The magnetization of
cylindrically symmetric magnets can be fully
calculated using relaxation codes! (in practice
this is limited by round-off errors related to
grid size and computation time). A reasonable
approximation for the nonazimuthally symmetric
parts of the magnet is to assume that all magnetic
moments are at their saturation value and pointed
in the Z direction (parallel to the axis of the
magnet). The accuracy of this approximation can
be inferred by computing the field of a cylindri-
cally symmetric magnet and comparing results of
complete relaxation calculations vs. results of
calculations done with a mixture of relaxation
and constant Mz. Figure 1 shows the relaxation
grid used for a "Trim" calculation of a cylindri-
cally symmetric magnet. In Fig. 2, the solid
curve shows the median plane field predicted by
this calculation. TFor comparison the dashed
curve in Fig. 2 shows the field obtained using
the alternate calculation system where the pole
tips (the grey area of Fig. 1) are removed from
the Trim calculation and are then added back using
the approximation that the magnet moments are
fully saturated and aligned in the Z direction.
The two calculations are seen to agree quite
closely.

Accepting the approximate accuracy of the
procedure of replacing ridges of steel near the
median plane by equivalent charge arrays, we can
then proceed to calculate structures with ridges
oriented in any arbitrary way and in particular
in the spiral array needed for the cyclotron mag-
net. Figure 3 is a contour map of the median
plane field obtained from this calculation. This
field is used to compute orbits and predict per-
formance

The

evaluate

of the cyclotron.

computing procedure can also be used to
Table
1 gives a numerical printout of Bz and B, over a

the magnet field inside the coil.

grid of r and z values covering the small coil

and the large coil (this particular grid is for
the cylindrically symmetric magnet shown in Fig.
1).
sawtooth-like residual error so that averaging

Computing limitations unfortunately leave a
values from line to line is necessary. The maxi-
mum field in the coil is seen to be approximately
44 kilogauss.

lJ.S. Colonias, TRIM - A magnetostatic computer
program for the CDC 6600. UCRL-18439. Lawrence
Berkeley Lab, 1968.
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Table 1. Magnetic field in the superconduct-

ing coi} in gauss at various distances from
the median plane (height) and at various radii.
For each entry the upper number is the axial
component of the field and the lower number
the radial component of the field.

NOTE ADDED IN PROOF: The text incorrectly
states that the fields in Fig. 2 correspond

to the magnet outlined in Fig. 1. The fields
shown in Fig. 2 are for an earlier magnet with
a solid 12" diameter center tip as contrasted
with the hollow center shown in Fig. 1. The
magnet and trim grid shown in fig. 1 go with the
computation of coil fields shown in Table 1.
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Fig. 2.
as computed by program TRIM for the magnet
shown in Fig. 1 (solid curve) and as com-
puted with the pole tips (the grey area in
Fig. 1) replaced by fully saturated iron
(dashed curve).
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Superconducting Coil Internal Structure
H. Blosser, D. Lawton, MSU
J. Purcell, R. Niemann, Argonne National Laboratory

The basic coil structure is a layer type
winding, i.e. a winding which first progresses in
the axial direction at constant r, then climbs
to a new r value and returns in the opposite
sense in the axial direction. This is a type of
winding generally used on small coils and con-
trasts with the pancake winding which has been
more common on large coils. The advantages of
layer type winding are lower fabrication costs
i.e. winding jigs and handling jigs are elimina-
ted and better space factor i.e. no need for
The MSU coil will thus be

directly wound onto a stainless steel bobbin on

clamping bolts, etc.
which it will permanently remain. After winding,
the outer periphery of this bobbin will be cover-
ed with stainless steel and welded so that the
bobbin becomes the helium can for the cryostat.
The conductor is a composite structure as shown
in Fig. 1 (fabricated by Intermagnetics General
Corporation). The manufacturer was able to fur-
nish the conductor in lengths of approximately
10,000 feet which implies a total of ten internal
joints.

Two different joint techniques are currently
being considered. One of these is a simple over-
lap of the conductor inside a rectangular copper
sleeve with soft solder and crimping. A joint of
this type is bulky and must be located in the in-
sulating plate at the end of the layer, but it is
easy to make (30 minutes) and strong (stronger
than the conductor). The alternate technique
involves unbraiding of the stranded cable, scarf-
ing and silver soldering of the central copper
core and rebraiding and soldering of the copper
strands. This type of joint then has the same
cross section as the normal conductor and can
therefore be located anywhere, but it is slow to
make (six hours) and weaker than the normal con-
ductor (breaking strength reduced by 20%).

Cooling for the coil is provided by introduc-
ing a "picket fence" between each layer. The
pickets are 1 mm thick and 1/2" wide and extend
for the length of the coil in the Z direction.
Alternate 1/2" azimuthal spaces are empty and
constitute the helium passages. Radial helium
flow into the pickets is provided by grooves in
the insulating plates at each end of the coil.

Turn-to-turn insulation within a layer is
formed from U-shaped mylar caps on each end of
the conductor as shown in Fig. 2. The creasing
of the mylar is done in the winding line, using
a heating fixture. On one side of the conductor,
a .002" adhesive is introduced between the mylar
and the conductor to hold the mylar in place until
the next turn is wound (no adhesive is needed on

the side of the conductor laying against the
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With this insulation
system, approximately half of the broad face of

previously wound turn).

the conductor is left bare.

