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ABSTRACT

Fully automated movers capable of positioning beamline magnets weighing
more than 100 kg to a few microns over several millimeters have been designed
and built for the Final Focus Test Beam at SLAC. These movers also provide
incremental motion as small as a few tenths of a micron. We review the basic design
considerations, the hardware realization of the movers, and the extensive tests
conducted on these electromechanical stages. Suggestions for the improvement

and augmentation of such movers are also given.
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1. Introduction

A future linear collider will be required to achieve ete™ collisions at energies
above those accessible at LEP 200 (E_,, > 200 GeV) in a cost efficient fashion!" As
opposed to storage rings, which produce luminosity by having the particle bunches
undergo repeated collisions, linear colliders produce luminosity in large part by
making beam densities as high as possible, and therefore the transverse areas of
the beams as small as possible, at their interaction point (IP). At the only existing
linear collider, the SLAC Linear Collider (SLC), the transverse dimensions of the
beams at the IP are on the order of 1 ym. This results in alignment tolerances
for certain critical magnets in the SLC final focus on the order of 10 ym, and for
magnets and beam position monitors (BPMs) in the linac on the order of 100 pm.
All current designs for higher energy linear colliders have even smaller transverse
beam dimensions at their IPs, and some designs have vertical beam sizes at the
IP on the order of a few nanometers. This implies alignment tolerances of about
10 pm on linac components and < 1 pm for certain critical magnets in the final
focus. This paper will describe the design, construction, and testing of automated

magnet movers to meet this need.

As with the SLC, the next generation linear colliders will consist of et and
e~ sources, damping rings, bunch compressors, linacs comprised of power sources
(klystrons and modulators) feeding r.f. structures, and final focuses. However,
virtilally all of these components will need to be significantly more advanced than
those currently in-use on the SLC. For this reason, there is an active program of
linear collider research and development currently underway at accelerator labo-

ratories around the world. One of these projects is the Final Focus Test Beam

(FFTB) at SLAC.™"

The design goal of the FFTB is to transport a low emittance electron beam
from the SLAC linac and demagnify it by a factor of 380 to a transverse spot size
of 1 pm horizontal by 60 nm vertical. This is a comparable demagnification to

that needed in a next linear collider (NLC) final focus. The smaller spot sizes



needed by the NLC will be achieved with a similar final focus and smaller beam
emittances. This demagnification requires a full second-order chromatic correction.
This is achieved with 28 quadrupole magnets and four sextupole magnets between

the linac and the final doublet. The movers described in this paper were built for

these magnets.

The final alignment of these magnets is performed with the beam itself. Beam
trajectories are measured by high precision beam position monitors (BPMS)M lo-
cated inside and between the magnets. The effects of misaligned magnets can be
observed in these trajectories, and the magnets are then remotely moved to center
them on the desired beamline. Some of the magnets have transverse alignment tol-
erances of ~ 1 pm, but since the magnets are short (45 cm), alignment tolerances
are much looser for pitch and yaw than for x, y or roll (a).ls] The movers described
here are remotely adjustable in transverse position with pitch and ydw constrained
by mechanical tolerances. Large scale application of beam based alignment at the
pm level requires a mover mechanism which can smoothly produce small incre-

mental motions using inexpensive components in a low tolerance design.

2. Basic Design

2.1 MOVER MECHANISM

The FFTB magnet movers differ from conventional positioning stages used
in instruments and machine tools. The design takes advantage of requirements
which are unique to magnet positioners. Position control needs relatively high
resolution (< 1 gm) but the motion range will be limited to ~ 1 mm. Adjustment
of angular alignment as well as translation is needed but the motions need not
be orthogonal or linear since computer control systems can be adapted to unusual
geometries. These movers are designed to compensate for thermal or geological
disturbances with time constants of hours and days. They are not designed to

correct for rapid mechanical or seismic vibrations with time constants of seconds



or less. However, the speed of adjustment needs to be sufficiently fast (on the order
of a minute) so that the process of beam-based alignment is not cumbersomely
slow. The mechanics must be able to support loads exceeding 1 ton but should
have smooth hysteresis-free motion at the micron level. The design must be simple
and reliable enough for large scale use where hundreds of magnets need remote
positioning. For this application conventional precision crossed-slide-leadscrew-
positioning stages are costly and require protection against beyond-range motion.
High resolution piezioelectric positionersm have limited range and require feedback

stabilization against drift.

The remote magnet positioning mounts used in the FF'TB kinematically sup-
port the magnets on roller cams. The magnet rests under gravity in a cradle formed

by the cams as shown in Fig. 1.

