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ABSTRACT

This two-volume design report contains detailed documentation of the
Beam Director Project, a design and fabrication effort undertaken by Brobeck
Corporation for the Lawrence Livermore National Laboratory (LLNL). Follow-
ing an initial concept study for a beam director, a prototype permanent
magnet 30° beam-bending achromat and a prototype vernier Steering magnet
were designed and built, Included in Volume I of this report are an execu-
tive summary, a statement of design requirements, a summary of the design,
photographs, a2 detailed analysis and computation section, a summary of
materials used, a description of the manufacturing process, as-built assem-
bly drawings, a summary of project funding, and a 1list of references.
Included in Volume II are copies of the funding instruments, requests for
quotations, purchase orders, a complete set of as-built drawings, magnetic
measurements reports, the concept design report (9/83), and the final

report (12/85) on the design and fabrication project.
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1.0 EXECUTIVE SUMMARY

In a conceptual study conducted in 1983, Brobeck Corporation designed a
permanent magnet bDeam director to transport high energy electrons, The
report on the conceptual design study is included as Appendix G, Volume I,

The conceptual design of the beam director is shown 9n Figure 1-1. The
beam passes through the first bending and focusing system (or "achromat"),
through the second achromat, through the air-to-vacuum interface (the “beam
window"), and finally through the vernier steering syétem ("vernier"}.

The overall concept for the achromat was established during the concept-
ual design study, where it was shown that an achromatic bend could be achieved
with a grouping of bending magnets (dipoles) inserted between alternately
focusing and defocusing quadrupole magnets. It was also shown that the
required bending magnet fields and quadrupole magnetic gradients could be
obtained using permanent magnets, The use of permanent magnets makes the
achromat lightweight ind compact, because it fs unencumbered by heavy power
supplies, coils, and large cooling systems, This is especially advantageous
to the beam director because it allows greater maneuyerabiliy,

Two permanent magnet 30° beam-bending achromats are the major components
used for bending the electron beam. A single achromat produces an achromatic
bend of a specific angle, “alpha" (in this case, 30°). By using two such
achromats joined in tandem, any desired bend direction from 0° up to 2 alpha
{in this case, 60°) can be obtained,

A high degree of accuracy for the magnets is required to achieve the

desired beam optics, To compensate for iikely field errors and to provide

1-1
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some gperating flexibility, trim coils for adjusting the quadrupole gradients
are installed along the outside of the achromat,

The vernier is a non-achromatic steering device used to provide a rela-
tively smeil amount of fime tuning of the final bend angle. Since the bend
angle is small (less than 2°), the chromatic aberration is not significant.
The main concern is that the unit be lightweight, with an accurate and easily
controlled magnitude and direction of bend.

For the vernier, two sets of mutually perpendicular ¢oils in a coaxial
arrangement are used, One set of coils bends the beam in the horizontal
plane and the other in the vertical plane, By energizing the coils in combi-
nation, the beam can be aimed within £ 2° from the major axis.

During 1984, the design work continued on the achromat, vernier, and
beam window. Detailed drawings wers completed, and severa design reviews
were held af Lawrence Livermore National Laboratory (LLNL),

In 1985, Brobeck Corporation was authorized to buitd a prototype achromat
and a prototype vernier for verification testing at high beam currents at the
Advanced Test Acrelerator (ATA) at LLNL, These two compenents were selected
for development to show that the required accuracy could be achiaved and to
demonstrate the beam director's effectiveness a% very Righ currents in the
special enviranments that could be simulated in the laboratory. (Although the
beam director inciudes two achromats, it is only necessary to design, build,

and test one achromat in order to determine feasibility). Development of the

spinning disk beam window was not considered as critical as the achromat and
vernier to the succes: of a beam director, so further work on the window was
pastponed,
The prototype achromat and vernier were completed in December 1985, and
1-2
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a preliminary test at low current has been successfully accomplished using
the RF Tinac at LLNL. A test at full power is planned for a later date, to
be determined by the ATA operating schedule. The final report on the design-
and-build praject is included as Appendix H, Volume II.

Tests at the high beam currents available from the ATA will provide
answers to critical gquestions regarding operation of beam director comgonents
at high currents where space charge and ionization problems may be present.
Full testing and experimental verification of the finished comporents are
required before undertaking the design and construction at a higher perform-
ance level,

In 1986, Brabeck Corparation was contracted to groduce a design report
on the beam director project. This design report documents the beam director
project from concept to operating hardware. The report is in sufficient
detail so that anyone familiar with magnetic beam optics could build another
achromat and vernier without repeating the design work and material selection.
The design documeatation for these components is intended tc serve as a major

first step in beam director development,

1-3
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FIGURE [-1. CONCEPTUAL DESIGN QF THE BEAM DIRECTOR
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2.0 STATEMENT OF REQUIREMENTS

The following specifications for the achromat and vernier were developed
during the conceptual design study,
® RCHROMAT

The achromat contains permarent magnet dipoles and quadrupoles for bend-
ing and focusing & beam of 45 MeV electrons., The total bend angle is to be
® 30° and is to be made with no chramatic dispersion, A first-order achromatic
bend is required. To achieve this, the betatron phase advance in the plane
of the bend is to be 2 7 radians., Tha phase advance will assure that the
® horizontal phase space portion of the transformation matrix be an identity
matrix. The vertical phase space portion will be nearly an identity matrix,
but it need not be exactly so, With this overall transformation matrix, the
L phase space coordination of the exiting beam will be nearly identical with
those of the entering beam, Because the magnetic focusing characteristics of
permanent magnet quadrupoles may not prove to be exactly as desired, a set of
e quadrupole trim coils is provided with sufficient field adjustment to compen-
sate for field errors and to give operational flexibility.

The overall magnetic length of the achrematic bend is 157 cm, with a
9 clear aperture adequate to tramsport a beam with an initial diameter of gne
centimeter, The beam tube has an electrically conducting surface to carry
the counter current, with an end connection to conduct the current to adjacent
® beam tubes without sparking, The tube and end connections are part of the
vacuum system.

Cooling coils are used to maintain the achromat at a nearly constant

L temperature in order to avoid field changes in the permanent magnets, which

2-1
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are slightly temperature sensitive. The cooling system is also used to
dissipate the ohmic heating of the trim coils.

The achromat structure is lightweight, but with sufficient structural
rigidity to maintain alignment of the magnetic elements. The end flanges are
compatible with the tank flanges on the ATA to facilitate installation for

testing.

VERNIER STEERING MAGNET

The vernier is a set of electromagnetic coils that will produce well
controlled transverse magnetic fields of sufficient magnitude and direction
to steer a 45 MeV electron beam to any desired direction of bend up to 2° off
the achromat axis, The transverse magnetic field is produced by two sets of
coils that are separately controlled in such a way as to permit easy rotation
of the resultant field vector, Rotating this vector to a prescribed position
will control the direction of the bend, while setting the magnitude of this
vector will control the amount of the bend,

The nominal Tength of the vernier is 40 centimeters, with a clear apert-
ure large enough to allow clearance for the deflected beam as well as possible
beam bl ow-up.

| The inside of the beam tube has sufficient electrical conductivity to
carry the counter current induced by the beam current. There is also a
conducting path at the ends of the beam to conduct this counter current to
adjacent beam tubes without sparking,

The unit operates in a tank that provides control of the environment.
The tank may be operated at a vacuum or with low pressure gases to invastigate

the problems associated with space charge and with ionization of the residual

BROBECK CORPORATION J
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gas. Water-cooled coils are installed to dissipate ohmic heating when operat-
ing in a vacuum, Since steady state cooling in a vacuum may be excessively

difficult, it is recommended that operation be limited to short periods of

time.

2-3
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3.0 DESIGN SUMMARY

The achromat is designed to bend a 45 MeV electron beam 30°. The achro-
mat uses permanent magnet dipoles and quadrupoles in a lattice structure
designed to give a 360° phase advance. The characteristics for the design
are listed in Table 3-1. The arrangement of the dipales and quadrupoles is
shown in Figure 3-1 and the arrangement of permanent magnet segments required
to produce dipole and quadrupole fields is shown in Figures 3-2 (dipole) and
3-3 (quadrupole). The focus{ng characteristics (non-zero matrix elenen:s)
are shown in Table 3-2, The final design used defocusing quadrupoles in the
end positions, as shown in Table 3-2; the arrangement shown in Figure 3-1
{with focusing quads at the ends) is from the preliminary concept study, as
is Table 3-1,

The magnetic strength and the alignment of the permanent magnets varies
slightly from segment to segment due to random errors. In order to minimize
any adverse effect thai variations in alignment and magnetic strength may
have upon the achromat, each segment was separately measured for magnetic
moment and arfentation of magnetic axis. Using these measurements and a
simple algorithm, the segments were sorted prior to their assembly into
dipoles and quadrupoles in such a way as to minimize accumulative errors.

The assembled dipoles and quadrupoles were also measured, so that they
could be positioned in the achromat in Such a way as to further distribute the
magnetic errors and thus minimize aberrations. The measured dipole fields
shown in Table 3-3 were all slightly higher than the desired 0.1107 tesla.
The maximum value was 0.1126 tesla and the minimum was 0.1115. On average,

the fields were about 1% high; however, the effective magnetic length was, on

3-1
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average, about 3.5% longer than desired. As a consequence, the optimum
energy for transmission through the achromat is 46 MeV rather than 45 Mev,

The measurements of the quadrupoles show (in Table 3-4) that the integra-
tion of their gradients over their Tength gives an effective B' x Lags from
1,379 to 1.400 tesla. This compares with a design objective of 1.362 tesla,
Thus, the achieved gradient x length products are about 2% high on average,
This is in the same direction as the error in the dipeles, The achromat's
trim coils will provide adequate compensation, since about 4% adjustment in
effective gradient is available,

The vernier is designed to bend a 45 MeV electron beam 2° using two
orthogonal sets of coils separately energized tu control the direction and
magnitude of the bend angle. Table 3-6 lists the target specifications and
shows as-built values based on magnetic measurements. As can be seen, the
required current is somewhat lower than targeted because the effective magnet-
jc Tength is longer than initially projected. The coil resistance and the
required voltage are slightly higher than the design objective.

A summary of the current, power, and veltage requirements for the achromat

trim ¢oils and the vernier is given in Table 3-§.

3-2
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ENERGY
LATTICE
MAGNET DEVICES

BEAM TUBE APERTURE
MAGNET APERTURE

COOL ING

45 MeV Electrons
(f 8 Qp Qp B Q) x4

Permanent magnet dipoles
Permanent magnet quadrupoles

2.84 cm
3.24 cm

QUADRUPOLE CHARACTERISTICS (16 QUADS)

Gradient
Length

R1

R2

Magnet weight

DIPOLE CHARACETERISTICS (8 DIPOLES)

8

Length

Rl

R2

Magnet weight

PERMANENT MAGNET MATERIAL

Ferrimag

TRIM COIL CHARACTERISTICS

A gradient
Current
Voltage
Power
Inductance

Water cooled
Flow required

3-3
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TABLE 3-1, ACHROMAT CHARACTERISTICS

78

0,3800 T
3500 Oe

4,8 g/cm3
1.05 - 1.07

0.00256 T/cem (2%)
10.8 amp

105 volt

1134 watt

1.5 mH

0.7 gpm
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FIGURE 3-1. MAGNETIC LATTICE SHOWING THE ARRANGEMENT OF
QUADRUPOLES AND BENDING MAGNETS (DIPOLES)
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FIGURE 3-2.  PERMANENT MAGNET DIPOLE
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16 PERMANENT MAGNET SEGMENTS

Arrows show direction of magnetization
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FIGURE 3-3.

PERMANENT MAGNET QUADRUPOLE

|

16 PERMANENT MAGNET SEGMENTS

Arrows show direction of magnetizatian
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TABLE 3-2. BEAM PATH THROUGH ACHROMAT WITH SHOWN ELEMENTS
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TABLE 3-3. PERMANENT MAGNET DIPOLES
22 November 1985

Quadrupolz  Sextupole

B x Laft B Dipole Dev, Relative Relative
SIN (T/m? (T) (degree) 3 %
Bl 0.01030 0.1120 -0.43 0.5 4.8
Bé 0.01027 0.1117 -1,14 2.0 4,5
B3 0.01028 0.1117 +1,00 2.7 4.0
B4 0.01028 0.1115 +0.01 2.2 f.0
BS 0.01032 0.1119 =0.74 1.2 5.0
B6 0.01033 0,1124 -0,93 1.0 4.1
B? 0.01034 0.1123 -0.32 2.4 4.5
BB 0.91030 0.1117 -0.46 0.6 3.4
B9 0.01035 0.1126 -1.01 1.0 2.7
BLl* 0.01029 0.1119 -0,96 0.5 4.8

*Measurement redone,
3-8
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TABLE 3-4. QUADRUPOLE ASSEMBLIES MEASUREMENTS SUMMARIZATION
DATASET QUAD  ORIENT  SC AXIS  SC AXIS  E’Leff QUATT  ALFHA Tt Rloff
I OFFSET ANGLE ANGLE
(mm) (des) (Tecle) (deg) {ded) {(nT=1)
11056€0 8D tlora 0,16 98.3 1.379 4.4 0,125  0.221
1106C1 8D Norm 0.14 97.% 1,379 4.4
1106€2 8n Rev 0.17 =111.9 1.379 -17541
1106C3 Bl Rev 0.17 =1i1.9 1,380 17041
1125A0 1F Norm 0.06 272 1.387 543 0.100 0,083
112541 1F Noram 0,04 28,0 1.3Bé 9.5 0,083
112542 1F Rev 0,04 ~147.4 1.388  =174.,9 0,036
112543 iF Rev 0.04 -14B.0 1,38 -175.0 0.0506
1104C8 20 Rev 0.0% 10643 1,374 -176,0  =0,375 0,124
1105C% n Rev 0.0% =107.40 1,370 =174.0
110500 2D Nora 0-10 67,7 1,376 5.5
110611 20 Nora 0.10 6644 1,377 5.4
1104D2 IF Norm 0,05 70,2 1.381 53 ~0,200 0,049
110603 3F Rev 0.04 =174.7 1.386 ~175.7
1148BRO 4F Norm 0,29 43.2 1,388 5.7 ~0.150 0.278
110881 4F Norm 0.19 42,8 1.388 LT 0.264
1108B2 4F Revy 0,18 -35.1 1,389 1749 0,250
110BR3 4F Rev 0.18 -3%.0 1,390 -~174.% 0.250
1108D0 SF Narms 0,01 163.8 1,398 §.7 ~0,525 0.014
11081 SF tNorm 0.0} 16840 1,397 5.7 0.014
110802 SF Reyv 0.04 -178.8 1,399 «176.4 0,058
110803 SF Rev 0.03 174.8 1,398 -i76.4 0.042
1125C0 $D Norm 0.07 2.9 1,400 5.0 0.200 0.098
112501 6D Norm 0.07 22, 1,400 5.0 0.098
11235€2 40 Rev 0.04 ~141.3 1,402 -174.2 . 056
112503 611 Rev 0.04 ~141.4 1,402 =174.2 0,006
1125R9 70 tarm 0.11 5.5 1.400 4,8 0,413  0.154
1125R) 70 Nora 0:10 85, o400 4.8 0.120
1125R2 7D Rev 0,13 -123.0 1.400 -173.0 0.182
1125E3 n Rev 0,13 -123.8 1,401 -174.4 0.182
112500 an Horm 0.15 €0.0 1,383 3.1 0,100 0.207
1125M 8 Norm 0.15 797 1,383 Sl 0,207
112502 8D Rev 0,16 -115.6 1,384 -174.5 0,221
112503 31 Rev .16 -110.2 1,283 -174.5 0.2
1106E4 S1 Norm 0416 -64.4 0,696 44é 0,300 0.111
1106ES S1 Rev 0.10 ?8.1 0.694 -174.2
1106E4 sa Norm (.09 144,9 0,074 5.7 -0.025 0,062
1106E7 g2 Rev .14 -173.7 0.494 -174.4
3-9
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TABLE 3-5, VERNIER CHARACTERISTICS

COIL LENGTH 40 cm
MAXIMUM FIELD 147 gauss * 0.5%

MAXIMUM BEND Tee tosy

DIRECTION X or Y

PROJECTED VALUE X - COILS Y - COILS
COIL RADIUS - inches L5 1.25
NUMBER OF COIL TURNS 78 78
COIL RESISTANCE -~ ohms 0.766 0,736
CURRENT FOR 2° BEND - amps 22.8 19,0
VOLTAGE - volts 17.5 14,0
INDUCTANCE - mH 1.26 1,05
MATERIAL ALUM ALUM
WEIGHT - pounds 1.6 1.5

AS BUILT VALUES FOR 45 MeV

CURRENT FOR 2° BEND - amps 18.3 15,25

COIL RESISTANCE - ohms 1.00 0.95

VOLTAGE - volts 18.3 14,5

EFFECTIVE MAGNETIC LENGTH - cm 46 45
3-10
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TRBLE 3-6.