The electrical breakdown resistance of this
insulation system is excellent. In a puncture
test on twelve samples at 600 volts turn-to-turn,
the lowest failure occurred at five times the

design maximum turn-to-turn pressure.
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SPECIFICATIONS
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Copper:Superconductor Ratio

Conductor Diameter ~0.035 inches
Buber of Nb-TL Filaments
Filament Dismeter 1.8 adls
Minious Pilament Spacing 1wl
Twist Length 2 inches
Cowposttion of Solder Bond 50/50 Sno-Fb
OVERALL CABLE
Copper:Superconductor Ratio 21:1
Total Langth 130,000 ft.
Individual Lengths ~10,000 fr.
Dimensions 0.196™ ¢+ 0.0013" x G.110" * 0,0015"
Cornexr Radius ~1/32 inches
Surface Finish (on Flat Surfaces) 125 inches
Design Critical Current at 5.5 Tesla

and 4.2°K 900 Amps
Guaranteed Critical Current at 5.3 Tesla

and 4.2°K 770 Anps
Twist Length 3 oches
Current Transfer Length <1 inch
Resistance Ratio [R(300)/R(4.2}} >180:1
Tensile Loading of Superconductor

without Damage to Nb-Ti £17,000 pei

Density (Packing Factor) ~88%

Fig. 1. Details of the composite Niobium-Titanium cable.
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Superconducting Coil Internal Stress Calculations

H. Blosser, MSU
and
N. Johnson, Oak Ridge, TN

Internal coil stresses have been calculated
by Dr. Neil Johnson of Mechanics Research Incor-
porated. Only radial forces are included in these
calculations, i.e. the code is for an infinitely
long solenoid; otherwise the calculation is quite
detailed.

stress are shown in Figs. 1 and 2 respectively.

Results for radial stress and hoop

The calculations assume a winding tension of 2,000
psi and a banding tension of 20,000 psi, the band-
ing being of l-inch radial thickness at the outside
of the coil. Stresses are computed after winding,

after cooldown, and after field is turned on, and
computations were run for both aluminum and stain-
less steel banding. The stress characteristics

of the aluminum banding are very attractive; the
banding tension increases in cooldown (in contrast
with the stainless steel which decreases) so that
the final hoop tension in the conductor when the
coil is on is considerably lower with the aluminum
banding. Eddy currents in the aluminum banding

are relatively small due to the high 4.2° resis-

tance of the 6061 alloy.

MSU Coil Radiol Stress

T T T T T T
Bobb Conductor Banding—}
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Fig., 1. Radial compression in the superconducting coil in the three conditions

warm, cold, and field-on.

Note that the stress remains negative at

the boundary

between bobbin and conductor even when the field is on, thereby indicating that
the prestresses in winding and banding are sufficient to keep the coil from

lifting off the bobbin

when the field is turned on.

MSU  Coil Stress

" 66 el

__________ 20,000 psi
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d field on
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. 4
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Bobbi d (scale x 1/1Q) field on, _

C
2,000 psi

winding tension

- :c;l;/:

Hoop Stress (10 psi)

ES)

rodius (inches)

Fig. 2. Azimuthal stress in the superconducting coil for the same conditions

as in Fig. 1.

Note that the stress scale is expanded by x 10 in the radial

interval from 30" to 35.5" (the region occupied by the winding).
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Superconducting Coil Support System
H. Blosser and M. Gordon, MSU
S. Wang, Argonne

The main coil support will be provided by nine
tension members, three pulling up, three pulling
down, and three pulling radially out. (In addition
there are two very small azimuthal tension members.)
This support system must carry the weight of the
coil (~15,000 1bs.) and in addition must provide an
adequate spring constant to overcome the instabili-
ties associated with the unstable equilibrium of
the large magnetic force on the coil.

Estimating the magnitude of the unstable mag-
netic force is difficult. An earlier approximate
estimagze by S.T. Wang gave 510,000 1lbs. per inch
for the vertical force and 27,000 lbs. per inch for
the radial force. Wang's approximation involved
replacing the magnet with an array of six dipoles.

For a cylindrically symmetric magnet, the ver-
tical force can also be calculated from the relaxa-
tion code since the magnet is still axially symmetric
when the coil is displaced vertically (although
median plane symmetry is lacking). Unfortunately
the force comes computationally from the difference
in magnetic energy at several coil positions; this
is a small number and hence sensitive to the round-
off errors in the relaxation codej; the numerical
result for the vertical force using this procedure
is 160,000 1bs. per inch. (The radial force cannot
be computed by this technique.)

M.M. Gordon has used still a third procedure
for estimating the vertical force, namely, to take
the magnetic field from the Trim program, subtract
off the field produced by the coil to obtain the
field produced by the iron, and assume the force

between the iron and the coil is given by evaluat-
ing ik x 5I over the coil. Again the procedure is
bothered by round-off errors in the Trim program;
the numerical result is 80,000 1bs. per inch for
the vertical spring constant.

Gordon also notes that if the iron is equi-
valent to a simple dipole located at the coil
center, then the vertical spring constant will be
twice the radial spring constant and of opposite
sign, i.e. if the coil was unstable vertically it
would be stable radially and vice versa.

In view of the difficulty of estimating both
the spring constant and the maximum likely dis-
placement, it was decided somewhat arbitrarily
to design the vertical support links on the basis
of a breaking strength of 125,000 1lbs. total for
three links, and the radial support links on the
basis of a breaking strength of 15,000 lbs. for
each link individually. In addition each link
will be provided with a strain gauge which will
be monitored as the magnet is gradually turned on
so that position adjustments can be made before
forces approach a dangerous level.

The actual support links proper will be
fabricated from an Epoxy glass laminate in the
fashion of the support links in the SSR magnets
at Argonne. Taking the ratio of strength to heat
leak as a figure of merit, the Epoxy glass lami-
nate is approximately three times better than
stainless steel. Construction details for a
typical link are shown in Fig. 1 (next page).

Cryogenic Stability of Superconducting Coil
H.G. Blosser, M.S.U.