This type of kinematic support is similar to the ‘Kelvin Clamp’m used in
lébora.tory optics and instrumentation. ‘V’ blocks and flat planes fixed to the
magnet make point or line contact with the outer bearing races of the roller cams.
Rotation of the eccentric shafts inside the roller cams shifts the magnet position.
This type of kinematic support where the number of contact points balances the
number of degrees of spatial freedom has the advantage of avoiding all free play
between magnet and mount. The magnet always remains in contact with each of
the supporting cams regardless of its position. No precise mechanical dimensions
are needed to insure zero play. No clamping forces other than gravity can distort the
magnet’s shape. The magnet can be removed from the mount and replaced without
realignment. -DurAing operation, only the inner eccentric shaft of a support cam
rotates under motor control. The outer cam bearing race remains fixed in contact
with the magnet as shaft rotation lifts the magnet. In such a system, failures of
the control system will only cause the cam to cycle around again. Magnet motions
are strictly bounded by the design geometry. Limit switches are not needed for
over-travel protection. All support cams are arranged so that gravity applies a
load torque to each camshaft drive train. This torque removes all backlash except

at the extreme of cam lift. All parts move by pure rolling motion and are free of



hysteresis from intermittent and reversing sliding motion.

This mount can adjust the horizontal and vertical position of the magnet as
well as the magnet’s roll angle around the beam axis. The magnet’s longitudinal
position along the beam line as well as its alignment to the beam direction in pitch
and >ya,w are fixed in the support mount and not remotely adjustable. Figure 2
shows the 3-motor positioning mount used to support FFTB quadrupole magnets.
Figure 3 is a photograph of two movers, with the quadrupole magnets they support,

installed on the FFTB beamline.

2.2 EQUATIONS OF MOTION

A position control system based on roller cams requires equations relating
the magnet’s position and orientation &,,,; = (z,y,a) to the camshaft angles
6.,, = (61,02,03). The transformation and its inverse can be derived from the
geometry of the mechanism. All three shaft angles are coupled to all three magnet
position variables by nonlinear trigonometric functions. For the three-cam FFTB

positioner with cam radius R and cam lift L :

zy =z +acosa+ bsina —a, (1.1)

y1 =y — bcosa+asina +c, (1.2)

Pt = % * q, (1.3)

o -l .

61 = a —sin (Z((:cl + S2)sina — yi cosa + (¢ — b))), (1.4)
.11 :

0, = o — sin (f ((:1:1 + S1)sin B + y1 cos B — R)) , (1.5)
.1l :

03 = a —sin (—L—((xl — S1)sin B4 — y1cos By + R)) (1.6)

The origin of the magnet coordinate system, &, ,, = (z,y,a) = (0,0,0), is
referred to as the mover “midrange” position. The origins of this coordinate system,



the intermediate (1, y1) coordinate system, and the design dimensions a, b, ¢, R,
L, S1, and S; are shown in Fig. 1. With the magnet at its midrange position, the
cam phase angles, measured counterclockwise from the z axis, are (0(1),0(2),02) =

(0°,135°,45°). The 6_"0 . given in Eq. 1 are with respect to these angles.

2.3 RANGE OF MoTION

The range of motion of these movers encloses a volume in Z,, , space, as shown
in Fig. 4. For a = 0 the accessible region for z and y is shown in Fig. 5a. The
maximum value for z can only be achieved when y = 0 and is z,,,x = V2L. The
maximum value for y can be achieved for many but not all accessible values of £ and
is y,,,x = L. For @ = 1000 prad (Fig. 5b) the symmetry of the accessible area has
been broken. The maximum and minimum accessible values for y have moved up,
and the largest accessible values for z have shifted down and to the left. For a roll
of equal magnitude but opposite sign, the accessible region for the positive value
of & undergoes a parity transformation ((z,y) — (—z,—y)). By a = 5000 urad
(Fig. 5¢) the accessible area has become a triangle, and by a = 9550 prad (Fig. 5d)
the accessible region starts to lose the origin. The maximum accessible value of a
is about 13200 prad, achievable only in a small region far from the origin; for the

R = 31.0 mm, L = 1.5875 mm we used, this area is near (—1190xm, +320pum).

2.4 MORE DEGREES OF FREEDOM

Kinematicroller cam supports can be applied to a variety of geometries. Figure
6 shows a barrel containing the final triplet of quadrupole lenses used at the SLC.
This 5 m long 6 ton assembly was kinematically supported on five roller cams. It is
remotely adjustable in five degrees of freedom: pitch and yaw as well as horizontal
and vertical displacement and roll. The rear three cams are of the same geometry
as the ones described in this paper. The two front cams serve only to move that

end of the barrel horizontally and vertically.