ACHROMAT TRIM COILS

Conductor length
Conductor resistance

Current @ 25,3 G/cm
Maximum current total
Maximum OC voltage
Inductance

Time constant

Power Supply
Maximum current
Maximum voltage
Regulation
VERNIER STEERING MAGNET
X-Coils
Conductar Tength
Conductor resistance
Current ® 132 G
Voltage B 20,83A
Y-Coils
Conductor length
Conductor resistance
Current @ 132 G
Voltage @ 17.13A
Power Supply
Maximum current

Maximum voltage
Regulation

3-11
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PUWER SUPPLIES AND EXPECTED FIELDS FOR
BEAM DIRECTOR COMPONENTS

Conductors: 18 ga., 56 turns/slot

Connections: all coils in series

Preferred current regulation: pulse basis

Two power supplies needed

Preferred current requlation: pulse basis

= 2400 feet
= 15,0 ohms total

= 4,35 amns
= 4.5 amps

= 67,5 volts
= 6,0 mH

= 0.40 ms

= 6 amps
= 100 volts
= 0.1%

262 feet

0.256 ohms
20,83 amps
5.33 volts

52 feet

.246 ohms
7.14 amps
2

2
0
1
4.22 volts

= 25 amps
= 8 volts
= 0.01%
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[P,

4.0 PHOTOGRAPHS

4-1. PERMANENT MAGNET ASSEMBLY

The achromat contains 17 of these assemblies, each consisting of 16
trapezoidal-wedge magnet segments, installed in an aluminum segment carrier.
This particular assembly can be identified as a quadrupole by the pattern
of the arrows on the ends of the wedges.

4-1

© R T 5055 CK CORPORATION S



4-2, PARTIALLY ASSEMBLED ACHROMAT

sequence is:

led on the beam tube before being placed in the housing.

4.2

This picture shows all 17 permanent magnet assemblies, with one of them
removed from ijts position., The achromat consists of B8 dipoles and 9
quadrupoles, 5 of which are defocusing quads, and 4 of which are focusing.
The two defocusing quads on the ends, as cam be seen, are short. The

dg b fQ D dQ D fQ D dQ D(removed) fQ D dQ D fQ D di

The magnets have been placed into one half of the achromat housing for this
picture, When the achromat was actually assembled, the magnets were instal-

BROBECK CORPORATION J




4-3, ASSEMBLED ACHROMAT

In the completed achromat, the housing encloses the magnet assemblies,
which surround the beam tube. The beam tube can be seen protruding at each
end of the achromat.

4-3

I Y 5AC5ECK CORPORATION B



Y

i qul""l"
I "" ll Illr

|;."'! ]l
> w ! -
g i

"‘*’ \\\\

\

'\\\ Vi

LA

: 0///,//// ////,'7]',‘0'{]

d

4l|

]
"
"

i
40’/"

4

AN

\"\ LN

/H

w'.\\ i\ \\\\'

e
b

.4{’4/////'

4-4, VERNIER COIL MATERIAL READY TO ANODIZE

Aluminum strip for the vernier c¢oils being wound onto a reel in preparation
for anodizing., 1,200 feet of strip was prepared for use in the X coils and
Y coils of the vernier. Although the anodizing probably would have suffic-
iently insulated the individual layers of coil material, as an extra measure
of safety, one side of the strip was covered with mylar film tape before the

coils were built,

4-4
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Direction
of beam

4-5. ASSEMBLED VERNIER

The direction of the beam in the side view (¢) is from right to left, The
two end views show the downstream end (a) and the upstream end (b), One
set of concentric X coils is clearly shown in the side view, The somewhat
smaller Y coils are inside them, rotated 90°, so that their edges are
barely visible in the side view. The edges of both sets of X coils and
both sets of Y ¢vils are visible in the downstream end view.

The bent tubing surrounding the vernier is the coaling coils,

BROBECK CORPORATION J
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4-6. VERNIER MEASUREMENT SET-UP

Magnetic measurements of the vernier were made at Lawrence Berkeley
Laboratery using this set-up.

4-6
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4.7 VERNIER ASSEMBLY TEST MOUNT

The vernier was installed in this
experimental tank for testing in
the Brobeck Corporation shop. In
addition to vacuum Teak testing,
the vernier coils were operated
briefly at design current in
vacuum,

4.8 ACHROMAT AND VERNIER ASSEMBLIES READY TO SHIP

4-7
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4-9,

This picture shows the achromat installed at Lawrence Livermore National
Laboratory for Tow level beam current testing at 45 MeV, The direction of
the beam is from Teft to right; the target is out of sight on the far right.

A test at full power is planned for & later date, to be determined by the

ATA operating schedule,

ACHROMAT INSTALLED FOR BEAM TEST
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5.0 ANALYSIS AND COMPUTATION

5.1 ACHROMAT

The analysis and design calculations for the achromat can be divided into
two categories--one for the beam steering and focusing, and the other for
the magnetic fields of the various components,

5.1.a  Steering and Focusing

The analysis and design calculations for beam Steering and focus-
ing were done by the matrix transformation method used in the TRANSPORT com-
puter program (see §11.0, References). This matrix method is used to compute
the trajectories of particles in terms of their deviations from the central
path of the on-energy, on-axis particle. For first-order optics, the change
in the phase-space coordinates of charged particles passing through a magnetic
lens or steering element is found fram the linear magnetic properties of the
magnetic element represented by a square matrix. The transformed phase-space

coordinates are found by the following matrix multiplication:

X = R
where Xj = initial coordinates
Xo = final coordinates
R = 6 x 6 transformation matrix

The phase-space coordinate, X, is a vector (single column matrix) whose
components are the positions, slopes, and momentum of the particle with
respect to the particle on the central path or referenced trajectory, such

that

L A 5 A (5ECK CORPORATION N
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Definitions:

the horizontal displacement of the arbitrary ray with respect to
the assumed central trajectory.

X

0 = the angle this ray makes in the horizontal plane with respact to
the assumed central trajectory.

¥y = the vertical displacement of the ray with respect to the assumed
central trajectory.

§ = the vertical angle of the ray with respect to the assumed central
trajectory.

z = the path length difference between the arbitrary ray and the cen-
tral trajectory.

w
n

A p/p = the fractional momentum deviation of the ray from the
assumed central trajectory.

The transformation matrix, R, describes the action of the magnet on the
particle's coordinates as the charged particle passes through the magnetic
element. The transformation matrices encountered in the achromat are those
for wedge-type bending magnets and for quadrupoles,

The first-order matrix for the wedge bending magnet is given in Figure
5-1, For our achromat, the field index, n, is zere, so the matrix elements
233 and aq4 are equal to unity, the matrix element a3q equals L, and agq
equals zero,

The radius of curvature, py, is found from the magnetic field, B, of the
bending magnet and the magnetic rigidity (Bp), of the high energy electron,
This radius of curvature, the magnet Tlength, and the spacing between tha
magnets are used for constructing a geometric layout of the central path
trajectaory.

The magnetic rigidity of an electron is found from

By = (T (T+2W) M2 1n
299,79

5-2
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Where
B = magnetic field, in tesla

P = bend radius, in meters

T

electron energy, in MeV

Wy = electron rest mass, in MeV

The denominator is the speed of 1ight divided by 106 to make the units consist-
ent,
For 45 MeV electrons (Wy = 0.51098) the magnetic rigidity is found to be:
Bo= 0.1518 Tem
For the achromst, eight bending magnets, each 9 em long, give a total

bend of 30° ( w/6 radians}, Thus, the required magnetic field is found as

follows:
B = a(BQ)
L
B = #/6 x 0,1518 = 0.1104 tesla

8 x 0.09
The radius of curvature, py, s found as follows:

Pop = 0.1518 = 1,375 meters
0.110%

The elements in the wedge magnet transformation matrix are functions of
this radius of curvature and of the magnetic length.

The first-order matrix for the quadrupoles is given in Figure 5-2. The
value By/a is conventionally referred to as the quadrupole's gradient,

An examination of the non-zero elements in the sixth column of the bend-
ing magnet's transformation matrix shows that the coordinates x, 0, and y
are affected by the fractional momentum deviation, ap/p. This sensitivity
to a momentum deviation causes a chromatic aberration. Compensating for this
aberration is one of the main functions of the quadrupol:s in the achramat.
The quadrupoles also act to limit the beam's transverse dimensions,

5-3
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A first-order correction for chromatic aberration can be achieved by a

symmetrical arrangement of a number of identical groups (or cells) of quadru-
poles and bending magnets. OQne such grouping is shown in Figure 5-3. This
grouping may be referred to as & FODDOF cell because it has a focusing quadru-
pole at each end and two defocusing quadrupoles in the center. To provide
achromaticity, at teast four cells are required with a phase advance per cell
of = /2. A four-cell arrangement would then give a 27 phase advance for
particles passing through the athromat. (As noted earlier, the final design
used defocusing rather than focusing quads at the ends, so the unit cells
were actually DOFFOD cells).

It has been shown that this arrangement of cells can be converted to a
second-order achromat also having second-order corrections for geometric
aberrations by the addition of eight sextupoles. This should be considered
as a possibility for future improvements in the achromat,

A spreadsheet program was set up for calculating the matrix elements and
performing the matrix multiplications for computing the trajectories of part-
icles passing through the achromat. This program, using Lotus 1-2-3 software,
was arranged to give a graphical display of the trajectories. Values of key
parameters, such as the quadrupole gradient and length of various elements,
are gasily changed with the resulting chauyes in trajectories quickly computed
and graphically displayed. Rapid iterations are possible, so the desired
quadrupole characteristics needed to achieve achromaticity arz readily found.

Tables 5-1, 8-2, and 5-3 show the results of the spreadsheet calculations
and Figures 5-4, 5-5, and 5«6 show the corresponding trajectories. It can be
seen that the 2t phase advance for the horizontal phase-space coordinates x
and @ was achieved and that this resulted in an achromatic bending system.
The vertical phase-space coordinates y and ® do not have an exact 27 phase

5-4
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advance, but this does not indicate any lnss in achromaticity.

A 1% change in quadrupole gradieni makes a small but noticeable change
in the horizontal offset of the off-energy beam as seen in Table 5-4 and
Figure 5-7 which should be compared with those previously shown in Table 5-3
and Figure 5-6, Because the achromaticity is fairly semsitive to the quadru-
pole gradient, a means of adjusting and controlling this gradient is required,

These steering and focusing calculations give the desired achromat char-
acteristics shown in Table 5-5,

5.1.b Magnetic Field Calculations

The dipole and quadrupole fields required for the achromat are
generated by sixteen trapezoidal permanent magnet wedges supported around the
beam tube as shown in Figures 5-8 and 5-9, The direction of magnetization of
each of the trapezoidal pieces shown in the figures produces the type of
field desired, The magnetic fields are calculated from equations developed
by Klaus Halbach for designing rare-earth-cobalt quadrupoles. These equations
can be applied to other types of permanent magnet materials if the material
has a nearly linear demagnetization curve and a permeability of unity. These
restrictions apply because the derivation of the equations is based upon
linear superposition.

For our achromat, a grain-oriented ferrite permanent magnet material with
a linear demagnetization curve and a permeability very close to unity was
setected { Wy = 1.05 to 1.07). Because the permeability is not precisaly
unity. the magnetic devices are expected to have some higher-order harmonics
coming from terms ignored in the calculations,

From linear superposition, the resuyltant dipole field is given as follows:

b = By cos [m |)x In [ r2
M ri
5-5
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the dipole field

[=+]
L}

where

Bp = residual induction

=
n

number of segments

ro = outer radius of segments
r{ = inner radius of segments

For a quadrupole, the equation for the field at the inner radius is as follows:

B(ry) = 2 B, cos? (/M) x sin (Zw/M) x[l - 51}

vhere B(r1) = maximum field at rq
Br = residual induction
M = number of trapezoidal segments
rp = outer radius of segments
ry = finner radius of segments

For M = 16, these equations reduce to the following:
Dipole, B = 0,981 Br x 1n (rp/ry)
Quadrupole,  B(ry) = 1.875 B, x(l - ;31

r

The measured value B for the permanent magnet material (Ferrimag 7B) is
0.357 T. Ysing this value and the design vaiues for the inner and outer rad-
ius for the dipole segments

r1 = 1.62 cm
rp = 2,23 cm
the calculated dipole field is found as
= 0,981 » 0.357 x 1n (2.23/1,62)
B=0.1119T (design)
This compares with the desired value of

B=0.1104 7 (desired)
5-6
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and measured value of the finished dipole
8=0.1120T (average measured value in center)
Effective B =0,1145T (average effective value)
For the quadrupcle, the fields are calculated using the design values for the
inner and outer radius for the quadrupsle segments

1.62 cm

"
rp = 2,36 ¢m
The calculated quadrupole field at the inner radius is found as
B(ry) = 1.875 x 0.357 x [1 - 1.62
2.36
B(ry) = 0.2099 T
For vhich the gradient, G, is found as

G =0,2099 = 12,96 T/m (design)
0.0162

This compares with the desired value of
G =12.81 T/m (desired)
and the measured effective value
6 = 13,07 T/m (measured average)
Thus, the measured gradient is 2% higher than the ideal value calculated
for the achromat and the measured bending magnet effective field is 3.7% high.
Using these measured values, the corrected design point energy of the
achromat is found by iteration to be 46.7 MeV,
The required quadrupole gradient, Gy, 1s then found from the change in

magnetic rigidity:

Gy = 1281 % (46,7 (46,7 + 2 x 0.511))1/2
+2 x 0,501

Gp = 13.29 T/m
which compares with the measured value of 13,07 T/m.

5-7
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The trim coils, which are designed to give a % 4% adjustment in quadru-
pole gradient, will be required to give only a 1% increase in gradient.

5.1.c  Sorting of Magnetic Segments

For design purposes, the trapezoidal magnetic segments that fit
together to produce the dipole and quadrupole fields were assumed to have
ideal physical and magnetic geometries as well as consistent magnetic proper-
ties. In reality, slight variations in geometric and magnetic properties
should be expected. Since these variations could create unacceptable errors
in field shape (harmonics) and in field magnitude, a means for minimizing the
adverse affects of normal variations is needed. The concept study conducted
in 1983 (Appendix &, VYolume II) indicated a desirability to limit the field
error to less than 2%,

To achieve the desired objective, all magnetic material used in the
design was from the same batch and all trapezoidal segments were measured by
the Magnetic Measurements Engineering Group at Lawrence Berkeley Labaratory
(LBL) to determine their magnetic moment vectors, Segments with excessive
deviations in their magnetic vectors were rejected, (Allowance for rejects
was made in advance by ordering extra segments.) Acceptable segments were
sorted to minimize accumulative errors,

The sorting process was quite simple. The magnetic measurements received
from LBL had been presorted by magnet type (dipole or quadrupole) and by angu-
lar orientation of the magnetic vector corresponding to a particular position
in the finished magnetic device. A sample of this data is shown in Table 5-6.
As may be seen, the data are arranged in arder of increasing magnetic moment
(MXY) and clearly show the measured angle, The high and low values of moment
as well as the distribution are clearly shown. By subtracting the reference
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angle (180°) from the measured angle (THTAXY), the angular error is easily
found, Segments with large angular errors were preferentially rejected.
From the table, it can be seen that magnet segment #301153 has an angular
error of 6.4° and would probably be rejected. Most of the angular errors are
less than 2°,

Where all the angular errors are small (usually the case), segments with
the largest deviations in magnetic moments would be rejected, Of the segments
shown in the tabie, #301185 is the only segment that might have too high a
moment. A preliminary sorting is done simply by scanning the measurement
data,

The next step of sorting is done by a vector summation of magnetic
moments for segments assigned to specific locations in an assembled device,
Figure 5-10 shows an end view of a quadrupole with the sixteen segments in
labeled positions #1 through #16. A magnetic segment such as #301217 {or any
30lxxx) can be used in either of the two positions, #1 or #9. Similarly, any
segment with a 302xxx designation can be used in the positions labeled #2 or
#10, 1In the coordinate system of the quadrupole, the direction of the mag-
netic vector of an installed segment (the global angle) is found from its
Tocal vector angle to its positional angle. The figure shows the ideal
global angles; for example, at position #3, the ideal global angle is -135°,
A segment for this location would have a design angle of 90°, If its measured
angle were 92° (an error of +2), its global angle would be -133 (-135 + 2 =
-133),

The horizontal vertical components of the magnetic vector at any Jocation

is found from

5-9
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My =Mcos @
My =Msinb

Where M = magnetic moment, MXY

8

glabal angle

Theoretically, the summation of the vectors for all locations should
equal zero. Because there are angular errors and variations in moments, the
summations will net be exactly zero. A small value may indicate that the
overall errors are small. A sorting technique designed %o minimize the vecter
sums is used.