Cryogenic stability is achieved by incorpora-
ting relatively large amounts of copper into the
conductor, namely a copper to superconducting
ratio of 21 to 1. No actual cooling experiments
have been performed on this conductor but compari-
son with experiments done at M.I.T. for the Argonne
U-25 magnet indicates that the design current is
well below the thermal recovery limit. This
comparison is outlined in Table 1.

Table 1. Cryogenic Stability Review

Infer from MIT U-25 testsl
0.040" pickets reduce critical current by 20%
. 002" Mylar reduces critical current by 50%
Effective cooling surface width U-25
0.2 cmx 2 = 0.4 cm

i;. Iwasa (private commmication)
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Effectdve cooling surface width MSU (s of 5 mm surface bare,
% covered with .002" Mylar; .040" deep cooling channels)

0.5cmx%x2x0.8
+ 0.5emx%¥x2x0.5%x0.8=0.4cm+ 0.20cm= 0.60cm
+ ~ small contribution

o
Both magnets Joong. = 5>000 anps/cmz, p=p]3_gg
Power/unit length = IZ p/A = 1Jp
Figure of merit:
Cooling area/po»erMSU (IJO)U_25 area MSU
Cooling arvea/powe:ou_25 (IJp)MSU area U-25
. 100 0.4

= x = 0.467
000 © 0.8

i.e. cooling area/watt for MSU is approximately
double that for U-25

If conduction cooling along wire is important, figure
of merit is power/unit area/length = power/volume

P/volume = %;E = J2p

MSU and U-25 alike on this criterion.
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Safety Systems and Dump Circuits

Peter Miller and M.M. Gordon

1.. Introduction

Shaping of the cyclotron field to match various
particles requires dividing the main winding into
two independently powered sections; this gives a
dump. circuit complexity not.usuélly present in
superconducting magnets. In particular a rapid drop
in the current in one coil pair will tend to give
a sharp increase in the current in the other pair
through the mutual inductaﬁce. The energy dump
circuit can be designed so that the current does
not exceed the design limit.

The power supply and energy dump system are
shown schematically in Fig. 1. Some experience
with the magnet will be required to develop a
Initial testing
Signals

that will be monitored will include the difference

suitable automatic fault detector.
will be with a manually activated dump.

between the voltages across the coil halves
(shown) and some analysis of dB/dt from pickup
coils. The power supplies will be disconnected
when a fault occurs. An analysis of the tempera-
ture of the wire and the pressure in the cryostat
~ has been published for the magnet called BIM.1
which is electrically a single circuit. We have
extended this treatment to the case of present
interest, taking account of the magnetic coupling
between the coils. A further complication is that
the inductances of the MSU magnet, which uses iron
poles and yoke, are found to vary with excitation.
An analysis using constant effective wvalues of

the inductances is sufficiently accurate and is

used to represent the magnet for the present pur-

pose.

Power o)
Supply '

| ' Ry
U
_ 4 '
4 v 1
!
1}
Power [0

Supply ' Rz

\ 1]

Detector

Fig. 1.--Schematic diagram of the dump
circuitry. ’
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2, Choice of Resistors

Each of the two. coils is connected to its
The self-
inductances, Ll and L2, and the mutual inductance
The differential
equations for the currents (il’iZ) are:

energy dump resistor (Rl’RZ)‘

M are assumed to be constant.

ai, ai,

B B MR Ul r

. dlz di1
SRyt .

Asymptotically, i.e., after a transient has
decayed away, the currents become proportional
to an exponential function:

i, = Ae™Mt

12 = b il, (b is constant).

From the differential equations we obtain the
relation between b and A, which is independent
of the initial conditions:

sz Rl
As bL2+M if b>1 and A= E;THE if b<l.

Since the coils will be operated at equal currents
for maximum excitation, b should be chosen close

to 1.
currents will for a time rise above the maximum

Otherwise, when a dump occurs one of the

operating current which will place extra thermal,
magnetic and mechanical stress on the coil. For
b=1 we obtain

R1 L1+M Rl

The tolerance on Rl/R2 to insure that i1 and'i2
decrease initially is +25% if i1=12 initially.
In view of this wide tolerance it is practical
to measure il(t) and i2(t) in a sequence of
test dumps and then trim Rl as required.

The values of R, and R2 determine the

maximum voltage applied to the coil.

%
ol
L

if1 7V

X2 7V

"
0
"

The dielectric strength of helium gas in a
superconducting magnet is 200 v/mm, and 1/5 of
this, or 40 v/mm is considered a good design
criterion., The maximum coil voltage design
value of 200 v leads to the requirement that
the minimum effective spacing of the coil leads
be at least 5 mm. The voltage gradient between
layers of the coil is about 7 times smaller than
the estimate for the leads. Since L2>Ll, V2
reaches the limit,



.2857 ohm.

With the inductances determined as shown in Section
3 (L1=13.8 H, L2=27.6 H and M=13.8 H) one obtains
R1=.1905 ohm and % = 144,9 sec,

3. Determination of Inductances

3.1.--Analysis of stored energy

The relaxation program TRIM obtains the mag-
netic induction B and the magnetic intensity H
everywhere on a grid representing the magnet and
the space surrounding it, and it therefore can
provide the total magnetic stored energy which is
related to the inductances and the currents. In
normal operation the iron of the magnet in and
near the coils will be saturated and the inductances
would be expected to be fairly close to the values
obtained with air core coils, the extreme high
field limit of the inductances. These air core
values were calculated exactly by first obtaining
the vector potential for a suitable set of currents
in the coil and then calculating the inductances
from the flux changes. These values are 11.43 H,
25,48 H and 11.34 H for Ll’ L2, and M, respective-~
ly.

