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Introduction

The Main Ring of the NAL accelerator uses two bending mag-
nets, Bl and B2, in its separated function lattice. The
nominal aperture of Bl ig 5 in. x 1.5 in. and that of B2 is
4 in., x 2 in. Lari and Tengl have published designs obtained
by use of the computer program TRIM. Their designs have the
advantages of good field uniformity over v 80% of the nominal
aperture and minimal saturation effects for fields up to
N 20 kg. The designs have the disadvantages that crenellation
is required at higher fields and also that close proximity of
the inner conductors to the good field region requires that
these conductors be accurately located. For example, there
is a tolerance of * 0.005 in. on the average midplane gap
between the inner conductors.

The work described in this report was undertaken in an
effort to improve the high field performance of the two bending
magnets. At the same time, we would like to increase the
distance of the inner conductors from the center, if possible.

We have used the computer program LINDAZ.
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Design Input Data
Parameter Bl B2
Nominal Aperture 5 in x 1-1/2 in 4 in x 2 in
Turns 12 16
Outer Yoke Dimensions width 25-1/4 in width 25~1/4 in

height 14-1/4 in height 14-1/4 in

Stacking factor 0.99 0.99
Overall area per (outer) 1.01 ing 1.01 ing
Conductor (inner) ~0.9 in 1.01 in

Minimum clearances

cond to cond .030 in .030 in
cond to grnd .085 in .085 in
Coil Configuration 2 outers, 2 outers,
1 inner 1 inner
Good Field K=-BL |K] < 0.01 m L |K|] < 0.01 m T

B

Table 1. Design Parameters for Bl and B2 Magnets

The design parameters are listed in Table 1. The
apertures and turns are discussed in reference 3. Since Bl
and B2 magnets will be connected in series, it is necessary
that their fields "track". Calculations4 indicate an
excursion of 1.5 cm in the equilibrium orbit for a 1% Bl - B2
field difference. Thus the tracking error should be <<1% at
low fields. The outer yoke dimensions are strongly influ-
enced by engineering and economic considerations. The values
listed in Table 1 have evolved in a manner which has not
always been clear. The stacking factor has been taken from

measurements5 performed on model magnets. The conductor
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area and good fiedd criterion come largely from reference 3.
The coil configuration was chosen in an attempt to minimize
costs6. For the same reason, a coil of large cross-section
conductor is favored over parallel coils of smaller cross-
section conductor.

In order to calculate the magnet performance, especially
at high fields, it is necessary to know the B~H curve of the
steel which is to be used. Tests7 have been made on sample
low carbon steel supplied to NAL by the steel vendors. The
B-u-H values are given in Table 2 under the heading "TEST".
In oxrder to demonstrate the effect of variations in y we
have also done calculations using the decarburized steel
table contained in the LINDA program. B-u-H results for
this steel are given under the heading "LINDA" in Table 2.
Note that we have not bothered to round off the numbers in
Table 2. Recent CERN results8 up to 20 kgauss are in agree-
ment (within #ew percent) with the table in LINDA, excepting
at very low fields where LINDA uses a straight line for
simplicity, since the low field u values do not influence the
field shape at the fields considered in this work. From
Table 2 it is apparent that the test steel p values show a
marked "bump" relative to the Linda steel p values in the
range v~ 20-22 kgauss. In fack some of the test steel results
fall above the tabulated results for pure iron9 in this
region. It would therefore seem wise to treat them with some

caution until they can be rechecked. They have been included
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LINDA TE ST