A spreadsheet program was set up for computing the vector sums due to
magnet segments assigned to different positions. A block of 32 segments of
suitable type and orientation to make two quadrupoles or two dipoles were
selected from the preliminary sorting gperation, Their magnetic properties
and identification codes were entered into the program. Their positions
could then be juggled in a systematic way to bring the magnetic vector sum to
less than 1/2% of the sum of the absolute momentz,

The results of the calculations for the quadrupoles and for the dipoles
are shown in Tables 5 through 14 in the Final Report (inctuded as Appenuix H,
Volume II). Each of these tables was generated by manually juggling the
positions of the segments, The sSegment identification numbers were then
transferred to a working sketch such as the one shown in Figure 5-11, This
sketch was used in the shop for the magnet assembly.

5.1.d  Trim Coils for Achromat

Trim coils are provided on the achromat for adjusting the quadru-
pole gradients. These are located in grooves on the outside of the achromat

housing which places the center of the conductor bundle at a radius of 1.49

BROBECK CORPORATION J
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inches. Each conductor bundle is about 10.3° away from the horizontal and
vertical axes. Each coil bundle contains 56 turns of #18 copper wire. For
computation of the magnetic fields due to these trim coils, the program devel-
oped for the vernier {pp. 5-15, 5-16) is used, For calculational purposes,
the 56 turns are divided into two groups of 28 turns each placed at angles
of 7.34° and 13,24° away from the horizontal and vertical axes. The computa-
tions in spreadsheet format are shown in Table 5-7. At the current of 8.8
amperes shown, the field at a radius of one centimeter (0,3937"} is 51.278
gauss which corresponds to a gradient of 0.51 T/m. This is approximately 4%
of the quadrupele design value of 12,81 T/m,

The measured values of magnetic fields for the dipoTes and quadrupoles
indicate that the actual reguirement may be much lass than 4%. It appears
that a 2% correction is more than adequate so a maximum trim coii current of
4,5 amperes should be adequate,

The trim coil resistance and power requirement is calculated using a
resistance of #18 wire of 6.5Q per 1,000 ft at 25°C, The total coil length
is calculated to be 2,400 ft which gives a resistance

R=2.4x65=158.62
{measured value is 15Q)
At 4.5 amperes, the power and voltage drop is found as
V=4,5x15.,6 =70.2 volts
P = 4,52 x 15,6 = 316 watts

Convective heat transfer from the coils is calculated on the basis of a

free convection heat transfer coefficient of 4 Btu/hr ft2 °F and transient

heating is calculated on the basis of no heat transfer,
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The convective heat transfer is found fram
Q=hAat '
Each full coil has an area of 20.9 ind and there are 28 fuli coils and
8 short quad coils, Using 32 coils as a suitable number, the total area is
found as follows:
A= 20,9 x 32/144 = 4,64 ft2
The heat input in Btu is found as

Q = 316 watts x 3.412  Btu = 1,078 Btu/hr
watt hr

The temperature rise at the coil surface is then found

AT = = )078 = 58°F

W Term

This does not appear to be excessive; however, it has not been shown
that a free convection heat transfer coefficient of 4 Btujhr ft2 °F wil) be
achieved.

in the absence of significant heat transfer (say at low pressure), a
transient temperature rise will occur where the time for a given temperature

rise is found from

At=CpgAT

where the coil weight W is 2.4 x 4.92 = 11,8 1bs

the specific heat Cp = 175 watt seconds
— F°T

Thus, for a temperature rise of 4T = 40°C, the time for At is

at =175 x 11,81 x 40 = 261 seconds = 4,36 minutes
316

Therefore, it appears reusonable to operate in an intermittent mode if

the heat transfer environment is poor,
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5.2 VERNIER

For the analysis of the vernier steering magnet, it is convenient to con«
sider the unit oriented in an orthogonal coordinate system with a vertical y
axis and horizontal x and z axes. The unit is set in this coordinate system
with the undeflected beam path aligned with the z axis. A set of coils to
produce magnetics flux lines parallel to the y axis with a magnetic strength
By will cause the electron bzam to bend in the horizontal plane. An addition-
al set of coils rotated 90° with respect to the first set will produce magnet-
ic flux lines parallel to the x axis with a strength By which will cause an
glectron beam to bend vertically out of the horizontal plane. Energizing
both sets of coils produces the magnetic vector at a non-orthogonal angle to
the horizontal plane and will give a bend with both horizontal and vertical
camponents.

At a given energy, the bend angle is propartional to the magnetic field
strength. Control of the field strength gives control of the bend angle, The
bend angle in radians is found by dividing the product of the magnetic field
(B) and the effective length (L) by the magnetic rigidity of the electron
beam

a = Bxl (in radians)
BeT

where B = magnetic field vector, in tesla

L = effective length of vernier, in meters
(Bp) = nmagnetic rigidity, in T'm (tesla meters)
The magnetic rigidity for 45 MeV electrons was calculated in the achromat

analysis (§5.1.a) where the value of 0.1518 Tem is found.
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For an effective iength of 40 cm and a bend of 2° (x/90 radians), the required

magnetic field is found as follows:

B = u(Bg)
L
B = 1/90 x 0.1518 = 0.01325 T = 132.5 qauss

0.4
This value is small enough to allow the use of a lightweight ironless design.
The absence of iron in the flux path simplifies the magnetic field calcula-
tions,
The magnetic field in the central region of the vernier is found hy vect-
oraily adding the field contributions from each of the conductors in the coil.

The field contributions from each conductor is a vector of magnitude given

as follows:
B= pl
2nr
where B = magnetic field, in T

—
n

current, in A

-
]

radius, inm

4rx 1077 Wb/Aem

Yo

The B vector is perpendicular to the radius vector in a direction deter-
mined by the righthand rule,
To find B in gauss with the radius in inches the equation reduces to:

B = ) gauss
0.202 x 2 r

I in amperes
r in inches
An array of conductors is shown in Figure 5-12 to illustrate the method

for calculating the field. In this figure, the center of the vernier is
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Tocated at point "o" as viewed looking down the vernier in the direction of
the beam path, Conductors A, B, C, D, and E are located at a radial distance
R from the center of the vernier, 1t is desired to calculate the field at
any point, P, in the central region. The field contribution from a single
conductor (B ) is shown in the figure.
The coordinates of point P are given as x, and y . The coordinates of
conductor, B, , are found from its angular position 9 and radius R as
Xc = Rcos B
Yo = Rsin®

The radius vector from the conductor to the point is found as
)2

r=\ﬁ%-XJ2+UC-L
The field vector at the point 1s found as

B= 1
0.202 % 2ar

The vactor components By and By are found as
By = ~Blye - y,)/r
By = B{xc - x,}/r

Adding the vector contributions from all the conductors gives the result-
ant field at point P, To ensure that the magnetic field im the central
region of the vernier is sufficiently uniform requires examining the field at
a multitude of points within this region, .

An extremely uniform dipole field in the interior region may be obtained
by using a large number of closely spaced conductors with a cosine variation
in current. A reasonable approximation for this cosine variation may be
achieved with a limited number of conductors judiciously spaced around the
circle if the ampere-turns assigned to each conductor position are properly

proportianed.,
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The design approach for the vernier steering magnet was to select five
angular positions in each guadrant arbitrarily, and then to calculate an appro-
priate number of cail turns to use at each aof these pgsitions. The turns
assigned to each location are made proportional to the integral of the cosine
evaluated over a range of angular values assigned to each coil,

For example, coil “C" is located at 45° and is assigned to cover the
angular range from 37.5° to 52.5°, Its proportion of the total nymber of

turns, 1, is found by integration as follows:

52.5°
q¢ = sin ¢dy = 10,1846
37.5°

The integration is made for each coil location and integer values of
turns are then assigned. Table 5-8 shows the values for the design as it evol-
ved to its final configuration after a number of iterations.

A spreadsheet program for the calculation of the field contributions and
resulting field vectors was set up, The results of these calculations are
shown in Tables 5-9, 5-10, §-11, 5-12, and 5-13, A plot of relative field
values at a one-centimeter radius is shown in Figure 5-13, The variation in
magnetic field is less than 0,1%. Most of this variation is due to the
sextupole content,

The fringing fields at the ends of the vernier were not calculated. The
ends of the coils curve up away from the beam path which should cause a fair-
ly rapid drop off in the field. In spite of this, the fringe fields should
make the effective length slightly longer than 40 cm.

Ohmic heating and electrical resistance calculations were based upon the

following properties of the coils:
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Material Aluminum
Specific weight 0.10 1bs/in3
Resistivity 1.2 micre-ohms-in

Cross section (actwal) 0.020" x 0.250"
(effective} 0.018" x 0.250"
Specific heat 430 w-sac/# °C
The total length of the conductor and in the inner and outer coils were
as follows:

3025 inches

Inner L

Ovter L

[{]

3150 inches

The resistance of a coil s found from the follawing equation

R = o L/A, in ohms
where ¢ = resistivity, in ohm-in
L = Tlength, in inches
A = cross sectional area, in in2

Using this equation, the following resistances were calculated
Inner coil, R = 0,83 ohms
Quter coil, R = 0.87 ohms
At the maximum magnetic field values, the following values for current,

voltage, and power were calculated:

Inner Outer
Coil Coil
curreqt, A 17,2 20.83
voltage, V 14.0 17.3
power, W 240 360
5-17

_ BROBECK CORPORATION ENEEN



_ﬂ—

Since the coils may be operating in a vacuum, it will be difficult to
dissipate the power on a continuous basis. The operation will have to be
intermittent with the maximum “on-time" determined by the thermal capacity of
the coils. At the maximum power, the time that it takes to elevate the coil

temperatura by 80° C is found as follows:

Time = W gpAT

and the weight, W, is found for the outer coil as follows:
W= 0,020 x 0.250 x 3150 x 0,10 = 1.58 1lbs,
Then the time at 360 watts is found as:

Time = 1.58 x 430 x 60 = 113 seconds
360

The maximum time at full power should be Timited to Tess than two minutes.
At half current, this time can be extended to about seven minutes. Clearly,

when operating in a vacuum, the coils must be operated intermittently,
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FIGURE 5-1. FIRST-ORDER WEDGE DIPOLE MATRIX

cos k:l. k_: sin kxt' 1] 0 0 %{[1 - con kxl‘]
; . b
In: sin k‘L cos k‘L 0 0 0 k: sin k‘L
0 N 0 cos k L L sin k L 0 0
Y k, Y
- in k
0 0 k ¢ sin yI. cos kyL 0 0
Rkl | ~Bf1-conwt 0 0 1 -hzhu-dnkq
k% I 3 Pl Y
X x X
0 0 0 [} [1} 1

Definitions: b« 1/Dg , k; = (1 - n)n?, k; » oh?

g = hL = the angle of bend

L = path length of the central trajactory.

This matrix is from Brown, et al., TRANSPORT, page 45.
{See §11,0, References,)
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cag k qL

-k sinkl
q“"q

Definicions:

FIRST-ORDER QUADRUPOLE MATRIX

n ain qu 0 Q 0 0
q

cos qu 0 0 0 0

1 .
L -

0 cosh kq kq sinh qu 0 0

0 kq sinh kql. cosh l:qI. 0 0

0 )} ] 1 0

0 0 0 [} 1

{x) place (B positive). A vertically {y-pline) focusing quadrupole
(B negative) has the first tvo disgonal submatrices interchanged.

L = the effective length of the quadrupole

e = the radiug of the apertute

Bp o the field at rediue a

k; = (33/a)(1/3py), where (Bp,)= the magnetic rigidity
(momentum) of the cantral trajectory.

NOTE:
plane are called

(¥)

focusing quadrupoles.

Ted-dets

plane are called defocusing quadrupoles.

This matrix is from Brown, et al., TRANSPORT, page 49,
(See §11.0, References.)

5-20

——

FIGURE 5-2.

These elezents are for a quadrupole vhich focuses in the horizontal

In this design report, quadrupoles that focus in the horizontal (x)
Quadrupoles that focus in the vertical
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FIGURE 5-3. SINGLE “FODDOF" CELL FROM MULTI-CELL ACHROMAT
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FIGURE 5-4, BEAM TRAJECTORIES THROUGH ACHROMAT --
OFF AXIS, ON ANGLE
{carresponds to Table 5-1)

BEAM TRACES FOR ACHROMAT
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FIGURE 5-5. BEAM TRAJECTORIES THROUGH ACHROMAT --
OFF ANGLE, ON AXIS
{corresponds to Table 5-2)

BEAM TRACES FOR ACHROMAT

X~PLANE & Y--PLANE FOR 45 MEV ELECTRONS

1.20
1.00 - FFE“ ‘./'A*\
Y
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.80 ) \
3
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% 000 o
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FIGURE 5-6. BEAM TRAJECTORIES THROUGH ACHROMAT --
OFF ENERGY 2%
(corresponds to Table 5-3)

BEAM TRACES FOR ACHROMAT

X—PLANE & Y--PLANE FOR 45 MEV ELECTRONS

CM

OFFSETS X & Y

FROEL RGP 45 &0 80 100 120 140 160

DISTANCE ALCNG ACHROMAT — CM
D X OFFSET + Y OFFSET
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FIGURE 5-7, BEAM TRAJECTORIES THROUGH ACHROMAT --
OFF ENERRY (%, GRADIENT ERROR 2%
{corresponds to Table 5-4)

BEAM TRACES FOR ACHROMAT

X—PLANE & Y-PLANE FOR 45 MEV ELECTRONS
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FIGURE 5-8, PERMANENT MAGNET SEGMENT ARRANGEMENT, DIPOLE FIELD

CENTER
OF
CURVATURE

16 PERMANENT MAGNET SEGMENTS

Arrows show direction of magnetization,
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FIGURE 5-9. PERMANENT MAGNET SEGMENT ARRANGEMENT, QUADRUPOLE FIELD
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16 PERMANENT MAGNET SEGMENTS

Arrows show direction of magnetization.
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FIGURE 5-10. PERMANENT MAGNET SEGMENT ARRANGEMENT, QUADRUPOLE FIELD,
WITH SEGMENTS SPECIFIED
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FIGURE 5-11. SAMPLE SHOP SKETCH FOR MAGNET ASSEMBLY
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FIGURE 5-12, VERNIER COIL POSITIONS FOR CALCULATION OF FIELD
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FIGURE 5-13, PLOT OF RELATIVE FIELD VALUES AT A ONE CM RADIVS

VARIATION IN FIELD OF STEERING MAGNET
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TABLE 5-1., BEAM PATH THROUGH ACHROMAT -- OFF AXIS, ON ANGLE

DEAN PATH THRCUGH ACHRONAT NITH SKOWM ELENENTS
FOR 45 MEV ELECTRONS 45,00000
QUAD Le 531500 QUMD B= 128100 JEAD Lv R.00000 oRMD= 1IBOO.0 RMD = 332.8) Ke 0,0R1B4 0.2M12  EPST D, B0000

LATTICE  LENETH - =s=  KATRIT ELEMENTS =~ o DISTANGE DELTA L I-PRIME DEL /P MENT R MEIT A" DELY Y-PAINE
JTER 5] Y A2 i LY A2 i o] n RRD - tn #AD
L] 143 1,07988 7.68388 0.00000 0.02265 101D 0.00000 0.0 1.00000 0.00000 0.00000 102995 0,02265 1.41400 0,00000
h 2,858 1,02993 2.68399 0,00000 0,02263 1,029%5 0.00000 3,7 1,02095 0,025 0,00000 1.1238 C.Odbsh 1.5béld =0,03584

B 4,500 0,9990 4,499 0,07362 -0, 00024 0.9935 0,03272 5.3 11205 0.0866 0.00000 1.J30B9 0.04835 1,4234) =0,08955
BEND L300 o,9998 4490 0.07342 -0.0002¢ 0.9994& 0,03272 9.8 13089 0.04838 0.00000 1.5378 0.04802 1.11244 -0,04955

¥ L0% 09035 26318 0.00000 -0.02220 0.97035 9.00000 (4.3 LSIETE 0.0107 0.00000 L,A14A 0,0108% 0,79347 -0, 06955
o 2,658 0.97035 2.63118 0.00000 -0.02220 0.97035 0.00000 17,0 L6142 0.01049 0,000 1.59398 -0, 02565 0.63475 ~0.0535¢
¥ L3R 0,703 2.63ME 0.00000 -0.02220 097035 0,00000 194 1,59398 -0.02566 0.03000 1.47920 -0.0802% 0,51214 =b, 0N
¥ 2,638 0.9703% 243118 0.00000 «0.02220 097035 000000 22,3 1.4P20 -0.0K029 0,00000 L.27469 -0.09035 0.41824 -0,030%2