The total magnetic energy was calculated with
TRIM at 14 different combinations of currents in
the two coils (Table 1).

chosen to divide the (il’i2) plane into successive-

Most of these pairs were
ly smaller squares. The average value of the
inductances Ll’ L2, and M were calculated on each
square by replacing differentials by finite
differences in the definitions:

dE = (L111+M12)d11+(L212+M11)d12
9E . 3E .
s & di, + =—=— di,,
811 1 312 2
2
3 E
and M = oo,
811312

The results give a rather non-uniform variation

of the inductances with excitation which is
suspected to result from the limited accuracy of
When this
analysis is dones the two self-inductances, L1 and

the computed energies from TRIM.

L2, always turn out several henries larger than the
air core values, whereas M is the same as or up to

3 henries less than the air core result.

Another approach is to adjust Ll’ L2 and M
in the energy equation
= 1 . 2 . 2 . s
E, = 2(L111 +L212 +2M1112) (1)
in order to fit 3 calculated energies. When this

is done with the available TRIM data the inductances
vary greatly from case to case, sometimes becom-

ing negative. This is also interpreted as a sign
of the limited numerical accuracy of the computed
energies, One triple gives a solution which

compares favorably with the air core calculation,
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namely

L1=14.9>H, L2=29.8 H and M=1%.9 H. (2)
TABLE 1.

Label il(kA) iz(kA) E(M]))

1 .7 o7 16.90

2 .525 .525 10.26

3 .7 2525 12.76

L .525 .7 14.30

5 .350 W7 11.886

6 .7 .350 9.12

7 .35 «35 5.06

8 .21 .21 2.16

g 525 .35 6.91

10 »35 . 525 8.08

11 W7 0. 3.93
12 .35 0. 1.11 -

13 0 .7 7.80

14 0 .35 2,49

This solution corresponds to solving Eq. 1 at the
points labeled 2, 5 and 6 in TableI.
clude that the only reliable data we have for

We con-

estimating the individual inductances are the
air core values. The total magnetic energy cal-
culated by TRIM is probably accurate to better
than 15% and so sets a constraint on the actual
inductances, but the information is not accurate
enough to allow a sfraightforward solution.
Based on the analysis of the next section we
adopt for design purposes inductances which give
the calculated stored energy at full excitation
and whose relative values are the same as given
by Eq. 2.

3.2.-=-Equal Currents in the Two Coils
As discussed in Section 2, ratio Rl/R2 is
chosen to make il=i2 asymptotically during a

dump.
If i1=i2=i, Eq. 1 can be reduced to
E =1/2 L, i’ (3)
c 0 ?
with
Lg=L, +L,+2M. )

Even if the inductances vary we deine L0 by this
same relation

:yv_2 E(1)
Lo(l)———-T-Z——° (5)

In Fig. 2, E is plotted as a function of i2
together with Eq. 3 for two values of L0 which
correspond (through Eq. 5) to the two data with
highest excitation (points 1 and 2 in Table 1;.
The effective inductance A for small changes

in current is not L0 but is twice the slope of
the curve:

dE
2 ——.
- d")
By differentiating the dashed curve in Fig. 2,

A= (6)



we obtain A as a function of iz, shown in Fig. 3.
The heights of the rectangular areas drawn to
represent the areas under the curve are equal to
the values of L0 shown in Fig. 2, since

.2
L= 5 [Eaah adh.

i 0
Y Y Y T T 7
of ]
X E=Lol€/2 p
L9=L1*L2+2M ;? :

L A 1 1 i ) S | L
0.0 0.1 0.2 0.3 0.4 6.5 0.6

£ (A?)

Fig. 2.~-Total energy stored in the magnetic field
vs. current squared, when the currents ih the two
coils are the same. The solid lines represent two
different constant values of the total inductance;
the circles and the interpolated dashed curve
refer to the MSU magnet design.

3.3.~--Discussion
The choice of Ly=69 H as an approximate
representation of the total inductance can be
understood as follows. By referring to Fig. 3
one sees that LO would then exceed the actual
incremental inductance x» for iz>0.15. Thus, the
decay time will be overestimated at large currents.
The calculated stored energy Ec will, hgwever, be
less than the actual energy E for all i“<,u49, that
2=.49
we have E=Ec, by the choice of inductance values.
In the calculation of the amount of heat produced
in the coil during a dump, these two errors tend
to offset each other.

is over the entire operating range. At i

In view of this and their
separate magnitudes (.10%) we have adopted

L0=59 H. Therefore, we renormalized the induc-
tances obtained at 75% excitation (Eq. 2) to
yield this value of the sum (Eq. 4).

4%, Dump Calculations

If the dump resistors are matched to the coil
inductances, the worst condition for overheating
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180, ——r— T Y

18 ) = 2 dE¢ /di) 4
5] .
12 ..
100 -
z | J
~
80 =
745 H

] €9 H -

col- — -
4o -
20 -

1 1 i 1 /] 1 1 L 1 2
oB.D D.Ll 0.2 0.3 0.4 0.5 0.6
2 (A%

Fig. 3.--Incremental inductance (effective
inductance for small current changes) vs. current
squared, obtained by differentiation of Fig. 2.

the conductor occurs when both coils are carrying
the maximum current. If a small section of con-
ductor looses all thermal contact with the helium
bath and goes normal, its final temperature
becomes very high unless the dump system is
designed for very high voltage operation. With
the values of resistance and inductance given in
Section 2 (200V maximum across coil) the final
temperature is almost 1100° K. The assumption
of no heat transfer out of the coil is unreal-
istic, as gas can flow readily through the coil.
The final temperature is practically independent
of the length of the hot spot, provided this

length is much less than the total coil.