B(TESLAS) MU H (OERS) B (TESLAS) MU H (OERS)
0. 4444 .44 0. 0. 7246 .38 0.
1.2000 3246.75 3.696 1.0000 7246.38 1.380
1.4000 2222,22 6.300 1.0500 7241.13 1.450
1.5000 1499.25 10.005 1.1000 7097.23 1.550
1.5500 1069.52 14.492 1.1500 6887.05 1.670
1.6000 709.22 22.560 1.2000 6666.67 1.800
1.6500 458.72 35.970 | 1.2500 6345.18 1.970
1.7000 308.64 55.080 1.3000 5910.17 2.200
1.7500 230.41 75.950 1.3500 5509.64 2.450
1.8000 176.37 102.060 1.4000 4516.71 3.100
1.8500 139.08 133.015 1.4502 3222.69 4.500
1.9000 111.11 171.000 1.5000 2418.96 6.201
1.9500 90.09 216.450 1.5502 1291.99 11.998
2.0000 75.19 266.000 1.6000 727.27 22.000
2.0500 60.98 336.200 | 1.6502 445.83 37.013
2.1000 49.50 424.200 1.7000 309.12 54.995
2.1250 44.25 480.249 1.7501 224.42 77.986
2.1500 39.06 550.400 1.8000 171.41 105.012
2.1750 33.00 659.025 1.8501 140.19 131.970
2.2000 26.53 829.400 1.9000 117430 161.975
2.2500 18.00 1249.987 1.9501 101.60 191.951
2.2797 15.00 1519.780 2.0000 89.29 224.000
2.3069 13.00 1774.505 2.0501 79.74 257.085
2.3443 11.00 2131.179 2.1002 71.94 291.933
2.3996 9.00 2666.176 2.1501 59.74 359.929
2.4905 7.00 3557.854 2.2000 38.26 575.080
2.5627 6.00 4271.207 2.2501 22.50 999.949
2.6706 5.00 5341.198 2.3000 15.65 1469.700
2.8498 4.00 7124.531 2.4000 9.76 2460.000
3.2074 3.00 10691.094 2.5000 7.35 3400.000
3.5644 2.50 14257.630 3.0000 3.57 8400.000
4.2782 2.00 21391.201 4.0000 2.19 18296.000
4.8134 1.80 26740.948

5.7052 1.60 35657.332

6.4186 1.50 42790.467

7.4887 1.40 53490.838

9.2721 1.30 71323.907

10.6989 1.25 85591.028

12.8389 1.20 106990.291

23.5390 1.10 213990.594

Table 2. B-pu-H tables for Linda steel and Test steel.
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in the work of this report in order to facilitate com-
parison of our design with other designs which also have
used the test steel U values.

Calculations assuming a stacking factor of 0.96 have
also been made to show the effect of this parameter. Thus
we have caloulated 3 cases in all for both Bl and B2, with

the steel and stacking factor assumptions set out in Table 3.

Case Stacking Factor Type of Steel
0.99 Linda
0.99 Test
0.96 Linda

Table 3. The parameters assumed in the three cases cal-
culated for both Bl and B2.

Design Method

As noted above, the design computations were done using
the computer program LINDA. This is a two dimensional mag-
netostatic program with general boundaries. One may use
either a built in B-H table for a good decarburized iron or
an arbitrary iron magnetization curve may be input. The
computer runs were made on C.D.C. 6600 machines at N.Y.U.
and L.R.L.

Both our Bl and B2 designs use tapered pole tips and
edge shims. We define the quantity Ampfac as:

_ Excitation for midgap B with given iron
~ Excitation for midgap B with infinite perm. irpn

Ampfac
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The advantage of tapering the pole tip is that the leakage
flux is reduced. This results in less saturation of the
magnet at a given midgap field, i.e. a lower value of Ampfac,
It is particularly important for good high field performance.
Tapered pole tips have appeared in the literature of magnet
design for more than 30 yearslo. The advantage of edge
shims is that the good field region is increased for a given
magnet pole size and was first noted by Rosell in 1938.
Figure 1 shows the design starting point. The shim
was placed at a distance of one half gap beyond the nominal
aperture mainly on the basis of Figure 4 in Rose's paper.
A transition of 0.2 in. (one mesh unit) was allowed on each
side of the shim. The shim thickness was determined by
trial and error. The distance D was chosen = (one half
nominal aperture + ~ 0.5 in) in an effort to move out the
inner conductor. Then the coils were set up in the coil
space so as to have Rs » Rt. The design then proceeded by
trial and error to find the correct shim thickness to correct
the low field K curve. The high field K curves were corrected
by an appropriate combination of inner conductor position D
and taper 0. The K curve variations for these changes are
sketched in Figure 2. The Ampfac walues were kept as small
as possible throughtut the work.
The final Bl and B2 magnets are shown in Figure 3 and
Figure 4 respectively. They were obtained with Linda iron,

but appear to be close to optimum for Test iron also. As
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can be seen from Figure 3 and Figure 4, the symmetrical

H type magnets have been set up in the second quadrant.
This corresponds to an MTYPE=4 magnet in the LINDA program.
A mesh size of 0.2 in x 0.2 in was usually employed. App-
roximately 6 minutes of CDC 6600 computer time was required
to run a given magnet prohlem for one value of the central
field.