BEND 4,560 099946 4499 0,07362 -0.00024 0.95%48 0.03212 2.9 27649 -0.09135 0,00000 0.85500 -0,09161 0,34938 -0,02176
BEND 45900 0.99%46 4,499 0,00362 -0.00024 0.9%94b 0.03272 9.4 0.BAS00 -0.09161 0,00080 0.45239 -0.09(76 0.25147 -0,0247

0 289 1,079 L4839 0,00000 0.02265 1,02995 0.00000  3N.9 0.45239 -0.09176 0,00000 0.2196S -0.08426 0.15355 -0,02176
0 L650 1,02093 Z.6B30F 0,00000 002265 1.029%3 0.00060  3b.6 C.2i%3 -0.0B426 0,00000 0.00004 -0,0818! 0.09174 -0,0248
0 B30 1.02995 2,683%8 0,00000 0.02265 1,02985 0.00000 39,3 0,0000 -0.08IB1 0,0000v ~D, 21952 -0,08826 0,02450 -0,0258
'} 2638 102995 248378 0.00000 0,022 L.0209F 0.00000 1.9 -0,20952 -0.08426 0.00000 -0, 45224 ~0,09178 <0, 00420 -0.02561

BEKD 4,300 0.9  4.499 0.07362 -0.00024 0.99946 003212 Ah.b <0,0524 -0.09176 0,00000 +0,84483 <0, 09180 -G, 11026 -0.02357
BEND 4,300 099046 4,099 007362 -0,00024 0.99%45 0.00212 49,1 -0,BedB3 -0,09180 4.00000 -1, 27649 -0,0913¢ -0, 21767 -0.02387

¥ L6 005 283118 0.00000 <0,02220 D,9I035 0,00000  E3ub -1,27843 ~0.0%138 0,00000 -0, 47899 ~0,0802% -0, 32511 -0.02%47
u 4,858 0.97035 283116 0,00060 -0.02210 0,97035 0.00006 54,2 -1,4733% -0.0602¢ ,0000C ~F.59278 -D,02547 -0, JOROL -C.0NI7¢
i 2,65 0.97055 2.631t8 0,00000 -0.02220 0.%7035 0.00000  38.9 -1.59%78 -0,02567 0,00000 «1.6:H05 2,014 -0, 45861 -0.04;%
w 2,659 0.97035 283118 £.00000 -0.02220 0.57035 0,00000 1.5 -1.AI40E 0.01088 ¢.0000¢ +5:5386: 0.0480! -0,62405 -C,05444

BEND 4,300 099946 4,499 0,00362 -0.00024 0,99546 0.03272  #4.2 -1,53840 O0.0460! 0.00000 -1,33076 2,04635 -0, TBEET -9, 07074
BEKD 4,500 0.9994 4,499 0,07362 -0,00024 6.9%54% 003272 68,7 -1.3%078 G.04635 0,00000 -1,12850 0.08b64 -1, 10430 0,070

V1] 2,438 1.02995 2.58196 0,00000 0,02245 1,02995 0,00000 73,2 -4,12152 0.0MB64 000000 ~1,02992 0.0224% -1,42075 -0,07%:
o G458 102995 2.4B398 0.00000 002265 1,0799% D.00000 75,9 -3.02092 0.072bt 0,00000 -1,00000 -0.00001 <1, 563% -0,07458
] 4658 102975 26639 0,00000 0,02265 1.02995 0.90000 7.5 -1.00000 -0.00001 0.00006 -1,029%7 ~0.02266 -1.81326 ~C.0007E
& 4638 1.02995 2.68198 0.00000 0.02265 1.02995 D0.00000  8L.2 «),02997 -0.02266 0.00000 -1 1204 -0,04487 +1.S6M9 0.0350e

BEND 6500 0.99945 4099 0,072 -0.00020 Q99945 0.00272 83,8 112044 -0.0M47 0,0000¢ ~1,33L00 ~0.04638 -1, 42875 0,04361
BEWD L300 0.59%46 4,495 0,07362 -0.00028 09994 0,03272 B85 -1, 33100 -0.04533 0,00000 -1,538%4 =0, 04503 -1, L1905 0, 0488

¥ 2,658 0.97035 2,43118 0.00000 -0,02220 0,97035 0.00000 92,8 -1,53894 ~0.04503 0,00000 -1, (1843 -0, 81030 -0.B0934 0, G4BEZ
4 2,638 0.57035 2.63118 0.00000 =0,02220 B.97035 0.00000 5.5 «1,6LAN3 -0.01050 0,000 -.5%L9 0,02566 -0.64895 0,05255
3 2639 0.97035 243118 0.00000 «0,02220 0,97035 0,00000 98,2 -1.5%41% 0.02566 0,00000 -1,47940 0,08030 -0 52723 0,03943
3 7.638 0.97033 263118 0.00000 =0.02220 0.57035 0.00000  100.8 ~1,47940 0.0607% 0,00000 -1.27689 0,09135 ~0.43719 0,02857

BEND L300 0.99748  A.489 0,07362 <0.00024 0.99%48 0.03372  103.5 -1,27689 009136 0.00000 <0,86517 G.0R1&1 +0,373T3 6,019
BEWD 4,500 0999046 4,499 0,07362 -0.00026 09904 0,00272 1080 -D.B45{7 0.03141 0,00000 -0,45253 009177 -0.28500 6,093

'H] LEJB 102993 2.6018 0.0000 002265 102995 0.00000 (12,5 -0,45253 4.00177 0,00000 -0.2197 006427 -0.19885 0.01%3
L LE58 102993 2.68398 0.00000 0.02265 1.02095 8.00000  11S.1 -0,21978 0.08027 0.00000 -0.00019 D,08181 +0.13970 G, oIl
L% LE58 102995 2.68398 0,00000 0,02265 1.02995 0,00000  517.8 -0,0001% 0.081B1 0,00000 021933 0.084Z5 0,077 0,055
0 LEGR LO29YS 2.6BI96 0.00000 0,02265 10295 0,00000  120.4 0,293 0.08426 0,00000 0,45210 038175 -C.0033% 0.0%bsE

BEKD 4,500 099940 4498 0,07362 -0.0002¢ 0.99%4¢ 003272 123.1 0.45210 0.09175 0.00000 D.Bedes 0.09159 0.08480 0,025%
EEWD L300 0.98044 K490 D.07342 -0.0002¢ 0.99%44 0,032 127.4 0.BAGAb 0.091S9 0.00000 L2TE 00136 0.1897 $,035%

iF 2,838 097035 2.63118 0,00000 -0,02220 0.97035 0.00000 1321 1,27630 0.09134 0,00000 1.47878 0,06029 0.30054 0.0255%
i 2,450 057010 Z.6311A 0,00000 -0,0222 0,97035 0.00000  I3LB 147878 0,06029 0,00000 1,597 0.02567 0,319 0,633%
I 2638 097005 L6318 0.00000 -0.02220 0.97035 0,00000 13N 159350 0.02567 0,00000 1,61386 -0.000M8 0,48060 0.083i4
o 630 0.9703 283118 0.00000 =0,02220 0,97035 0,00000  140.1 1.51385 -0.01046 0.00000 1,53845 -0.08600 0,41078 ¢.0855%

BEND 450 091546 4499 0,002 -0.0002¢ 0,996 0.03277 (427 LIGNS -0.04800 0.GO0CO 133087 -0,04834 0.77ISY 00708
BEND 4500 0988 4,499 007062 -0.60024 0.99946 0.03272 141,71, TIOAT -0.04834 0.00000 1,128k ~0.0d6e3 1.0RA%e (.00H
) 2658 102995 1.6B378 0,G0000 0.02265 1.0%995 0.00000  IS1.7 1,32048 ~0,04663 0,000 ;.02989 -0,02ie3 141478 0.07:%;
u 0,658 102995 2.4899 0.00000 0.02265 1.02995 0.00000  154.4 1.02589 -0.07263 0.0000C 1,00000 0.00007 133911 9.037F
Enr 2618 1.02995 268396 0.00000 0.0725 1,02995 0.00060 57,0 1,00000 0.00007 0,00000 L.0JOOC 9.0227 L6103 <0057
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BEAM PATH THROUGH ACHROMAT -~ OFF ANGLE, ON AXIS

JEMPATH THRDUGH ACHRONAT WITH SHOWN ELEMENTS

|

TABLE 5-2.

5-33

FOR 43 MEV ELECTROAS 13,0000

WD Lx 531900 QUAD G 200,00 DEXD L= 9,00060 DokHO: [5IBO0.0 M0 135 o 0008 02407 S 00000
LAITICE  LEWGTH === -~ MATRIF ELEMENTS -— = QISIMWCE DELTA X I-MRIE DEL P/P MEITR MEITR® DELY Y-MINE
ITén o LI MZOM3 A a2z o o wo - o e
[ 4 2450 1,02995 20 0.00000 002265 1.02195 000000 0,0 0,00000 0.03200 0.00000 0.13987 0.053%6 0.00000 0.00730
n 265 L0295 2.H39 0.00000 0.02203 1,02043 0.00000 2,7 043057 0,053% 0.00000 0,20749 005032 0.04552 0.0147%
1) L3I0 0PN L0 0072 0,001 0.9 Q0B 53 02008 0.0H12 0.00000 0.54974 0.05022 0.0M3% 0.01326
1] L300 M LA 00732 000020 0.9 003212 LB 054978 0,0022 0.00000 001140 0,088k 0,1570% 001520
W 4% 097055 203118 0.00000 -0.02220 O.M033 000000 1T 001140 D.0MSE 0.00000 0.0405 0.03832 022503 0.015%
] 30 0.97033 2.03110 0,00000 -0.02220 097035 0.00000 370 0.MOI1 Q0032 0.00000 1,01307 0,013 2.27362 0.0208%
¥ 450 0P8 200300 0.00000 <0.02220 097010 0.00000 1% 1.01307 0.00431 0.00000 1.0280% -0.0067 033170 0.0204)
3 2450 097033 243010 0,00000 -0,02220 0.97035 0,000 203 1.02393 -0.00067 0.00000 0,970 -0,02925 042217 003413
[ ] 500 MY LAY 00702 -0.00024 O.PENAE 003212 Q49 0,700 -0,00025 0,00000 0,04380 -0,02006 H.5TIM 0.0440¢
1] 4500 0P 4409 0,07302 -0.00024 09MVEE 0,03272 04 Q.M 0,000 0,00000 0.71204 <0,02%5 0,76202 0,040
L 450 L0198 203N 000000 002248 1.00YY3 0,00000  JLY 71204 0,023 0.00000 0.45483 -0.00430 095301 0,040
W A58 L0290 20009 000000 0.02245 LOZMY 000000 bk O.3H3 -0.013Y 000000 0.63560 (00000 L.OATH 0.024%
W L4 LN 23N 000000 0.02208 L.OZMTE 0.00000 36,3 0,4350 00000 0.,00000 0.454E4 0.00440 L.000ME 0.0002
L] L4580 10299 708318 0.00000 0.02285 1.029%5 0.00000 41,9 063444 0.01040 0.00000 0.712%0 00206 1,04976 -0.02314
[ 2] 6500 0.¥M4E LAY 00762 -0.00024 OLPMAE D.O3ATZ M6 OTIZN .01V 0.00000 0,04393 0.02047 OB -0.0M3)
b 4300 0916 LYY 0,077 -0.0024 0P D032 N1 OLBSED Q02047 000000 O,YIB10 0.02526 074719 0,03
¥ 249 07033 LAJNE 0.0000 -0.02220 097030 000000 354 O.N7BIO 0.02926 0.00000 102407 0.00447 0.5170 -0.08433
] 650 0.97035 LA3HE 0.00000 -0.02120 0035 00000 Shi2 102607 0,007 0.00000 1.01320 -0.01631 . 43047 ~0.03552
] 2650 097015 LAJE 0,00000 -0.02220 097033 DO0000 5BV 101320 -0.01431 0.00000 0,%4024 -0,03052 0.24803 -0.02443
¥ LR 03T 23R G.00000 002220 007035 00000 LS Q.02 0. 0M32 000000 081197 -0.0%04 €.20M41 -0.01975
3] G300 04 40P 007302 -0.00024 O.MMH 000212 M7 OBLIT -0.0MK 0.00000 0,34905 -0,03823 02411 -0.0136s
1] 4300 09994 4497 0.07IE2 -C.O00Z4 O.MMMH 003272 W7 4 BAMED <0028 0.00000 0.207%0 -0.03853 017943 -0.¢1384
] LU L0 200 0.00000 0.00265 10240 000000 732 O.ZHTH 0,013 0,00000 O, I3%65 -0.053% 8,01727 -0,0138%
0 L4 1029 2,683 000000 0,02243 1.02999 0.00000  TS.Y 00D -0.05334 0.00000 0.00008 -0.05200 0.07733 -0,01405
x LA LO2NT 24R198 000000 002285 L0 000000 TR.S 0.00008 0,000 O, 00000 -0, 39N ~0.0835 0.03261 -0.017%
0 3,430 LOXMS 2,000 0.00000 0,0226% 102995 0,00000 81,2 0. 13MB -0.0334 0. 00000 -0.26740 -0.03052 ~D.01147 -0.0178)
[ ] G300 4G L0 0,072 -0.0002 009K 001272 05,0 -0, 2040 -0.0332 0.00000 -0, 54943 -0.05822 0, 05131 -0.01469
L1 4,300 0. 4090 0.07HZ 000020 0.1 003272 MBS -0.34ND -0.05822 0, 00000 -0.B1120 005606 ~0. 13841 -0, 01449
' 3 7,630 0.57035 243110 0,00000 =0,02020 O.97035 000000 W20 -D,BU128 0,004 000000 -0, 93490 -D, 03852 -0, 20949 -, 0led?
¥ 243 RMOXS 24010 000000 -0, 02220 097035 000000 9SS -0.WIPRR <0052 0.00000 -1.0129 -0.0L631 0. 20055 0. 02187
-] L4300 0.90035 2.61116 000000 -0,02220 0.97¢35 0.00080 0.2 -, 0129 D.00431 £.60090 ~1.0290 ©.006kd -0. 32721 ~0.02045
] 2,480 0.M085 243000 0,00000 -0.02220 07035 0.00000  100.8 -1, 0293 0.00464 0.00000 ~0.97709 0,02924 -0, 41347 -0, 03678
L 1] 500 0.k A0tk 0.0THZ 000024 0.0 0.03202 10,5 -0.07789 0,02824 0.00000 -6.04581 0.02%46 +D.52040 ~0,04122
EQ 4500 099046 4,490 0.07342 -0. 00028 .MMM 003277 10M.0 -0, M5BT 0.02946 0,00000 -0.71287 0.02984 -0.73497 ~0.04722
© LA19 102005 2,410 0.00000 0.02205 1.02M8 D.00000  112,5 -0.7M702 0.02844 0,60000 -0.450L 0.01439 -0.94945 -0.04722
0 2450 1,015 2M31R 0.00000 0.02205 1025 0.00000  115.0 -0.45441 0.0143F 0.00000 -0.53560 ~0.00001 -1, 04554 -0, 02474
0 TSR LONS 2310 000000 0.02005 1.029%5 0.00000  117.8 -0,43%40 -0.00000 0,00000 -0,85464 -0.0L441 =1,07942 =D.00075
[} 2,450 102995 2,403 000000 0.02265 1.02095 0.00000 120,40, 484i6 -0.01441 0,00000 -0.71293 -0,02987 -1, 0498 0.0552
[ 1] G500 0.9%4 449 0,07HD -0.00024 0.9 00327 I2N.1 -0, 71743 -0.02067 0,00000 -0.84602 -0, 02048 -0, 9349 0. 043B2
L 1)) Q30 0.1 L9 DOTIEZ -0, 0020 0T 003272 1276 -0.84402 -0.02948  0,00000 -0.97820 -0,02%26 -0.75127 0,04583
¥ L% 09035 2,631 0.00000 -0,02220 0.97035 G.00000 1321 -0.97020 -0,02924 0.00000 +1.02b19 ~0,00648 -0,54504 0. 04581
¥ 3438 0.97035 Laallh 0,00000 -0,02220 0.97035 0.00000 1348 -1, 02419 -0.00888 0,00000 -1,0035F 0,01831 -0.438%8 0, 02485
¥ L35 097035 2.43116 0.00000 =0,02220 0.97035 0.00000 17,4 -1.0A331 O,01831 0,00006 -0.94057 0,03832 -0, 3579 0,02597
W 2038 09705 7.a31IB 0.00000 +0,02270 097035 0,00000 40,1 -0,PA0S7 D,03832 0.00000 -0.B1145 0,05807 -0.208%% 0.018k4
L 1] 6500 09994 4480 0.0THD -0.00026 0,999 000272 1427 -0.RLI43 0,05807 0.00000 -0.54994 05823 -0.26791 01242
1] 4,500 099960 A48 00002 -0.00020 0,999 008272  14T.2 -0.349%6 0,092 0.00000 -0.28767 0.05813 ~0.20200 ¢.0124;
i 2450 102995 2.68398 0.00000 0.02265 1,02995 4.00000 1517 -0.20767 0.05655 0.00000 -0.13975 0.05336 -0.14609 0.0124%
L] LASB 102993 2.06300 000000 0.02265 1.02095 0.00000 (S04 =D, 1397 0.0335h 0,00000 -0.00016 0.05200 -0.10%07 001532
an 3,459 LON95 7.68398 0.00000 0.02265 (,02995 0.00000  §57.0 -0,000t6 0.05200 0.0008¢ 0.15040 0,05355 -0,08538 0.017:7
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TABLE 5-3, BEAM PATH THROUGH ACHROMAT -- OFF ENERGY 2%