If the whole coil goes normal at once,
the final temperature is approximately 70 K
if it retains all the resistive heat (no cooling).
This situation is represented by Fig. U4 which
shows the results of a detailed calculation of
the temperature and current histories. A computer
program solves the differential equations for the
currents in the two coils and the temperature of
the normal region, assumed to. be in one coil -
(coil #2, the larger one in this case). In order
to simulate both coils becoming normal, the value
given for the dump resistor R1 is increased by
the resistance of that coil at some average
temperature,  The valug;0.93 ohms is obtained
in this c¢&se_at 54K, the temperature at which
one half of the stored energy has been dissipated.
Similar results are obtained if the roles of the

two coils are reversed. The decay of the current



is very rapid (1/A=19.3 sec) because of the large
internal resistance of the coils in the normal
state.

The conductor is designed to be thermally
stable. The average power density through sur-
faces exposed to liquid helium is 0.28 w/cm2 at
maximum current in a section of normal con-
ductor. A normal region induced, for example, by
frictional heating of a slipping conductor will
become superconducting again as soon as the
conductor stops moving, if it is under 1iquid.

If a section of conductor becomes normal and
stays that way it will rapidly beil helium,
blowing it out of the cryostat. The entire coil
will then go normal and reach a moderate temper-
ature because of its great heat capacity. If the
helium filling system stops working during
operation of the magnet, the eventual result

would be similar, namely all (or most) of the coil
would suddenly go normal after the helium level

has dropped far from the top of the coil.

The condition of thermal isolation needed to
sustain the hot spot as discussed above is probably
not realistic, A similar catastrophe will result
if one or several turns became shorted into a
closed loop and then the magnet is turned off

quickly (e.g. using the dump circuit). A current

e0.0- w20 5 i

g _

T Kl

2&1— =

—l L N S L N S
0.000 100 200 300
time [¢e0)

that can be much larger than the operating value
will be induced in the shorted turns and will burn
them out. The best protection against this seems
to be a conservative design with respect to
electrical insulation in the cryostat and avoid-
ing large voltages in the design of the dump
circuit. It also suggests that an automatic
trigger for the dump circuit may be undesireable,
If a short between turns were to occur, the
current must be reduced to zero very gradually

to prevent damage. .

Gas pressure within the coil and cryostat
will reach several atmospheres if sufficient heat
is produced to boil all the helium in a short time.
The excess mechanical strength of the bobbin
beyond that needed to support the wire tension is
equivalent to a large internal pressure, which-
seems adequate to insure its safety. The magnetic
force on the current in the conductor relieves
some of the pressure from the wire on the bobbin,
giving an additional increment to the maximum safe

pressure while current is flowing.

Reference

1. G. Bronca, J. Krikorian, and J. Neel, Nucl,
Inst. & Meth. 79(1970)309.
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FIG. 4.~-Time dependence of the temperature of the normal region (left graph) and currents in the
magnet coils (right graph) for conditions representing a sudden transition of the entire magnet
coil to the notrmal state at t=0, accompanied by activation of the dump circuit.
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Ion Source

M.L. Mallory, H.G. Blosser, and G. Stork

A program of development and testing of high
charge state heavy ion sources is planned for the
coming year. The proposed research will be
designed to explore ion source behavior in a novel
new region of basic parameters, namely, high mag-
netic field and high vacuum--a region expected to
lead to greatly enhanced yields of high charge
state ions. High magnetic fields and high vacuum
are also characteristics that are of special
practical importance in the development of a super-
conducting cyclotron. The intensity as a function
of charge state from the ion source is one of the
major uncertainties in evaluating the performance
of heavy ion cyclotron systems and Fig. 1 illus-
trates the importance of the charge parameter
from the ion source for a superconducting cyclo-
tron with an energy constant "K" of 500 MeV where
the energy per nucleon for different charge number

versus mass has been plotted.

Cyclotron

500 MeV Bending
160 MeV Focusing

E/A (MeV /nucleon)

2.0

A (moss number)

Fig. 1l.--Beam energy versus ion mass number for a
cyclotron with K=500 MeV. (The cyclotron energy
is given by E=K(QZ/A), where K is the cyclotron
energy constant and Q and A are the charge number
and mass number of the ion). Curves are given
for charge states of 6%, 8%, 10%, and 12%.

The source testing facility is planned to
utilize three major magnets, 1) an existing u6"
diameter conventional magnet, 2) the K=55 MeV
magnet of the present MSU cyclotron and 3) the
K=500 MeV superconducting magnet now being con-
structed as a part of an MSU cyclotron develop-
ment program.1 Ion sources will be designed so
that they can be tested or used in any one of
these three magnets. The 46" diameter magnet will
be equipped as the basic source test-stand with
DC voltage for ion extraction. Initial design and

debugging of new source features will take place
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in this test-stand.

When a source is in good DC working order it
can be moved to either the 55 MeV magnet or the
In the 55 MeV
magnet, rf extraction is available and rf ion
In the 500 MeV
magnet, the source would initially be studied

500 MeV magnet for further study.

source proce852 can be studied.
using the same DC extraction power supply as the
46" diameter magnet and the main initial goal
would be to confirm high magnetic field behavior
of the source and develop new source features
enhancing their behavior.

One of the promising source features which
we plan to study is indirect cathode heating;
from the literature indirectly heated cold
cathode ion sources appear to give higher yields
of high charge states.? We therefore plan to
build an indirectly heated cold cathode ion
source. For axial ion sources it seems advan-
tageous to supply the supplementary cathode
The actual
heater will be a small one-turn water cooled coil

heating by rf induction heating.

surrounding the cathode and driven through a
coaxial rf feed line by a commercial induction
heater.