Inspection of the Bl and B2 designs shows that we have
not been able to move the inner conductors away from the
center to any appreciable extent. It appears that this fact
is related to the somewhat restrictive outer yoke dimensions
specified. Rough calculations made on a B2 magnet in which
both outer yoke dimensions were increased v 1/2 in. indicated
that the inner conductor could be moved out to v 2.3 in.
which would ease the tolerance requirement by a factor v 2.

Figure 5 and Figure 6 show the flux lines and potential
lines for Bl and B2 respectively at 21 kgauss with Linda
iron and stacking factor = 0.99, i.e. Case 1. The potential
dzop along the return path is smooth and there are no badly
saturated areas. The increment between scalar equipotentials

in the iron is 1% of the gap excitation.

Magnetic FieldWGradient Results

Case 1 Stacking Factor = 0.99, Linda Iron
The midplane K curves are shown in Figure 7 and Figure 8A
for Bl and B2 respectively. The good field region (% 2.25 in.

for Bl at low field, * 1.65 in. for B2 at low field)
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decreases ~ 20% Bl, v 8% B2 up to n 20 kgauss. It then drops
a further ~ 25% for Bl, v 9% for B2 as the K curves rise. The
K curves then change direction and fall rapidly as the field
is increased further. Full aperture is available at ~ 21.9
kgauss. Alternatively, if it was desired to have full
aperture at 22.5 kgauss, then a line integral second deriva-
tive correction «%;E— x path length) of ~ 650 kgauss m_l

per half cell would be required. Each half cell is designed
to have a one foot long sextupole capable of a maximum
gradient of 2.0 x lO3 kgauss m_2 (i.e. 600 kgauss m—l pexr
half cell) which is probably sufficient correction to main-
tain full aperture at 22.5 kgauss.

Also shown in Figure 7 and Pigure 8A are the Ampfac

values for each field. The tracking error of Bl and B2 is

given by the difference in magnetic field for the two magnets

at a fixed Gurrent. Figure 8B shows how the tracking error

may be determined. The Ampfac values are plotted against
magnetic field for each maghet. Constant current lines
(hyperbolic) are drawn in the region of interest. These
lines are used to determine the slope of the line P1P2

such that ABl = -AB2. Then Pl and P2 give the operating
points of Bl and B2 at the same eurrent. For example, the
tracking error at 22.5 kgauss is 0.9% which is much less
than the 2.7% difference in Ampfac for the two magnets at

a fixed field of 22.5 kgauss. This may be excessive. How-

ever, D. Edwards notes4 that most of the deviation is
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caused by the non-uniform distribution of Bl and B2 magnhets
in the regions of the long straight sections and medium
straight sections. Thus installation of correction magnets
in these regions only would probably allow 22.5 kgauss
operation. The tracking error at fields up to v 21.5 kgauss
is negligible.

In our computations we have gemerally used a 0.2 in. x
0.2 in. mesh. The effect of changing from this mesh to a
0.1 in. x 0.1 in. fine mesh was investigated for several
fields for both Bl and B2. The fine mesh results for K are
shown by the dotted curves and the fine mesh Ampfac results
are shown to the right of the Ampfac tables in both Figure 7
and Figure 8A. In the present work it is clear that the
errors of the 0,2 in. mesh are small. Thus the use of 0.1 in.
mesh for all calculations, with Vv 4 fold increase in computer
time, was not necessary.
Case 2 Stacking Factor = 0.99, Test Iron

These results are shown in Figure 9 and Figure 10. In
comparison with the Case 1 results the Case 2 K curves show
a larger scatter in the 20 kgauss to 21.5 kgauss region.
The 20 kgauss curve moves lower while the 21.5 kgauss curve
moves higher. However, the performance at the highest
fields is improved. The present case also has lower Ampfac
numbers than Case 1 but the tracking situation is very
similar. The scatter of the K curves in the 20 kgauss-21.5

kgauss re@ion appears to be due to the "bump" in the Test @
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values in this region. The sextupole correction required for
full aperture at 22.5 kgauss in Case 2 is only about half
that required for Case 1.
Case 3 Stacking Factor = 0.96, Linda Iron

The K curves for this case are shown in Figure 11 and
Figure 12. The high field results are now much worse. The
present curves can be obtained approximately from those of
Case 1 simply by estimaténg the position of the curve in
Case 1 corresponding to a 3% increase in flux density. The
importance of maintaining the highest possible stacking
factor in order to achieve good high field performance is
also apparent when one compares the Ampfac tables for Case 1
and the present case.