SEMN PATH THROUGH ACKROAKT MITH SHONN ECEAENTS
FOR 45 MEV ELECTROKS 45.00000 2 DL PiP
BUAD L 530300 DUAD 6= 120000 DEWO L= 7.00000 DuRag= 15IM0.0 KD = 13051 Ke 0.091B 020012 EPSx 0,00000

WATTICE  LEWGTH = ~=  MATRLD ELEMENTS -—  —~- DISTAME DELTAL I-PRIME DEL PP WITR ENTR' BELY Y-MIK
i3] 2} Al M2omy At a2 o o - &) 1]
] L8 LOMT 200390 000000 002043 102995 40000 0,0 00000 0,00000 0,02000 0,00000 0,00000 0.00000 0.00000
o e 102U LAENNE 000000 00225 102973 000000 2.7 0.00000 0.00000 0,02000 0.00000 5,00000 0.00000 0.00000

KR 4500 0910 409 0.07H2 -0.00024 00K 000270 5.3 0,000 0.00000 002000 0.00047 0.00045 0.00000 0. 00000
KR 4500 09994 4009 00732 000024 0.990A 03212 A0 0.00MT 0.000A5 002000 O.0CSEY 0.00131 €.00000 0. 00000

[ 2458 097035 243110 000000 «0.02220 07035 000000 143 0,09 0.00131 0,02000 0.0071¢ 0.00014 0.00000 0.00000
.3 450 O.9N03F 2,43010 2.00000 -0,02220 0.97035 Q.00000 1.0 0.00%h 0.001L4 0.02000 O.0HER 0.00070 000000 000000
¥ 2438 0.97035 243110 0.00000 -0, 42720 097035 .00 194 O.011BR 0,070 002000 0.01380 0.00041 0.00000 000000
¥ LASH 0.ON038 243110 0,00000 002220 097059 0.00000 22,3 6.013%0 0.00081 0.02000 0.01%09 0.00028 0,00000 0.60000

L{] 6500 0.8 AR 00712 <0.00024 0.W9RE 003272 24,9 0.0130% 0.00028 0,02000 0.01708 0.00003 0.00000 0, 00000
L] §300 .M 000 00732 0 00000 R 0032 204 Q.01TBE O.000F3 Q,02000 O.0235L 0.001%0 0.00000 0.00000

" 2450 1.07103 2.40%98 0.00000 002043 L0293 0.00000  T3.9 0.02301 4,001 0,02000 0.0284 4.00206 0.00000 4.00000
L) LSH LS 2830 0.00000 0.0245 1.00%5 0,00000  Mub 002006 O.0bzib 0.02000 0.03513 0,00207 0.00000 0,H0000
L) 2,650 1,07995 2.40%90 0.00000 0.02245 1.02995 0.00000 39,3 O.035L3 0.00207 0.02000 0.CASB9 1.00376 0.00000 0. 00000
) 2450 1025 L00%9R 0,00000 00243 102985 0.00000 419 O.0AAY 0.00376 0.02000 0.05529 0.00H4 0.00000 0.00000

N 4500 0405 4490 0,07002 -0.00024 0,9M46 0,05272  4A.é 005529 0,00486 0.02000 0,07840 00550 0.00000 000000
1)) L300 0.4 A490 0,0732 -0.0002¢ 09994 005272 AN 0.07H0 0.00850 0,02000 06,1040 9,00613 0.00000 0, 00000

¥ 2458 0.97003 243119 0,00000 =0,02220 0.97035 0.00000  SL4 010470 O.00R13 0,02000 0.1700 0,00343 0.00000 000000
¥ 2,458 097033 283118 0,00000 -0.02220 0,970 0.00000 M2 G 11781 0.00363 0,02000 0.12%86 0,000% 0.00000 000000
¥ 2,458 0,97033 243118 0.00000 -0.02220 0.97035 0.00000 3T 0.0258% 0.000% 0.02000 0.1225 -0.00108 0.00000 &, do000
¥ 2488 097033 243118 0,00000 ~0,02220 0.9703F 0.00000 613 012236 ~0.000HF 0,02000 0, 11399 -0.00454 0,00000 000000

KN 1,300 0.9998 4499 0.07342 -0.00024 O.9%46 003272 642 010300 -0.00054 0,02000 0,00497 -0,00301 0.00000 0.00000
BEND LE00 09996 4497 0.07362 -0,00024 0.9%34 0.,03272  #RD 0.0M7 -0.003M1 0.62000 0.078§0 -0.0028 O.00000 0.00000

W 2,638 L0295 2,483 0.00000 G.02265 1.02995 0.00000 73,2 0.07080 -0.00328 0.02000 0,072 -0.0013% 0.00000 000000
' 658 102095 200399 0,00000 0.02283 102995 0.00000 75,3 0.0723 -0.0013% 0,02000 0,002 (00000 0,00000 0,00000
o 2400 L0205 2.0 O.00000 0.0224% 102095 0.00000  TE 0.0T02% Q0000 0,02000 0.073T% 0.00157 0.00060 0008
0 408 L0295 2,098 0.00000 0.02265 102995 Doovote 1.3 007256 O.00159 0,02000 0.,07680 0,00326 0.00000 0,00000

BEND 50 09590 4,697 0.07342 +0.0002¢ 099946 000212 3. 0.07080 0.00328 ©.02000 0.09498 0.00391 0.0000C 0.00000
BEND 4,300 099906 4497 0.07362 -0.0002¢ 0.99946 003277 M3 0.0MTE 0.00391 0,02000 0.13400 0.00854 Q.00000 0.00000

i 2,45 097085 2,63116 0,00000 -0.02220 0.97055 0.00000 92,8 0,11400 0.00450 002000 0.12257 0.00189 0.00000 0.00000
w 2038 097030 23118 0.00000 -0.02220 0.9703% 0.00000 95,3 0.12257 0,00008 002000 0.12387 -0.00090 Q,00000 0.00000
4 2430 097033 L.A3M1B 0,00000 -0.02220 047038 0.00000 98,2 0,12387 ~0,00090 0,02000 0, 1178F -0,00363 0,00000 ¢.00000
4 2430 097038 2.0118 0,00000 -0,02220 097035 D,00000 00,8 0.11703 -0.00363 0,02000 0.10080 -0.00613 0.00000 0.00000

L 4H0 09945 4499 0.,07362 -0.02¢ 0.9 0,00272 1035 0,10400 -0.00413 0,02000 0.07862 -0.00550 0.00000 0.00000

BN 300 09994 4,499 0.07302 ~0.0002¢ 099946 0.00272 10,0 0,07862 -0.00530 0,02000 0.05330 -0.00484 0.00000 0.00000
w 2000 107895 2.06396 D.00000 0.02005 1.0299% 000000 1125 0.08330 -0.004B8 0.02000 008390 -0.00376 0.00000 0.00000
) 2,650 L.0M95 200198 0.00000 002265 102995 0.00000  115.1 0.00390 ~0.00374 0.02000 0.035i3 -D.00Z87 0.00000 C. 000G
'] 2,63 L0MS 2,0909% 0.00000 0.02265 102995 0.00000  117.8 0.0351) -0.00267 0,02000 0.02847 ~D.00206 0.00000 D.000G
1} 2,650 LOMSS L0193 000000 02263 100995 O.00000 120,40 0,02047 -0,00214 §,02000 0,02352 -0,00158 0,00000 0.D0OGD

BED L0 O LATF 0.0THED -D.0M24 0.99%66 003212 1230 0.02352 ~0.001% 0,02000 0,01785 -0, 00073 0,00000 0.0000¢
L L] L0 0.5990 4497 0.07342 -0.00024 0.4 0.03272  127.4 0.01783 -0.00093 0,02000 001511 ~D.00028 0,00000 0.0000¢

¥ L438 D.97035 243118 0.00000 -0,02220 0.M0FS 0.00000  132,1 0.015L1 -0.00028 0,02000 001391 -0,0004) 0,00000 10,0000
.3 2,658 0.97035 2.63119 0.00000 -0.02220 057035 0.00000 1368 0,01391 -0.00061 0,02000 0,01189 -0,00090 0.00000 0,00007
'3 2,638 0.97035 2.63118 0.00000 -0.02220 0.97033 0.00000 1324 0.01189 -0.0000 0,02000 0.00917 -0.00114 0.00000 0.0096¢
¥ 2,458 0,97035 2,6311B 0,00000 -0,02220 0.7035 0.00000  140.0 0.00917 -D.00134 0,02000 0,003 -0.00I31 000000 0.00000

L) 4,500 0.09900 4499 0,07342 -0,00020 099960 0.0372 (427 0.00590 ~0.00131 0.02000 0.00148 -0.00086 0.,00000 0,0003¢
L1 4500 0.4994 499 0.07382 -0.%0020 0.999%6 0.03272  142.2 0.00148 ~0.00066 0,02000 .00600 00000 (0.00000 0.00000
L] LA L0NS 248398 000000 0,02265 1.02995 0.00000 I3L.7 00000 ,00000 0,02000 00000 00000 0,00000 0,2000%
0 658 102995 248399 0.00000 0,02245 103995 0,00000 544 00000 .000G0 0,02000 00000 00000 0.06000 0,0000
e 2,658 1,00995 2.4B3%9 0.00000 0,0225 1.0Z9%5 0,00000 1510 0000 .00000 0.02000 ,0GOO0 00000 3.00008 0,000+
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TABLE 6-4. BEAM PATH THROUGH ACHROMAT -- OFF ENERGY 2%, GRADIENT ERROR 2%

DENN PATH THROUBH ACHRGNAT NITH SHOMN ELEMENTS
FOR.A5 MEV ELECTRONS 43,00000 71 DEL P/P GRADIENT 21 HIGH
QAD Le  5.31500 QUAD Be 1304.62 DEWD Ls 9.00000 DeMnDe 1518000 RKO s 43N.51 K 00027 0.24685  EPSs 0.00000

LATTICE  LEMTR == === MATRIT ELEMENTS -~~~ -~ DISIMME DELTA X D-PRINE DL AP MEXTR MEXTA® DELY Y-RIM
1TER 5 Ml M M3 oa 2 A 1} o W - v ] Mo
] L% 10N 2,68451 0.00000 0,02511 L.03055 0.00000 0,0 0.00000 0.00000 0,02000 0.00000 0,00000 0.00000 0,00000
@ 458 L0035 2.4M50 0.00000 00211 L0355 0.00000 2.7 0.,00000 0.00000 .02000 0.00000 0.00000 0.00000 0,H0000

il §,500 0.99946 4,499 0.07362 -0.00024 0,994 0.0%217 53 0,00000 0,00000 0,02000 0.00147 0,00065 0.00000 0.00000
| )] 4500 690 LR 007362 -0.00024 0.9 0.03772 $.0 0,00147 0,00085 0.02000 000389 0.00131 0.00000 0.00000
¥ 2,450 096970 2.03040 0.00000 -0.02204 0.9E076 C.00000 14T 000589 0.00131 0,02000 0.00915 0.00110 0,00000 0,00008

¥ 2,458 0,997 2,430 0,00000 -0.02244 0.94976 0.00000 17,0 0.00915 O.0034 0.02000 001106 0.00MT 0.00000 0.00000
¥ 2,450 0990 243040 0.00000 -0.02204 0.9497% 0.00000 1.6 0.00186 0,00009 0.02000 0.01305 0.00060 0,00000 0.00000
* 2458 09976 2.63046 0.00000 -0.PYAM 0097 0.00000 22,3 001703 O.00060 D.02000 0.01501 0,00027 0.00000 0,00000
K £500 09996 LO8T 0.07002 000024 O.MRL 0.03272 20,8 BOITOL 0,00027 0.02000 0.01747 0.00092 0,000 0,00000
LY LRD 0P LS9 0,072 -0.0000 O.WH 003202 0 O.D1THT 00000 0,02000 0.02020 0.001ST 0.00000 000000
@ L LOMSY 2.6M31 0.00000 0.0211 1.0305F 0.0 3.0 0,000 0.00157 0.02000 0.07817 0,002L5 0.0000 0.00000
i 2,650 103055 2,40451 0.00000 0.02311 1.03055 0.00800  Jh 0.02M7 0,025 0,02000 0.03483 0.00287 0.00000 10,0000
] 2450 103055 24051 0.00000 002311 1.03035 0.00000  IN 003081 0,00207 002000 0,00 0.0037% 0.08000 0.00000
i 3,450 1.00055 240431 0.00000 0.0231) 1.03085 0.00000 49 O.0A330 0.0037h 0,02000 0,030 6.0048 0,00000 0,00000
| L] 4500 DRI L0 0072 -0.0M20 DURNKL 003212 b O.03500 0.00408 0,02000 O,07041 0.00552 O,00000 0,00000
L1 L0 00960 4400 0.07362 -0.50020 DYWL 003212 40 0.07HD 0.00552 0,000 010468 0.00615 0.00000 b, 00000
¥ 2850 096976 2,41080 0.00000 -0,0024 0.04976 0.00000 B4 0.00460 000415 0.02000 0,11770 0,00360 0.00000 0.00000
¥ .45 0.96970 2,83088 0.00000 -0.02264 O0.9857% 0.00000 35,2 O.017V1 0.00360 0.02000 0.12%1 0,0007 0.00000 0,00060
¥ 2450 O.MYTE 243088 0,00000 -0,02264 0.M3T6 000000 3BT 0.02461 0,00082 0.02000 0.12208 -6, 00200 0.00000 00060
¥ L459 0.56970 2.43085 0.00000 ~0.02204 0.%97h 0.00000 615 0,J2204 -0,00200 0,02M00 0,11309 -0, 00470 0,00000 0,00000
XN 4500 090 499 0,07362 -0,00024 0.9%M4 0.05212 B4 2 001309 +0,00470 9.02000 0,09334 -0,00007 0,00000 D,00000
¥ND 0300 0.99M0 449 0,00302 -0,00020 0.9945 00322 #LT O.00334 <0,00007 0.02000 0.07843 -0,00304 0,00000 0,90000
1] 249 1,03055 2.40431 0,00000 0,02311 1.03035 0.00000  TI.2 O.07WE3 <D, 00340 0,0200 0.04%53 -0, 00878 0.00000 19,0000
0 2638 L3NS 268451 0,00000 0.0231) 1.03055 0.00000  7EY O,Q4YSY -0, 00179 0,02000 O, 04489 -0,00025 000000 09,0000
] 249 1LOWSE L4351 0,00000 0,02310 103033 0.00000 B3 0.0WM -0.0002F ©.02000 0,043 0.00IF1 000000 009900
] 030 103055 2.6B451 0.00000 0.02311 103023 0.00000 81,2 0.0N032 0.00131 0.02000 0.0733 94,0029 0,00000 0,00000
| L 4500 0994 4499 00062 -0.0004 0.99%46 003212 BB O.07YS 0.0021F 0.62000 0.0883 9.00387 0.00000 0.00000
XD 4,500 094 4499 007342 -0.00024 O.0WL 000272 L3 0,005 000337 0.02000 0.10403 0.00820 0.00000 ©.00000
¥ 2458 0.56976 2.43066 0,00000 -0,02264 0.9697 0.00000 90 00043 0.00420 0.02000 0,13387 0.0087 0.00000 ©.00000
W 2450 0.969% 2.il066 0.00000 -0 02264 0.%978 0.00000 L5 Q01387 O.00047 0.02000 0,11482 -0.000%4 0.00000 ©.0090
¥ 458 09676 2.63066 0.00000 <0.02244 0.95974 0.00000  ¥,2 0.11482 -0,0009 0,02000 0.10883 -0,0035F 0,00000 0,00000
] 2658 096976 43066 0.00000 +0.0244 09497 0,00000  100.8 0.10B85 -0.00353 0.02000 0,09625 -0.0058% 0,00000 0,000
L] 4,500 099046 4489 0.07062 -0.0002 A.M9K 001272 1038 0.0925 0.00389 0.02000 0.07119 -0.00525 0.00000 0.00000
1] 4500 099946 4490 0.07342 -0.00024 09904 0.03272 100 0,07019 +0.00525 0.02000 0,04E9% -0,00441 0.00000 0.00000
0 650 103055 240431 0,00000 0.02315 108033 0.00000  112.3 004099 -0.00461 0,02000 00381 +0,00%2 0,00000 0.0000¢
] 2,630 1,00055 1.4BA3{ 0.00000 0.02311 103055 O.00008  118.1 0.03011 -0.00%2 0,02000 0,03955 -0,00785 0.00000 000000
L] 4,658 1.0NIS 244481 0,00000 0,023(5 1.0M5% 0.00000 117.0 0,025 -0.0205 0.02000 0,02280 -0.00226 0,00000 0.00000
0 2,050 L.0MSS L4851 0.00000 0.0201f 108053 0.00000 120.% 0.02280 -0.00226 0.02000 0.01744 +0,00180 0,00000 0.00000
[ 1] L300 099 4099 00702 -0.00024 0.9900 0.03202 12,0 Q,01744 -0,00180 C.02000 0.01082 -0.00115 0.00000 900000
BERD 4,500 09905 4099 0.07H2 -0.00024 0946 0.0272 (27,6 001082 -0.00115 0.02000 0.007L3 -0.0304% 0.00000 0.00000
¥ 638 096976 2,i3060 0.00000 <0,0224¢ 096974 0.00000 1321 0.00713 -0.00049 0,02000 0,00%b1 ~0.00064 0.00000 0.00000
i 2,658 0.%6978 263066 0.00000 -0.02264 0.96976 0.00000 1348 0,00381 -0,00064 0,02000 0.00376 -0,00075 0.00000 90,0000
W 2,658 096978 243060 0,00000 <0.02264 09597 0.00000 (374 Q,00376 -0.00075 0.02000 0,00148 -0,00081 £.00000 0.00000
¥ 638 0.06976 2.63066 0.00000 -0,0224¢ 0,96974 000000  140,1 0.00168 -0.000BI 0.02000 -0,00050 ~0,00082 0,00000 0,00000