We also plan to investigate the effects of
very strong magnetic fields on the Penning source.
In the superconducting magnet, the magnetic
pressure will increase enormously (like B2) leading
to longer confinement times and higher electron
temperature and density. The production of high
charge state ions is thought to be a multiple’
collision process.q Presumably the multiple
collision probability should increase like the
square of the electron density while loss
mechanisms presumably rise only linearly. A
strong gain in high charge states therefore seems
likely as the field is increased.

The loss of high charge state ions via
charge pick-up process has recently been recog-
nized as a serious problem in existing cyclotrons.
We plan to investigate the effect of high vacuum
on ion output by building a cryopumping system
near the ion source so as to investigate ion
intensity versus pressure.

Another important line of effort in our study
program is to aim at substantially extending the
cathode lifetime of the Penning source. As now
used Penning sources have a relatively short
cathode lifetime and this results in a substantial
operating overhead. The axial Penning source
geometry offers the opportunity of increasing
source lifetimes by making the position of the
(See Fig. 2). A
factor of two in lifetimes seems likely and

cathodes remotely movable.

would reduce the source maintenance time accord-
ingly.



«—Cathode

Cross Section View of
Cothode Lifetime Effect

Fig. 2,--Schematic drawing of eroded cathode and
sputtered cathode material. The sputtered cathode
material builds up in a volcanic cone and even-
tually shorts to the cathode, causing the arc to
"drop out". In the axial Penning ion source,
movable cathodes are relatively easy to design.
When the arc shorts such a cathode would be backed
out of contact with the sputtered material, and
the arc could then restrike and continue to
operate, thereby increasing the interval between
maintenance periods.

An immediate goal of our ion source program
is to develop a lithium beam for the MSU cyclotron,
using existing source hardware. A drawing of the
cold cathode ion source for the MSU cyclotron is
shown in Fig. 3. The cathodes are electrically
connected and the source body water cooled. A
pocket for LiF is located directly behind the ion

The energy of a 8Li3+

source extraction slit.
beam from the cyclotron can be as high as 75 MeV
and would be of interest to the Nuclear Physics
program. In addition the 3+ charge state would
be less sensitive to the acceleration chamber
vacuum than other lithium charge states and one

could expect interesting beam intensities.
References
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. SOLID CHARGE
POCKET .

EXTRACTION
SLIT

CATHODE

IV

Fig. 3.--A modification of the existing MSU cold
cathode ion source is shown. The two cathodes

are electrical connected by water cool tubes.

The ion source can be completely disassembled

for maintenance without breaking any water and
vacuum seals. A pocket for solid charge materials
is provided directly behind the ion source
extraction slit.

ADDENDUM:

On September 16, 1976, a 70 MeV beam of 1204+
at an intensity of 3.5 eMA was extracted from the
eyclotron using the heavy ion source described
above. Shortly thereafter, beams of 9g MeV l"'NS"'
at an intensity of 1 epA, 35 MeV 6Li2+ at an in-
tensity of 3 epA, and 72 MeV sLis+ at an intensity
of 15 enA were also extracted. An experimental
program using these beams started on September 20,
1976. With fupther experience, ion source change
times (i.e. the time to change the cathodes and

restrike the arc) of less than 15 minutes appear
feasible.
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Injection Orbits from a Tandem into a Superconducting Heavy-Ion Cyclotron

J.N, Bishop

We have studied orbits for injection of ions
from 13 MeV and 25 MeV tandems into the prototype
superconducting cyclotron magnet. A useful para-

meter for characterizing the orbits is:

E,/E
R = 2°71
2Q
6—3 -1)?
1
where Bl is the energy of the charge Q1 ion from
the tandem which is stripped to charge Q2 in the

cyclotron and accelerated to energy Ez. For a
uniform magnetic field with a hard circular edge
R<1.

no injection orbits with R>0.9.

We have found that for our magnet there are

Orbits were calculated starting from the
stripper foil at the hill center and for a $20°
range about the hill center and integrated back-
wards to the radius 36". Fig. 1 shows the
azimuth at 36"
variety of ions from a 13 MeV tandem.
=279° and 302° can cover

as a function of R for a wide
Two

injection ports at Br=36"
well the range in R from 0.30 to 0.79.
shows that the injection orbits through these
property of not

Fig. 2

two ports have the desirable
running along the edge of a hill where the magnetic
field gradient is large and where the RF field

is present.
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Fig. 1.--Azimuth at the magnet exterior (r=36")
necessary for injection with the stripper located
along a hill center (£20°) for a variety of ions
from a 13 MeV tandem.
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Fig. 2.--Injection orbits passing through the
points r=36", 6=279° and r=36", 6=302°,



Beam Extraction Studies for a E=500(q2/A) MeV Superconducting Cyclotron

M. Gordon, H. Blosser, D. Johnson, and F. Marti

Beam extraction from a superconducting cyclo-
tron poses difficult problems because of the very
high magnetic fields. Significant progress toward
solving these problems has been made in the year
Results

obtained from our most recent extraction design

since the last report on this work.l

studies are shown in Fig. 1.

These designs make use of "focusing bars"
which produce a quadrupole focusing effect through
a special configuration of iron‘bars, suggested
to us by C. Hoffman at Chalk River. This novel
design element, which is shown in Fig. 2, provides
much needed radial focusing during extraction.
Calculations indicate that the focusing bars will
produce a 5 kG/in gradient in our magnet situation.

At present, our preferred extraction design
consists of three electrostatic deflectors to-
gether with three sets of focusing bars, as shown
in the top part of Fig. 1. This arrangement avoids
the difficulties in placing high voltage electrodes
inside the dees. Moreover, the use of three
deflectors provides the system with added flexi-
bility.