Power Requirements

The power requirements are summariged in Table 4. The
results from Case 2 have been used. It has been assumed that
the average conductor length per turn is 43.5 ft. and that
the conductor corners have 1/16 in. radi#us. The resistivity
used is that for 100% conductivity copper at 20°C
(6.79 X lO_7 Q @n.). The resulting Bl and B2 resistances
are 5.06 x 10_3 ohm and 6.19 x 10_3 ohm respectively. Since
all magnets are in serges and the numbers of Bl and B2
magnets are nearly equal then the current for a given average
field will be the average of the Bl and B2 currents, to a

good approximation. This is also apparent fwem Figure 8B.



Mag. | Proton Bl , B2 Average Power (kw)
Field |Energy | Ampfac Current Ampfac |Current Current ,
(kgauss)| (GeV) (Amps) (Amps) (Amps) | B! B2
9 200 1.002 2279 1.002 2272 2277 26.2 32.1
18 200 1.022 4646 1.022 4687 4647 109.3 {133.7
20 444 1.059 5354 1.058 5347 5351 144.9 |177.2
21 467 1.086 5762 1.081 5736 5749 167.2 |204.6
21.5 478 1.105 6002 1.096 5955 5979 180.9 |221.3
22 489 1.135 6310 1.119 6221 6266 198.7 {243.0
22.5 500 1.178 6694 1.150 6540 6617 221.6 |271.0
Table 4. Bl and B2 power requirements. The power

figures are for the average current shown.
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Discusgsion

We have shown that is is possible to design Main Ring
bending magnets which maintain adequate aperture up to
proton energies ~ 500 GeV (corresponding to a magnetic field
v 22.5 kgauss). Some sextupole correction is necessary
at the highest fields. The basic feature of the design is a
tapered pole with edge shims. Detailed comparison of the
present design with that of Lari and Teng is a little
difficult because some parameters are different in the two
designs. Case 3 uses parameters which are close to their
parameters. However, the overall dimensions differ slightly
and the present design uses ~ 10% more copper area. Perhaps
the simplest statement that wan be made is that the present

design achieves somewhat better K curves than the crenellated

case described by Lari and Teng.

As noted earlier, we were unable to alleviate the small
tolerances on positioning the inner conductor. The reason
for this appears to be the rather restrictive limits placed
on the overall dimensions of the magnrets.

In addition to the magnet designs described by Lari and
Teng and by this report, a third Bl«B2 design scheme hae been
investigated7. This third design Used subsurface air holes
in the outer regions of the pole tip for Bl and a reduced
pole tip width for B2. During the progress of our work, NAL
froze the coil window dimensions at values obtained from the

third design in order to proceed with outer coil manufacture.



-13-

TM~194

0423
These values differ by a few tenths of an inch from our
values. However, the thifd design has poorer high field
performance than the design described in this report, so
attempts will now be made to incorporate the tapered pole
with edge shims into a design which uses the existing coil
window. Initial results of this work7 indicate high field
performance which is very similar to that of the magnets
described in our report.
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134 CYCLE S TRAPE 1H22 UZERO = GO.
2.1000 TESLRS FILE 1 DELU = .010000
AMPFRC = 1.0995% AZERO = 0.
11725769, 19.17.20. DELR = - 200000
¥ FROM -13.000 TO Q.
Y FROM 0. TO 7 .200
SCRALE FACTOR = 20.000

FIGS  BL FLUX AND POTENTL LINES 2| kgauss.
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119 CYCLE 6 TAPE 1822 UZERDO = 0.
2.1000 TESLAS FILE 2 DELU = .010000
AMPFAC = 1.092H AZERDO = 0.
11722769 . 23.37.50. DELR = . 200000
X FROM ~-13.000 TO 0.
Y FROM 0. TO 7,200
SCALE FACTOR = 20.000

FIGG B2 FLUX AND POTENTIAL LINES, 2l Kgauss .
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