KW 4300 099045 A.49% 0,07062 -0,00024 099944 003222 1427 -0,00050 -0,00082 9,02000 -0,002M ~0.00017 0.00000 0,000
D L5060 0I0E 4497 0.07062 -0.00024 O.9M46 0.03212 1472 ~0,00274 -0,00017 0.02000 ~0.00202 0.00049 (,00000 0.00000
n 698 103035 2,488 0.00000 0.02311 1,03055 0.00000  131.7 -0.00202 0.0004% 0,02000 -0.00078 ©,00045 £.0000¢ 0.00000
1] 2,558 1.03055 2,68031 0.00000 0,0231f 1,03055 0.00000 1544 -0.00078 0.00M3 0.02000 0,004 0.09045 0.08000 0.00000
gr 2,658 1.05055 2,6B451 0.00000 0.0231L 103033 0.00000 1570 O.0004L 0.00045 0.62000 0.00163 0.60047 0,00000 0.00000
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TABLE 5-5. ACHROMAT CHARACTERISTICS

Electron Energy, MeV 45
Bend Angle, degrees 30
Path Length, meters 1.57
Dipoles
Number 8
Length, cm 9.00
Bend angle, degrees 3.7%
Magnetic field, tesla 0.1104
Field index 0
Edge angle, degrees 0

Short Quadrupoles

Number 2
Length, cm 5,315
Magnetic gradient, tesia/meter 12,81

Long Quadrupoles

Number 7

Length, cm 10.63

Magnetic gradient, tesla/meter 12.81
Magnetic Aperture, cm 3.24
Horizontal Phase Advance 2
Vertical Phase Advance 1,95
Max Ap/p* 16%
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TABLE 5-6. SAMPLE OF MAGNETIC MEASUREMENTS RECEIVED FROM
LAWRENCE BERKELEY LABORATORY

““““““““ MAGNET IC MEALURCMUNTS (MGINEERTMNG=- ~-me m= ==

m—mmmenme=MAGNETIC MOMENT SURTING

MAGNETS 4,185 INCHES LONG W) TH EASY NZIS UF  190.@ DEGSKREES
MAGID Mxy THTAXY Mz DATE TIME
[Max-Cm1 [Degrees] [Max~Cm]

301217 22533, -179.6 2@. 23-JUL-8%  15;29:55
301145 22368, 1746.1 ~147. 23-JUL-85  13:04:01
301137 224609, -174.9 234, 19-JUL-85 15:07:08
201149 22654, =-179.5 179. 12-JUL-85  12:52:44
Je1201 22683. ~177.4 =212, 18=-JUL-BS  1@:%50:52
301153 22731, =173, 4 334, 23~JUL-33  14:02:18
301177 22883, 179.2 =271, 12=JUL=-B5  13:346:2

3021193 229@7. -178.5 416, 18~JUL~BS 11:15:29
301209 22933, =-178.9 ~1&8. 18-JUL-85 ©9:44:36
81129 22934, -178.8 354. 19-JUL-85  13:48:24
Q1161 22969, 178.4 287, 12-JuL-85 11:28:51
31185 2387t., -178.4 1101, 12~-JUL-8% 15:01:01

MAGNETS 4.185 INCHES LONG WITH EASY AXI1S DOF 135.@ DEGREES
MAGID MXY THTAXY MZ DATE TIME
[Maxz-Cm]) [Degrees) [Max-Cm1]

02178 29572, 135.8 -109, 12-JUL-BS  13:40:59
02144 22586, 136.8 149. 2Z-JUuL-3% 13;@9:27
02178 zTa0. 127.7 293, 19-JUL-85  15:11:@5
2186 22814, 134.5 ~-176. 12-JUL-8%  15:@5:40
3082218 22409, 131.4 ), 23-JUL-8%5  15:34:47
IW2162 22659, 135,32 S9. U2-AUG-ES  11:51:10
702154 22663, 139.2 377. o3-JuUL-85%  14:087:01
702210 22793, 134.9 9. 23-JUL~-85  15:@8:50
I02194  22807. 135.2 51, M1-JUL-85  13:29:28
IB2170  27878. 134,1 6L, @2-aUB-B5  15:25:30
02202 79921, 134.2 377, @1-JUL-B5  14:28:30
IP21Z6 20951, 135.8 80, 19-JUL-ES  13:59:47
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TABLE 5-7.

ANGLE

7.340
15240
22,000
68,000
16,760
82,660
97,340

103,240
112.000
138,000
186,760
172,660
=172.660
~166, 760
- (38,000
~112.000
=103, 240
07,340
-82.660
=76, 760
-68.000
-22,000
13,240
-1.340

*

UNIT

SPREADSHEET COMPUTATION OF MAGNETIC FIELDS DUE TO TRIM COILS

PROGRAN TC CALCULATE FIELDS
8,800 L4320 = 0.193
CURRENT COND  COND  DELTA

Y= 0.00000
DELTA ABS B ! Y

I=

VECTOR  VECTOR

2B.000 246,400
28,000 246.400
0,000 0,600
0,000 9,090
~28,000 -245. 400
=26,000 -248.400
=28.000 =246, 400
~28.000 -245, 400
0,000  0.000
0.000 0,000
28,000 246,400
28,000 246,460
28,000 248,400
28,000 246,400
0,000 0,000
0.000 0,000
=28,000 -246.400
=28.000 -248.400
-28,000 -246.400
28,000 -246,400
0.000 0,000
0,000 0,000
28,000 246,400
20,000 246,400

{ P08

1,480
1,452
1,383
0,559
0,32
0.1%t
=0.181
0,342
-0.559
1363
=152
-1.480
=1,480
-.452
1,383
=0,959
~0.342
-0,1981
0.181
0,342
0.559
1,383
1,452
L1480

¥ POS
0.1%1
0.2
0,359
1,383
1,452
1,480
1,480
1,432
1,383
0,359
0,342
0,15t
=019l
<0, 342
-0, 389
L3
=1.432
-1 480
=1,480
1432
=138
=0,35¢
-0.342
=0, 191

X
1086

LS9

0,750
0. 165
=0.052
0,203
“0.564
-0.73
0,933
=17
-1.84
=1.873
-1.813
=1.846
=L
=0.953
-Ol 735
=0, 504
=0,203
~0.052
0,163
0,790
1,059
1,086

Y
0,191
0,342
0,359
1,383
1,452
1,460
1,480
1,452
1,38
0,359
0.302
0,091
'0- 191
0,542
0,549
-1,383
-1.482
-1.480
-1,480
-1,452
-1,383
-0.559
'0-342
0,191

1103
L2
L1537
1,383
1433
L498
1,391
1,628
1,480
1,863
Lan
1,883
1,883
1,877
1,863
1,680
1,628
{39t
1434
(L]
1,393
1137
1112
1103

NOTE:

All distances are in inches.

x = 0,39377 (1 cm)

5-38

RADIVS  GAUSS

17,406
17.482
0,009
0.000
~13,359
-12.9%8
-12,203
11,928
0,000
0,000
10,341
10,309
10.309
10,38
0000
0.000
-11.925
-12,.203
~12,998
-13,33
0,000
9,000
17,452
17,608
W]

L8
=5.381
0,000
0.000
13,350
12,81
11,350
10,639
0,000
0,000
-1.882
1,044
1,044
1482
0,000
0,000
-10.639
-11,3%0
-12.817
13,350
0,000
0,000
3,38
3,043
0,000

COMPONENT CONP,

17.34)
16, 508
0,000
0,000
0.478
L2867

b 482
539
0,000
0,000
-10.168
-10.254
=16, 256
-10.168
0800
0,000
§.37
4482
1,767
0,476
0,000
0,000
16,608
1.3
5L278
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TABLE 5-8. VERNIER COIL POSITIONS

Assigned 82
Position Angular cosydy Turns Turns
Coil Angle Range ] Indicated Used
81 - 99
A 7.5 0-15 0,2588 10.1 11
B 27.5 15-37.5 0.3499 13.6 13
c 45 37.5-52.5 0.1846 1.2 l
b 60 52.5-67.5 0.1305 5.1 5
E 75 67.5-90 0.0761 2.97 3
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AT CENTER, 0° ANGLE

PROGRAN TD CALCULATE FIELDS
ANPS= 17,142 RADIUG= 1,258 L= 0.0000

ANGLE  UNIT  CURRENT COND  COND  DELTA

VECTOR  VECTOR X P05 YpOS X

7.500 11,000 186,386 1244 0,164 (244
27,500 13,000 222,851 L3 0579 1.3
5,000 7,000 119.9%7 0,887  0.087 0,897
60,000 5,000 85,712 0,628 L.087  0.428
75,000 3000 Bt.A20 035 L22 035
103,000 -3,000 -5t.427 <0328 [ NI -0.3%5
120,000 <5,000 85,712 0,428 1,087 0,428
135,000 -2.000 -119.997  -0.867  0.887 0,887
132,500 -13,000 -222.851 1,113 0519 L83
172,300 =11.000 -18B.366  -1.244 0,164 1,244
172,500 11,000 -188.366 -1.244 -0,1p4 1,284
«152,500 =13.000 -222.851 -LI3 -0.579 1,113
-135.000  ~7.000 -£19.997 0,887 -0.B87 -0.887
-120,000 -5.000 -B5.712 -0.628 -1.,087 0,628
-105.000 3,000 -3L47 -0.325 L2 -0,325
75,000 5000 SL42 0385 -L212 030
=60,000  5.000 Ba.7M2 0,428 -1.087 0,628
45,000 7,000 119,997 0.887 -0.887 0,687
=20,500 15,000 222830 L3 0579 L3
<7.500 11,000 180,566 L2404 -0,164  1.244

=
JELTA
¥

0. 164
0.5718
0.88?
108
L212
.22
1,087
0.887
0,579
0,164
-0. 164
-0, 37%
=0, 887
-L.087
-1212
-.212
L. 087
-0.887
0.3
=0, 184

0.0000

1,255
1,255
125
L&S
L&
125
1,253
1,255
125
L5
1,285
1,285
1,255
1,255
1.2§
L2
1,358
1 2%
125
L0

TABLE 5-9. CALCULATION OF FIELDS FOR VERNIER COILS

AES 3
RADIUS  GAUSS

11,838
13,9581
1583
5.36
3.2
-l
~5.381
1,333
-13.99
~11.838
-11.838
-13.991
=138
-5.381
5,22
5.220
.38
1533
13,994
11,458
132,000

ANBLE=

!

SIFLH]
b, 440
=332
4,860
-5 119
L
4,060
5.527
b.460
1,548
1,545
=6, 460
5.3
-4.650
LA
K H
4,660
W37
6,460
£.545
0.000

llIIlIIlllllllllllIlllllIllllIIllIllIlIIIlIIIIIIIIIIIIIIIIIlIllllllllllllIllIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII%

0,000
f

CONPONENT CDNP,

Y
12,410
§.527
481
0.836
0.836
2,691
534
12,410
s
s
12,419
a3
2,491
0.835
0.83
L6
5327
12,410
11737
132,000
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TABLE 5-10. CALCULATION OF FIELDS FOR VERNIER COILS
AT ONE CM, 0° ANGLE

PROGRAY T0 CALCULATE FIELDS

ANPSs 17,042 RADIUG= 1,255 = 0,387 Y= 0.0000 ANBLE= 0,000

ANGLE  LRIT  CURMENT COND  COND  DELTA  DELTA ARE g ! ¥

VECTAR VECTOR X PO YRS X Y RADING  GAWSS  CONPONENT COMP

7.500 11,000 18B.366  L.244  O.led 0850 0B 086 17,152 L2 14,843
2.500  13.000 222830 LI 0579 0717 0579 Q924 19.004 -11.920 14302
85,000 7.000 109,997 0.687 0.887 0494 0887 Lole 3100 -B36 45
60000 5.000 BS.712 0428 L0B7 023 LOB7 L2 6075 BN LT
75,000 3000 SL47 0328 L2 -4 L2 LA L3N -LTT -89
103000 -3.000 -5L427 -0.325  L212 -0.71 212 L.409 -2.B73 244 Lk
120000 -5.000 -85.712 -0.628  1.087 -L021  L.0BF 1491 <4328 X300 .01
136,000 -7.000 -118.957 -0.867 0.887 -L.281 Q.BB7  LSSR -h.087 34 4987
(62,300 -~L3.000 -222.851 -LU3 0979 -L307 0.579  L.604 -10.876 3,908 10.150
172,300 11,000 168,960 1244  O.imd -L3B  O.0B4 1606 -5.025 0,898 B.9B1
<1700 11,000 ~160.36 - M -DLbA -L.638 0164 Ladb -9.025 -0.898  B.98t
-152,300 -13.000 -222,851 -LAL3 -0,57% -L3O7 -0.579  L.GM4 -10.376  -3.904 10.151
155,000 ~7.000 -139,997  -0.B87 0887 -1281 0887 LSS8 -067  -BSA 4997
120,000 ~5,000 85,712 0428 -1.0B7 L0 -LOG? L4901 458 L300 3.i0f
~105.000  -3.000 -BL 42T ~03ZE -L212 -0 <LZ 1409 <2875 -DATE 46
15000 3000 SLATT O35 L2 086 -LUT LAY 3 LI -
-60.000 G000 85712 0.628 -1.087 0,23 -L.087  L12 &O78 593 Lo
45000 7,000 119,997 0,887 -0.887 0494 0,887 L6 310 8IS 45K
-IREN0 A5.O00 222,880 L3 04T OME 0579 Q.97 19000 1922 1A0Z
<7500 11,000 188,346 1,244 -0.184  O.BSl 0,164 0866 IT.IS2 3244 (6,843
(31,888 4,000 131.868
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TABLE 5-11. CALCULATION OF FIELDS FOR VERNIER COILS
AT ONE CM, 30° ANGLE

PROGRAN 0 CALCULATE FIELDS

ANPE= 11,142 RADIUS= 1,255 =030 = 0,199 ANBLE=  30.000

BNBLE  UNIT  CURRENT COND  COND  [DELVA  DELTA ABS B X ¥

VECOR VECTOR X1 P05 YROS X v RADIVS GAUSS  CONPONENT COMP.