Results from orbit computations displayed in
the top part of Fig. 1 indicate that a beam which
enters the system with a 2 mm x 3 mrad emittance
will emerge with a final radial width of 12 mm.
This is rather good considering the 4.3 meter
flight path of the beam through what would other-
wise be a highly defocusing magnetic field,

For comparison, the lower part of Fig. 1
shows results for an alternate design with the
third electrostatic deflector replaced by a
"supertube", This device is a superconducting
Nbssn tube designed at’Sfanford,2 which provides
an almost perfect magnetic shield with B=0
inside. The supertube with its cryostat requires
about 2 inches for comfortable beam clearance,
so that this design would utilize the first two
electrostatic deflectors to generate this
clearance. As indicated in Fig. 1, the beam for
this case, would have a shorter path within the
field and would then emerge with a radial width
of only 6 mm.

The calculations used to construct Fig. 1
have ignored the effects of the field penetration
near the ends of the supertube. Since the 0.64
inch aperture is small compared to the 15 inch
length of the tube, these.end effects are probably
To investigate this question more fully,
we are carrying out a series of calculations

small,

based on a surfage current distribution along the
tube given by:

de =z (2aB/u°)(cos¢ + g cos2¢)dé,
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Fig. 1.--Plots of r(inches) versus 8(deg) for
orbits of ions having E/A=49.4 MeV and q/A=0.31
tracked through two possible extraction systems
(top and bottom). In both cases, the two curves
give the envelope of a set of orbits which start
out at 8=-~24° on an emittance rectangle of dimen-~
sions 2 mm x 3 mrad. Shown in the background are
the isogauss contour lines which range from
B=01.2B; on the three hills near r=25" down to
B=0.15B, near r=35", where Bo=47.8 kG here. The
top and bottom drawings are identical in the
region between ¢=-24° and g=170° where the orbits
Pass through two electrostatic deflectors (8=-2y°
to +32° and §=104°-154°) having 137.5 kV/em
field strength, and through two sets of "focusing
bars" (9=94°-102° and §=2156°-164°) having 5 kG/in
transverse gradient. In the preferred system
shown at top, the ions then pass through a third
electrostatic deflector (§=170°-216°) and then

a third set of focusing bars (6=220°-250°), and
finally reach r=34.,4" at 8=300" with a radial
beam width of 12 mm. For the alternative scheme
shown at bottom, in place of the third deflector
and focusing bars, the ions pass through a '
"supertube” (§=212°-238°) where B=0, and finally
emerge at r=34.4" (g=246°) with a radial width
of only 6 mm. Note that the orbits pass through
one dee in the first magnet valley (9=33°9-93°)
and then run outside the dee in the next valley.

where. a is the supertube radius and ¢ is measured
from the midplahe (z=asin¢). Here, B is the exter-
nal field and.g=aB'/B, where B' is the field
gradient across the tube. We estimate that
g=0.1 in our case.

The above current is valid for an infinite
tube, and to close the circuit for a finite tube,
we assume the integrated current flows across the

tube end. This end-current is then given by:



I =
¢

and is depicted in Fig. 3 for the case where g=0.

(2aB/u ) (sinp + 1/2g sin2),

Although this type of current distribution is only
approximately correct, it is sufficiently simple
to make the resultant field calculations fairly
reasonable. Fig. 4 shows, for example, the field
along the supertube axis produced by the current
shown in Fig. 3. We plan to use such field cal-
culations to evaluate the resultant beam focusing
and aberration effects.

The Stanford group has kindly supplied us
with a sample supertube, and we have successfully
operated this device in the edge region of a
large spectrograph magnet and have verified that
Although these

results are encouraging, the operation of super-

B 'is very small inside the tube.

tubes is not sufficiently reliable as yet to
warrant its use in our present design. Con-
sequently, the cryostat for the superconducting
magnet now under construction has been designed
to accommodate the more conventional extraction
system described above,
and theoretical work on the supertube will be con-
tinued in the hope that this device can be per-
fected for use in a future superconducting

cyclotron.
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Fig. 2.--Median plane magnetic field B, produced
by three magnetized iron bars shown in cross-
section at right. The black dot at y=14 indicates
the beam center (B;=0). The plot at left gives

B, in kG versus y in an arbitrary length unit
which determines the focusing gradient at the
beam center. If, for example, y=20=20 mm, then
this gradient is 6.3 kG/inch. The calculations
assumed a uniform vertical magnetization of the

bars corresponding to an internal field of 21.4 kG.

Nevertheless, experimental
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Fig. 3.--Surface current distribution near the
end of a supertube. Upper drawing shown side
view in perspective, while lower drawing shows
top view of the current.

Fig. 4.--Magnetic field B, along supertube axis
(x-axis) produced by the surface current shown
in Fig. 3 plus the external Field Bg. The tube
radius is a.



Cyclotron Instrumentation

P. Miller, H. Blosser, W.S. Chien, J.F.P. Marchand, and G. Stork

1.  Internal Beam Phase Probe

A probe for measuring the phase of the cyclo-
tron beam anywhere on the radius interval between
3" and the full energy radius, 29.5", has recently
become operational. A thin coating of Mg0 (scin-
tillator) deposited on a water cooled copper tar-
get intercepts the cyclotron beam at the probe tip.
The resulting light pulse is directed by a pair
of mirrors along the axis of the probe to a photo-
multiplier outside the cyclotron. The photomulti-
plier anode pulse and a reference marker derived
from the dee voltage zero crossing are displayed
on a 2-channel sampling oscilloscope (Tektronix
3576/RM564) which is interfaced to the PDP 11/20
computer used for cyclotron control. The computer

“averages a number of oscilloscope sweeps and
derives the phase shift between the two signals
by a fitting procedure. The result of making
such a measurement at a number of probe positions
is a phase curve (see examples) in Fig. 1.
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Fig., 1. Beam phase vs. probe radius for 27 MeV
SHe** jons before correction (circles) and after
one correction pass {(crosses).