7500 11,000 188.546 L7244 G084 0,903 -0.033 0,904 16436 0.601 16,425
2,500 13000 22830 L 0T 07 OB 0.Be2 20373 -%.040 18255
£6.000 7000 119997 0,887 0.887 0.546 060 0.880 1073 -BALR bu682
60.000 5000 85,712 0.428  L.087 0,287 0.8%0 0.935 .28 6675 L3
75,000 3000 421 038 L2 -00L6 LD 1,016 3990 -3.9%0  -D.0e3
105,000 -3.000 -3L427 -0J328 L2 -0ubé6 LOM L2 -333T 0 L7810 1,630
120,000 -5.000 -B5.712 -0.628  1.087 -0.%68  0.890 L35 -S43 3474 3,760
136,000 -7.000 -119,997  -0.887 0,887 -LRB 0.9 L4090 -4 709 3,288 3.BMf
152,500 -13.000 -222.89 -L113 0.5 L84 0,383 L3OV -1L6T7 2972 1029
172,300 -15.000 -108,566 -1.288  O.064 -1.585 -0.033 1,38 .30 -0%5 .8
{72,500 -11.000 -198,566 -1.28¢ -0.164 -1.980 0361 1.b26 9138 -2077 AUt
-152.500 -13,000 222,851 ~LII3 0,577 -[.438 <0776 LG40 -10.652 -5.017  9.3%
135,000 -7.000 119,997 -0.887 -0.867 -1.228 -1.084 [.438 5770 LAY 432
~120.000  -5000 -B5, M2 -0.628 -1.0B7 -0.9B -1.28% 1,608 4200 3,353 2,509
105,000 -3.000 -50.427 0,328 -L2A2 -0.666 -L.409 1,538 2600 L3 LY
75,000 L000 St 035 <L212 0,016 -L.409 1409 2875 2678 0,033
-b0.000  5.000 85,712 0,628 1,087 6.7 -L2B4 L3S 5M5F  &O1 L9
-45,000 7000 119,997 0087 -0.887 0,846 1,084 L2214 7BT a93 1504
<27.500 13.000 222851 LI3 -0.97% 072 -02%6 1,095 16,035 10,348 11,308
7,300 10000 (68,566 .24 -0.084 0,907 -0.3BL 0,973 15215 G.bbk  14.18h
131,910 -0,098 131,970
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AT ONE CM, 60° ANGLE

PROERAN 70 CALCULATE FIELOS

17,142 RADIUS=  1.28% 1= 0% ¥=
UNIT  CURRENT GOND  COND  DELTA  DELTA

YECTOR ECTOR X P05 Y8 1 !
1,000 188,366 1,244 d.ed  LO4T
15,000 222,830 LA 059 081
T.000 (19,997 Q.87 0.887 Q.M
5,000 65,712 0.628 L0870
Lo S5L47 035 LAT D.028
-5.000 51427 -0.325 L2 -0.522
-5.000 -B57M2 -0.620  L.0B7  -0.84
7,000 119,997 -0.837 0,887 -1.084
-13,000 -222.850  -L11} TR L300
11,000 -168.566 <1244 Dud64 -1
11,000 -168.566 <1244 <0.0M4 144
13,000 -222,850  -LIE 0579 -1 iR
-7.000 ~119,997  -0.B87 -0.B67 ~[.084
~5.000 -85.712 -0.628 -f.087 -0.824
~5L000 -SLaTT -0 -L211 0312
nood 8427 0,328 -L22 0.8
5.000 83,712 0.628 -1.087  0.431
7.000 419,997 0.687 -0.BB7 0,491
13,000 222851 LIS -0.5W 0916
1,000 188366 L4406 LOW

ANP=
ANGLE

03410
ABs B
RATIUS  GAUSS

1062 13,98
0.947 18,543
0.881 10,78
0.881  7.841
0881 4,401
1016 =399
Lz <4078
B ICIE
L2 -13.18
1452 -10.232
L87 4.7%
1601 ~10,9b7
L6350
LY -40%
L6 0473
1560 2,400
LA 45
1400 4708
1,299 15549
1483 12,778
132.047

1,500
.50
£5.000
£6,000
15,00

163,000
120,000
135,000
152,500
172,500
-172.500
-152.500
-135.000
-120.000
=105.000
-73.000
-5, 000
43,009
-17.300
~7.500

=077
nax
0. 54
Q.74
0,871
0.871
0744
0,346
0,239
"01 ”7
-0, 308
'01?20
~1.228
L A2
139
-1.55
-1,420
-1.228
0,920
=0, 505
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TABLE 5-12. CALCULATION OF FIELDS FOR VERNIER COILS

ANBLE=

COHPONENT CMP,

50,000
X ¥

L3
';167]
-b. 482
'6|790
-4,582

3423

4,07

3,504

2,382
1248
il
-6, 303
4,52
~3.381
2.3

.M

£33

3.848

9,581

350
-0, 063

13,19
17,945
B.17
i
0,863
2030
4,304
5953
12,9%
10,156
9.183
8.973
5819
2,088
0,787
%203
1,308
.28
9,538
1,51
132047
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TABLE 5-13, CALCULATION OF FIELDS FOR VERNIER COILS
AT ONE CM, 90° ANGLE

FROGRAN T0 CALCULATE FIELDS

ANPS= 17,142 RADIUS= 1,255 f= 0000 f= 0,393 ANGLE= 90,000

ANGLE  NIT  CURRENT COND  COND  DELTA  DELTA hgs B £ Y

VECIOR VECTOR X POS vepDs ¥ Y RADIUS  GAUSS  CONPONENT COMP,

00 1,000 188386 L244 Oled L2 <0230 L5 L8 433 415k
300 (3,000 22850 LT 079 LI 0085 102% 15558 <263 I5.345
15,000 7,000 U19.997  0.887  0.887  0.887 0494 1016 9310 -6,5% 8.3
§0.000  5.000 52 DA LOBD 028 0.9 05 123 <5355 4847
75,000 3000 SLAZT 035 L2203 08I0 0881 &40 4277 Le9?
105,000 -300¢ ~3l.427 -0.325 L2U2 <035 0819 BBl -4400 4277 1697
120,000 -5.000 -g5.702 -0.628 1,087 0,628 0,693 0935 00 LIS 4897
135,000 -7.000 -110.997 -0.B87  0.B87 -0.EB7 0494  L0l6 -.300 ASH BB
132,300 ~13.000 2228581 -LUS  0.59 LU 0.8 1,079 -15.558 L5 15315
2,000 -11,000 -188.566 -1, 264 0,168 -1, 244 -0,230 L265 -11,M2 2,033 L5646
-172,500 -11.000 -188.56% -1, 264 0,164 <1206 -0.59 1,363 -10.897 4,456 9,934
132,300 -13,000 -222,881  -L13 -0.979 L3 -0.973 LA -11,875 -1.B16  B.540
135000 -7.000 -(19.997 0,867 -0.BA7 -0.B87 -1,281 LS8 -,067 -4,987 3,454
Sl20.000 5000 ~85.712 -0.628  -1,087 <D,620 -L4B! 1,408 4200 387 1,439
105000 <3000 <5LAT 0.5 LU <0325 L6804  LAE 2473 -4 (.49
W5.0000 R000 SLAZT 03 -L22 0 035 -L606  LAIB 2,473 243 0.4%0
60,000 .00 BETI2 0428 1087 0.2 -LBL .60 4,200 3867 1,439
-65.000 7,000 119997 0.887 -0.887 0,887 -L.2B1 1,598 4,087 4,987 3,454
73000 13,000 22,851 L1307 LUT <0873 L4 10,875 7.816  B,940
L300 11000 18B.6 L2 -0 064 LM 0,558 133 10,897 445 5,94
132,079 0.000 132,079
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6.0 MATERIALS

The material selected for the achromat's permanent magnet dipeles and
quadrupales is the grain-oriented ferrite, Ferrimag 78. The properties of
the material are shown in Table 6-1 and Figure 6-1. This material was select-
ed primarily because it has a Tinear demagnetization curve and 2 recoil per-
meability of nearly unity {1.05 to 1.07) making the material similar to the
rare earth cobalt permanent magnet except for the much lower RxH product. To
ensure that ghe residual induction and coercive farce do not vary by more
than 2%, all slabs used to make each type of magnet (e.g., all quadrupole
single defocusing magnets) were from the same lot.

Except for the magnet éegments themsalves, all the materials in the
achromat must be non-magnetic. These materials are listed in Table 6-2.

The coils for the vernier were made from amodized aluminum strips 0.020
thick by 0.250 wide, This material was especiaily rolied from wire (as oppos-
ed to s1it from sheet) in order to get an edge that was free from burrs,
Because of the length of the aluminum strips, some difficulty was experienced
in getting an acceptable anodized surface, It ultimately became necessary to
make a support frame that would hold the strips in the anodizing tank in
order to obtain an acceptable insulating anodized film on the surface. Tests
showed that the anodized surface gave good insulation, but just to be on the
safe side, a thin mylar film was used between the turns to give additional
pratection against possible abrasion of the anodized layer during fabrication,

The materials used in the vernier are Tisted in Table 6-3.

6-1
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TABLE 6~1, FERRIMAG 7B TECHNICAL DATA

Ci ucnb Mc.o*noi:cs
Crucible Magnctlcs
Crucible Magnetics Ferrimag 7B

\

Tachnical at —
T@@WJ@@] i)

NOMINAL MAGNETIC PROPERTIES

By {Residual Induction? . ... .......0.unns 3800 Gauu 380 mTesla
He {CoerciveForc) , ... ................ 3500 OQersteds 275 kA/m
Hgi lintrinsic Coercive Forcal ............... 4000 Oersteds 315 kA/m
BHprat (Maximum Energy Product) ., ............ 3.3x10* GO 26.2 kJim?
Operzting Point for Maximum Energy Product
|- I rrerrieareaes v. 1900 Gauxs 190 mTesla
Hy oo i 1750 Oersteds 140 kA/m
Permeance CostficemtatBoy/Hg . ... .....onus.. . 1.08
Reversble PermesbBty . ..., .............. 00000, 1.05-1.07
{Recol Parmeability, u rev)
Reversibie Temperatura Coafficemal By .. ............ =0.20%/°C{- 80° 10 100°C)
Revarsible Tampersture Cosfficertot ,,............... +0.35%/°C{-60° 0 100°C)
Intrinsic Coercive Force
TYPICAL PHYSICAL FROPERTIES
Nominal Chemical Campasiion. . ... .......oeuvvvasn SrO*6 Fe,0y
Density ,............... P A74 L fin? 4.8 glem®
CuuTunpemurl ............................... 842 °F 450 °C
ded Maxi Op g Ternperature ., ...... 480 °F 250 °C
Spouﬁcﬂen ........ P 715-835 Jkg°C
Thermal Conduetivity ... ... . . ieninninen.. . 4.5 Wim°C
Coatficient of Linear Expangion , , 10%104°C 1 to Orientation
(25°Ct0200°C1 ..o 14x304/°C |l 1o Orientation
Jactrical Resistivity . ... . »10* y Ohmeem
MECHANICAL ®ROPERTIES*
Yourg'sModulus ..., ... O 2.5x10" b, /im? 1.7x10" Nim?
CompressivaStiength . ... ... .........cueel 200" Ios./int 1.3%10° N/m!
TensdeStrength .. ............ ... i . 4.0x10® Ibs.fin? 2.7x10" N/m?
FlexuralStrength ... .. ... .. e, 9.0X10° Ihs./int 6.2x10" N/m?

*Most permanent magnet materiats are 3 class of materials that lack ductifity and are interently brittle.
Such matetials should nat be designed as struttural components in a circuit, Measurement of such
prope ties as hardness and tensie strength are not feasible on commercial materisls with these
nherent charecteristics. Therefors, specifications of these properties are not acgeptable,

The extreme hardness of thets materisls makes machining impractical except by tha use af abrasive

grinding methods.

_
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FIGURE 6-1, FERRIMAG 7B DEMAGNETIZATION CURVE AND ENERGY PRODUCT VALUES
10 T-;—'\’\, { 1{ 1\4\ 1\1 f"" z.‘? z\s 30, 4.0 f/ rn’!lo'—f“ 500
i Femmag 7B SRR e LA
Demagnetlz%uon Curve ! SR
an '
- Energy Product Values 00
300
a8
200
100
R R E R Rl
H{kOs)
aso 300 260 200 150 100 80
(kA/m}
5/1/83
Calt industries CrUCible
Magnetics Division
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TABLE 6-2. ACHROMAT MATERIALS

MATERIAL APPLICATION

Aluminum 6061-T6 Housing, segment carriers, adaptor
plate, spools, miscellaneous hardware
(sleeves, flanges, rings)

Brass Bearing

Copper {18 ga Belden Poly- Trim coils
Thermaleze magnet wire)

Oriented grain ferrite permanent Magnet segments
magnet material {Ferrimag 7B)

Stainless steel (303, 304, 304L, Beam tube, fittings, miscellaneous
304 cond, A) hardware

Bona-N (neoprene) 0-rings

Mylar Magnet spacers, film tape on coils
Epoxy (5-minute type, clear) Assembly

NOTE: Although the drawings specify Viton for the 0-rings, Bona-N was
substituted in the prototype. For space use, Viton O-rings--or
metal ones--would be preferable.

6-4

— BROBECK CORPORATION i




TABLE 6-3.

MATER'TAL

w

VERNIER MATERIALS

APPLICATION

Aluminum 1100-0
Aluminum 6061-T6

Aluminum 6061-T6511
Brass
Copper (14 ga. solid magnet wire)

Stainless steel (304, 3041)

Acrylic (1" plate)

Baona-N (neoprene)

Delrin

FRP {fiberglass reinforced plastic)
Mylar

Nylon
Ceramic

Epoxy (5-minute type, clear)

NOTE: Although the drawings specify
substituted in the prototype.
metal ones-~would be preferable.

6-5

X coil and Y coil conductor

Coil spool, experimental tank, tank
spool, pump-out spool, miscellaneous
hardware

Coil spacers, flanges

Terminal rings, nuts, thread rods
Coil connections and interconnections
Cooling coils, mounting plates, mani-
folds and fittings, various flanges
and connections, and miscellaneous
hardware

Port covers

0-rings

Magnet cooling input flange

Bands

Wrapping on X coeils, Y coils, and
assembly

Bars for joints (see J1728)
Insulators

Assembly

Viton for the 0-rings, Bona-N was
For space use, Viton 0-rings--or
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7.0 MANUFACTURING

The manufacturing of the prototype achromat and vernier, as expected,
required considerable engineering suppert effort. Subsequent systems should
require less engineering than did the manufacture of the prototypes. The
manufacturing of the prototypes invelved four tasks: 1) procurement and
fabrication, 2) magnetic measurements, 3) assembly, and 4) bench testing..
The entire manufacturing process was completed in ten months, from mid-
February to mid-Decemper, 1985, as shown in Figure 7-1.

7.1 ACHROMAT

7.1.a. Procurement and Fabrication

The two Tong-lead items--permanent magnets (P.0, #086: $25,633)
and the housing (P.0. #110: $22,000)--were placed on order early so as to
meet schedule, The .rmanent magnets were ordered on 3-1-85. The bulk of
the order was received within four months, although the arder was not com-
plete until October 1985, The housing, ordered 4-12-85, was received on
6-25-85. Al1 other parts were received within one month of the arder date,
The purchase orders for the achromat are listed in Table 7-1,

The following parts were fabricated for the achromat:

Magnet segments
Segment carriers
Housing
Beam tube
Adaptor plate
Spools

Trim coil

Miscellaneous hardware

7.1
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In addition to the major components, it was necessary to fabricate most of
the hardwdre in order to meet design specifications, Almost all of the
fabrication was done by outside contractors,

Formal Requests for Quotations were sent to solicit bids for
fabrication of the major achromat componants. RFQ letters, bidders' lists,
and summaries of bids received are included in Appendix B, VYolume 11, The
permanent magnet supplier had been selected during an earlier competitive
selection, Other contractors were selected through a telephone bid process,
and others on the basis of sole-source,

Fabrication of the permanent magnet segments was difficult because
of the nature of the material and the degree of precision required. To
ensure that the residual induction and coercive force did not vary by more
than 2%, all slabs used to make each type of magnet (e.g., all quadrupole
single defocusing magnets) were fabricated from the same Tot.

Another difficult component to fabricate was the curved achromat
housing, It was fabricated on a numeric milling machine, and was inspected
and certified by the vendor's in-house inspection department. They inspect-
ed the program for each setup, and then inspected each part while it was on
the machine. In addition, Brobeck Corporation engineers visited the shop
and observed the work in progress,

Also, the beam tube was difficult to fabricate because of the
tendency of the tube to flatten as it was bent to shape.

A1l parts were carefully inspected by Brobeck Corporation upon
delivery, and off-spec parts returned for rework as necessary.,

7.1,b Magnetic Measurements

Arrangements were made by LLNL to have the Lawrence Berkeley Lab-
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oratory (LBL) Magnet Measurements Engineering Group provide the segment and
completed magnet measurements. A procedure was used whereby Brobeck Corpor-
ation engineers verified mechanical acceptability and witnessed magnet
measurements. Following the segment measurements, the sorting selection and
assembly into finished quadrupoles and dipoles was done by Brobeck Corpora-
tion engineers,

7.1.¢ Assembly

A sumary of assembly steps for the achromat is included as Table
7-2, The purpose of this summary is to provide a guide to the assembly
sequence. Detailed assembiy instructions are included on the drawings.