The instrument has no energy threshold,
which is the major deficiency of the standard
gamma-ray time of flight methods of phase measure-
ment. In fact, the signals are largest at low beam
energy.

Since it intercepts the beam, the probe can
measure one turn at a time. By contrast, phase
measuring methods that use direct capacitive or
inductive pickup,give an everage over several
turns. Also, such devices would be more suscep-
tible to pickup of the rf signal.
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2. Phase Width Monitor

A gamma-ray detector with good timing char-
acteristics has been assembled to measure the
phase width of the cyclotron beam. Tt has been
used to check the proton beams used for neutron
time of flight experiments. A typical width
measured on the beam stop at the cyclotron exit
is .37 nsec. FWHM (2.3 rf degrees) for 35 MeV
protons, shown in Fig. 2. The two peaks repre-
sent a 4 nsec. change in the time delay of the
reference (stop) signal (for calibration). The
apparatus is diagrammed in Fig. 3.
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Fig. 3 Block diagram of the phase width mea-
suring apparatus.

Fig. 2 Two superimposed gamna-ray time spectra

with # nsee. change of delay for calibration.
Peak width is 0.37 nsec.” FW@M.



Time spectra under conditions similar to
those for Fig. 2 have shown a peak width as small
as .34 nsec. In tests using a 60Co y-ray source
and a similar detector in coincidence as a timing
reference, the time resolution was .25 nsec FWHM.
The energy threshold was lowered for this test.
Assuming that the two detectors dontribute equally
detec-
FWHM.
nsec

the

and in quadrature to this width, the single
tor electronic resolution limit is .18 nsec
Subtracting this in quadrature from the .37
shown above gives .33 nsec (2.1 degrees) as
cyclotron beam phase width.

3. Tests of Devices for Superconducting Cyclotron

The transfer of proven designs for cyclotron
parts, for example the electrostatic deflector
and beam probe, to the superconducting cyclotron
will require some miniaturization and other
changes of the devices. The present cyclotron is
being used to test these modifications.

3.1.

The electrostatic deflector high voltage

Electrostatic Deflector

electrode was replaced with one designed to fit
It differs by the
absence of water cooling and a smaller cross
u).
model sections made of carefully polished hard

in the reduced magnet gap.

section area (see Fig. After testing small
chrome plated copper, inconel, and 304 stainless
steel and obtaining equally satisfactory sparking
performance from all samples, we chose stainless
steel as the material for building the prototype,
based on cost of material, machining ease and
amount of radiation exposure to maintenance per-
sonnel from induced radicactivity. A final sample
was commercially polished using standard buffing
techniques and also held voltage well, so the

The electrode

has been used in the cyclotron continuously for

4 months. It has been found to hold 95 kV in
conditioning tests.

prototype was made in this way.

The highest voltage used so
far in actual cyclotron operation is 89 kV.

t—>
Spark Anode:p"“"|
- — 21 — . -

-~ 051 42"
High "
Voltage 2.5
Elgct?odo
Septum 0.28(0.7icm.)
Fig. % Cross section of deflector assembly.

The septum and the spark anode plates are 0.020"
(0.5 mm) thick tungsten.
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The 3 alumina supporting insulators in the
old design have been replaced by 2 smaller boron
nitride insulators and a metal tension rod which
also serves as the connection to the power supply.
After three months one insulator broke down at
The
apparent cause was surface contamination from the

high voltage and required replacement.

vacuum system.

Tests of this deflector with the tungsten
spark anodes moved closer to the median plane
(Note: 1In the first
conditioning test a potential of 93 kV was
reached.)

are planned (see Fig. 4).

3.2,
A differential beam probe consisting of two
overlapping water-cooled targets which can stop
the beam is the normal diagnostic probe used
for tuning the MSU cyclotron.

Beam Sensing With Secondary Electrons

Such a device

would be desirable in the superconducting cyclo-
but its sensitivity to the beam direction
dictates that

tron,

it move along a magnetic symmetry

line, such as the center of a hill.

The large
new magnet would imply that the
probe would be mechanically complicated.

spiral in the

In order to get the same information from
a radially-moving probe, we have built and tested
successfully a probe with a 0.5 mil (.013 mm)
dia. tungsten wire as the differential electrode.
The current signal comes from secondary electrons
leaving the wire, which was inclined slightly
with respect to the magnetic field to avoid
recapture of the electrons on the wire support
posts. The yield of secondary electrons is seen
to increase with energy (see Fig. 5). A thin
wire is necessary to prevent overheating, since
the wire is cooled only by radiation.

A non-intercepting secondary electron monitor
for position sensing which uses the residual gas
as the target has been installed in .the cyclotron
at the exit port of the magnetic channel to mea-
sure the sensitivity and check the feasibility of
such a system for sensing the position of the
beam in the extraction channel. A clearing
field of about 2 v/cm produces saturation of the
signal. Using plates that are 5.08 cm along the
beam direction and wide enough to cover the orbit,
we obtained the data shown below. The pressure
was estimated from the gas flow rate to the ion
source and the estimated conductance of the

structures in the magnet gap.

Beam Electron Pressure Sensitivity
ion energy current current
Mev]l [epal [pAl [uTorr ] [pA/uTorr-epi-cm]
12c+3 30 .24 120 14 7
lH+ 12 5 280 30 4
i 35 .48 800 250 1.3

* Measured in a magnet separate from the cyclotron.
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