Several assembly steps require two people. Assembly of the magnet

segments into the segment carriers {Steps 1-4) is greatly facilitated by
the use of four hands. The two halves of the carrier are loosely screwed
together, the sixteen selected magnet segments are placed in the positions
specified in the shop sketch for this particular assembly, and finally, the
screws are tightened, completing the assembly,

Lifting the beam tube, with the magnet assemblies in place, and
placing it carefully in the housing requires a person at each end (Step 16).
The beam tube with magiet assemblies weighs roughly 5¢ 1bs,

2.1.d Testing

The achromat interface was tested for vacuum Teaks and certified
at 10°3 torr, In addition, the trim coils were operated at part load,
Since the polarity of permanent magnei devices is fixed and cannot be
reversed by simply switching the coii leads, a polarity check using a
compass and a current-carrying tensioned wire was used at the time of
assembly to verify proper polarity for steering an electron beam.

7-3
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The completed, tested achromat was packaged and delivered to LLNL on
12-20-85,
7.2 VERNIER

1.2,a Procurement and Fabrication

The major purchases for the vernier were the strip conductor for
the coils, and the anodizing of that conductor. The conductor was the only
long-lead item required for the vernier; it was placed on order 2-20-85,
The purchase orders for the vernier are Tisted in Table 7-3,

The following parts were fabricated for the vernier:

Aluminum alloy strips for the coils

Manifolds

Experimental tank

Coil spool
Tank_spool
Pump-out spaol

Misce]laneous hardware (coil spacers, fittings, flanges, etc.)

As with the achromat, almnst ail fabrication of the vernier parts
was done by outside contractors.

The coils for the vernier were made from anodized aluminum strips 0,020
thick by 0.250 wide, The first 1ot of conductor was slit from aluminum
sheet. The cut edges were not sufficiently smooth even after the deburring
process, and various methods for smoothing them were unsuccessful, Event-
ually, the conductor was custom rolle¢ from aluminum wire in order to get
an edge that was free from burrs., Because of the Tength of the aluminum
strips, some difficulty was experienced in getting an acceptable anadized
surface, It ultimately became necessary to make a support frame that would
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hold the strips in thke anodizing tank in order to obtain an acceptahle
insulating anodized film on the surface. Tests showed that the anodized
surface gave guod insulation, but just to be on the safe side, a thin mylar
film was used between the turns to give additional protection against
possible abrasion of the anodized layer during fabrication.

7,2.0 Assembly

A summary of assembly steps for the vernier is included as Table
7-4, The purpose of this summary is to provide a guide to the assembly
sequence, Detailed assembly instructions are included on the drawings.

7.2.¢ Magnetic Measurements

The magnetic measurements were made at LBL under the Same arrange-
ment used for the achromat (7.1.b). A field configuration was measured
noting current and voltage on the coils for various settings. This qave
the necessary values to develop a steering field as well as verification
that the coils were functioning as designed,

7.2,d Testing

In addition to vacuum leak testing (certified at 10-3 torr), the
vernier coils were operated at design current in vacuum for 2 shert period
of time. Calculations show that full current can be sustained for up to
two minutes without cooling. Since heat transfer inside the vacuum chamber
is difficult, operaticn times longer than two minutes at full current, even
with the cooling water on, is not advised, At half current, operation
should be limited to eight minutes,

The compieted, tested vernier, installed in the experimental tank, was

delivered to LLNL on 12-20-35,
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FIGURE 7-1,  MANUFACTURING TIME-LINE
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TABLE 7-1. ACHROMAT PURCHASE ORDER LIST

The purchase orders for the achromat are included in Appendix C, Vo ume 1I,

YENDOR 5 ITEM

$2,224,00
. .$5,376.00
$361,10

:Covac Vacuum Services:Vac, leak checking 2127177850 12/17/85: $212.50

71-7
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TABLE 7-2.  ACHROMAT ASSEMBLY STEPS

ASSEMBLE MAGNETS -- 95C1751, 95C1750

1. Assemble 16 dipole magnet segments (9501734} into dipole segment
carrier {95C1737), as per Drawing 95C1751, Repeat to make the eight
dipoles, using the supplied dipole assembly fixture,

2. Assemble 16 focusing quadrupole segments (9501732) into double quadru-
pcle segment carrier (95C1736-1), as per Drawing 95C1750. Repeat to
make the four focusing quadrupoles, using the supplied quadrupole
assembly fizture.

3. Assemble 16 double defocusing quadrupole segments (95D1733-1) into
double quadrupole segment carrier (95C1736-1), as per Drawing 951750,
Repeat to make the three double defocusing quadrupoles, using the
supplied quadrupole assembly fixture,

4, Assemble 16 single defocusing quadrupole segments (95D1733-2) into
single quadrupole segment carrier (99C1736-2), as per Drawing 95C1750.
Repeat to make the twe single defocusing quadrupoles, using the
supplied quadrupole assembly fixture.

MEASUREMENT AND SORTING OF MAGNET ASSEMBLIES

5. Make physical measurements of each assembly, Machine surfaces as
needed to correspond to housing drawing, so they will fit into the
housing properly. (Brobeck Corporation found that some assemblies,
mostly quadrupoles, needed to be shaved).

b. Make magnetic measurements of each assembly.

7. Sort assemblies for final assembly in housing, based on the magnetic
measurements (see Final Report, Appendix H, Volume [I, pp. 26-28),

ASSEMBLE ACHROMAT TRIM COILS -- 95C1740-1 and -2

8. Wi conductor wire (item 1) into coils, using supplied fixtures.
9. Wrap with yellew mylar tape,
ASSEMBLE MANIFOLDS -- 9501743

10, Assemble and test the pair of manifolds, as described.

ASSEMBLE ACHROMAT -- 95J1749

11, Make and install cooling circuits, as shown, and epoxy in place on
outside of housing (95D1739),
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12, Install the trim coils on the housing, and epoxy them in place.
13, Make trim coil interconnections as shown in schematic.

14, Place the bottom half of the housing in a horizontal position, and
place the achromat beam tube (95C1752) parallel to it.

15, Slide the magnet assemblies onto the beam tube, taking special notice
of their orientation {all "tops" must be "up," ai1 orientation arrows
aligned).

16, Pick up the beam tube with the magnet assemblies in place, and place
it in the housing., Jiggle the assemblies to get each carrier sitting
properly an the housing shelf.

NOTE: Not all parts on the assembly drawing were used in the proto-
type, The flange ring (item 11), retaining flange {item 13), retaining
sleave (item 14), barrier ring (item 15), and compression spring (item
18) were not used, In the final application, the achromat would be
built as specified on the drawing.

17, Put the top half of the housing in place,

18. Install stainless steel clamp bands (item 24) as shown,

19, [Install supply and return manifolds, with their associated piumbing.
The achromat is now complete.

SET UP_TEST ASSEMBLY -- 9501781

20. Instal) adaptor spool {item 5) and vacuum transition flange (item 1),
with associated hardware,

2l. Cut upstream end of beam tube to specified dimensions.
22. Make vacuum weld joint on upstream end.

23, MNow, go to the downstream end, Instail bearing (item 6),
24, Install downstream mounting plate (item 20).

25, Install bolt ring (item 3).

26. Install diaphragm plate (item 4), noting orientation of polished
surfa~e,

27. Install adaptor plate (item 2)

28, Cut downstream end of beam tube to specified dimensions,
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29, Make vacuum weld joint on downstream end. NOTE: Welder should use
care in order not to warp the diaphragm plate,

30. To complete assembly for vacuum testing, see Note 2 on the referenced
drawing.
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TABLE 7-3, VERNIER PURCHASE ORDER LIST

The purchase orders for the vernier are included in Appendix , Volume 11,

: DRDERED : REC'D :  PRICE

06/30/85
07/07/85

5 tAccurate Mfg. ‘Mountinr ,Iote fab.

............................................. v

273 :Cavac Yacuym Services:Vac. legk checking : 11/25/85: 11425/85:  $382.50
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TABLE 7-4. VERNIER ASSEMBLY STEPS

ASSEMBLE Y COILS -- 9501706

1, Wind aluminum strip on reel, and anodize as per specifications,

2, Inspect anodized strip, while winding it from the reel on which it was
anodized onto a second reel (Brobeck Corporation used film reels,
which each held 50'), As the anodized strip is being wound onto the
second reel, put yellow mylar film tape on one side of the strip,

3. Assemble ten Y coils (2 sets, Y1-Y5) by bending strip into shape as per
the referenced drawing, using fixture supplied to LLNL.

4. Wrap coils with overwrap of yellow mylar film tape.
5,  Check electrically, for sherts,

ASSEMBLE X COILS ~ 95D1705

6. Repeat Y coil steps to build the ten X coils (2 sets, X1-X5).
ASSEMBLE COILS, COIL SPACERS, AND COOLING CIRCUITS -~ 9501710

7. Install the Y coil spacers, Epoxy the two opposite 95C1712-1 spacers
to the horizontal center line of the coil spool (95D1707). Epoxy the
two opposite 95C1712-2 spacers, etc., through 95C1712-6,

8. Install the Y coils in the appropriate slots. Wind all with mylar fiim
tape, and set aside for epoxy to cure.

9. Repeat preceeding steps for the X spacers (95C1713-1 through -6) and X
coils.

10, Install coaling coils (95C1709-1 supply, -2 return) on coil spool, in
slots provided,

11, Spot weld electrical interconnections as per Detail 8,

12. Check the system for electrical shorts and low resistance readings:
check water path for stoppage or constriction,

ASSEMBLE COIL PACKAGE INTO TANK -- 9501728
Upstream end

13, Assemble coil package and interface flange: assemble interface flange
(item 3), Tock nut {item 2), and coil package (item 1),

14, Llower above assembly inte the 50 cm tank spool {item 36),
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15, Clean {Q-rings, etc. and bolt the flange, O-ring, and tank together,
using items 23, 42, and 44,

16, Install upstream pump-vut spool (item 16-1), with specified hardware.
17. Install 6" lucite port cover {item 37).
Downstream end

18, Install the downstream mounting plate (item 4) using spring plungers
(item 19) to center the coil spool in the opening.

19, Install the supply manifold assembly (item 7) and return manifold
assembly (item B) on the tank, using specified hardware,

20. Install piqtails -- supply connectors (item 11} and return connectors
(item 12) -~ to secure manifolds to cofl assembly,

2l. Install 2-port experimental tank (item 15), oriented as shown.

22, Install magnet power input flange (item 9), and magnet power terminal
(item 14), and associated hardware,

23, Make coil connections, as shown, threading the ceramic 1insulators
(item 31) onto the copper wire (item 30), making sure that the X coil
leads are connected to the X coils, and the Y coil leads to the Y
coils -~ see Detail C,

24, Install cooling input flange assembly (items 10, 33, 39, 40, 41, 44).

25, Hook up cooling input flange assembly to return manifold (item 4),
using flex hose {item 20),

26, Install downstream pump-out spool (item 35-2), with specified hardware.
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8.0 ASSEMBLY DRAWINGS: ACHROMAT
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TABLE 8.1  ACHROMAT DRAWING LIST

Dipole Assembly 9501751
Quadrupole Assembly 95€1750
Trim Coil Assembly 95C1740
Water Manifold 95C1743
Achromat Assembly 9501749
Interface & Vacuum Test Assembly 9501781
Focusing Quad 9501732
Defocusing Quad 9501733
Dipole 9501734
Segment Carrier - Quad 95C1736
Segment Carrier - Dipole 95C1737
Magnet Spacer 9581738
Housing 9541739
Manifold Fitting 1/¢* 9581741
Manifold Fitting 1/4" 9581742
Flange Ring 9501744
Adjusting Sleeve 9501745
Retaining Flange 951746
Retaining Sleeve 9581747
Barrier Ring 9581748
Beam Tube 951752
Vacuum Transition Flange 95C1774
Adapter Plate 95C1775
Bolt Ring 95C1776
Diaphragm Plate 9581777
Adapter Spool 9581778
Bearing 9581779
Alignment Bar 9581780
Downstream Mounting Plate 9581782
Spacer 9581783
Stud 95B1784

A full set of as-built drawings for the achromat is included in
Appendix D, Volume II, The six assembly drawings are also included in

this section,

PAGE
Dipole Assembly 9501761 8-3
Quadrupole Assembly 9501750 8-4
Trim Coil Assembly 95C1740 8-5
Water Manifold 95C1743 8-6
Achromat Assembly 95J1749 8-7
Interface & Vacuum Test Assembly 9501781 8-8
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TABLE 9.1 VERNIER ORAWING LIST

Coil %) - X5 9501705
Coil ¥y - Yg 9501706
Coil Assembly 95E1710
Installation 95J1728
Coil Spool 9501707
Lock Nut 95C1708
Caoling Coil 95C1799
Y Coil Spacer esC1n2
X Coil Spacer 95C1713
Interface Flange 95£1714
Oownstream Mounting Plate 95E1716
Manifold Clamp 9581717
Manifold Fitting 1/2" 9581718
Manifold Fitting 3/16" 9581719
Supply Manifold 9501720
Return Manifold 9501721
Magnet Power Input Flange 95C1723
Magnet Cooling Input Flange 95C1724
Water Supply Connector 9581725
Water Return Connector 9581726
Spreader 9581727
Magnet Pawer Termipal 9581729
2-Port Exp. Tank 9501769
Tank Spool {50 cm) 95D1770
Pump=out Spool 9501771
Cover (6" Port) a5C1772
Cover (12" Port) 4501773

A full set of as-built drawings for the vernier is included in
Appendix E, Volume II, The four assembly drawings are also included

in this section.
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10.0 PROJECT FUNDING

The beam directar project was funded by the University of California
under contract to the U.,S. Department of Energy, The conceptual design
study was performed for Lawrence Berkeley Laboratory, and the design,
analysis, and building of prototype components for Lawrence Livermare
National Lsboratory,

Date Instrument Amount
6-2-83  Purchase Order 4522410: Conceptual § 47,783

design of an electron beam director,

9-19-86  Purchase Order 4522410, Change Order 1: 6,185
Addition of planning for ATA tests,

10-1-83  Verbal authorization to proceed under 73,048
Subcantract 2700700.

2-22-84  Subcontract 2700700, Amendment 11, See above
Part E: Beam director components.

2-29-86  Subcontract 4368008, Task II: 52,310
Continuation of work initiated under
Subcontract 2700700,

6-26-84  Subcontract 4368008, Amendment 2, Task II1.C: 39,774
Engineering design and detail for an electron
beam window.

2-11-85  Verbal autharization to proceed with 83,997
Subcontract 6551805: Beam director long lead
material.
5-6-85  Subcontract 6551805 (formal). See above
5-10-85  Subcontract 6551805, Amendment 1: 155,173

Engineering support, fabricatian, assembly,
and bench test of vernier and achromat.

TOTAL $ 458,250

Copies of these instruments are contained in Appendix A, Volume [I.
Project costs by manth, divided intc "Labor" and "Other," are presented

for the achremat and vernier (Subcontract 6551805) in Table 10-1. A man-
hour summary for the achromat and vernier is presented in Table 10-2,
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TABLE 10-1. PROJECT COSTS BY MONTH

FEB  MARCH APRIL  MAY JUNE Juty AUG SEPT oct NV DEC 10T AL

ACHROMAT
Labor 2,479 2,%00 5,322 12,086 4,000 12,097 8,137 7,951 12,854 3,429 B, M5 | 79,494
Other 0 153 251 9,889 8,791 44,911 4,031 7,198 13,159 &, 114 865 | 96,959
Totgl 2,479 2,853 5,873 21,971 12,391 57,002 12,168 15,149 26,013 11,543 9,610 | 176,452

VERNIER
Labor 561 213 %9 1,814 5,850 4,367 10,199 7,001 2,16 3,683 765 | 37,329
Other 0 §99 0 462 1,077 7,080 6,393 947 -359 7,477 S,079 | 29,059
Total 5831 1,12 ey 2,276 6,627 11,447 16,591 3,248 1,767 11,160 5,844 66, 364
ACH & VER

Lebor 3,062 ¢2,6t3 6,051 13,300 9,550 16,459 18,335 15,252 14,980 7,112 9,510 | 116,023
Other 0 1,082 251 10,347 9,468 51,99 10,424 8,145 12,300 15,591 5,944 | 126,013
Total 3,062 13,665 6,102 24,247 19,018 68,449 28,799 23,397 27,780 22,703 15,454 | 242,836
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TABLE 10-2.  MAN-HOUR SUMMARY

.- HBURS .
Labor Category Achromat Vernier Total
Senior Engineer 899 306 1,205
Engineering Designer 200 98 298
Engineering Technician 120 114 234

1,737
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