3. Hardware Realization

3.1 SHAFTS, BEARINGS, AND V- AND U-BLOCKS

The main components of a mover are sketched in Figs. 1 and 2. A mag-
net is fitted with two V-blocks and one U-block. The V-blocks are mounted
on one side of the magnet and each rides on a pair of bearings mounted on the
long camshafts. These enable any combination of vertical and horizontal motion.
The U-block forms a flat surface which rides on the lone bearing on the short
camshaft; this enables vertical motion and fixes roll a. In all cases, the cam lift
is 1.5875 £ 0.010 mm,m and the cam diameter is 25 mm. Commercially-available
hardened steel ball-bearings with a 62.0040.010 mm outside diameter were press-fit
onto each camshaft. The short camshaft is 50 mm long, and the two long camshafts
are 400 mm long.. Eccentric cams were machined at the ends of each shaft. An-
gular twist between cams at opposite ends of a shaft was held to £1.6 mrad. This
tolerance is critical to insure magnet motion is free from pitch and yaw. Flats were
machined on the shafts to provide a reference surface from which the rotational
tolerances could be controlled and measured. The shafts are made of hardened
steel, and were fabricated to the desired tolerances by a computer-controlled pre-
cision grinding machine. The V-blocks and U-blocks are also made of hardened

steel, and were fabricated on a computer-controlled milling machine to a tolerance

of j;0.0l mm.

3.2 STEPPING MOTORS AND CONTROLLERS, GEAR-BOXES, AND POTENTIOME-

TERS

Stepping motors drive each camshaft through a “harmonic drive” gear-box.
The motors are mounted on aluminum housings which are themselves mounted on
an aluminum base plate (the “T-plate” in Fig. 2). The stepping motors” require
400 steps for a complete rotation™” A holding current is supplied to one or two
phases of each motor to achieve reliable single step motion and to avoid drift due

to the weight of the magnet. The motors provide a holding torque of 0.025 N - cm



with one phase on. The gear-boxes[u] have a gear ratio 100:1 and transfer the

stepping motor torque to the shafts without slip. The single step angle increment

for each cam is 0.157 mrad.

A standard driver system designed for the SLC is used to operate the stepping
motors. Several 48 channel magnet mover controller CAMAC modules are used in
combination with 16 channel stepping motor drivers™” The motor driver system
is configured to supply the holding current to the motor phases and also 10V DC
to a rotary potentiometer (“pot”) that is fixed to each cam at the end opposite to
the stepping motor. The precision rotary pots[m] are single turn infinite resolution
cermet type. The voltage output of the pots is read out through a 16 channel
Smart Analog Module (SAM).M The 10V signal sent to the pots through the
motor driver system is also picked off and put into a SAM channel. Variations of
this voltage from the reference 10V are monitored at the same time the pots are

read, and the pot readings are corrected for any fluctuation in line voltage.

The rotary pots are used to determine a magnet’s midrange position and to
check that a motor is responding with approximately the correct number of steps
it has been commanded to move. The midrange position was determined by first
starting with all shafts on the mover at their point of minimum lift, with the
cam centers being directly below the shaft centers. The flats on the shafts were
machined so that they face straight up at this position. The motors were then
commmanded to move (+10000,-15000,+15000) steps. When this movement was
finished, the positions of the bearing centers with respect to the shaft centers were
as shown in Fig. 1; this is the mover midrange position. The pots were then
adjusted so that they read approximately 5V. The exact potentiometer voltages
were recorded in a computer database. To return a magnet to its midrange position,

the motors are stepped until all pots have returned to these values.



3.3 LVDTs, ELECTRONICS, AND CALIBRATION

From previous experience with magnet movers at SLAC, it was felt best to
have a direct read-back of the magnet position, rather than rely on the shaft po-
tentiometer read-back and the mover equations to determine the magnet location.
Linear Variable Differential Transformers (LVDTs) were chosen for their resolution
(essentially determined by the number of bits in the read-out ADC and the LVDT
range of travel), their linearity (in principle < 0.15%), and their ease of use. The

LVDTs we used™ were selected for their 5 mm full range, radiation hardness, and

[15]

convenient spring-loaded, ball-contact package. The read-out we chose condi-

tions and reads back eight LVDTs with a 16 bit ADC in a single width CAMAC
module. The least count resolution of this LVDT system is 0.18 pm.

There are three LVDTs per magnet. Two vertical LVDTs (LVDT; and LVDT,)
and one horizontal LVDT (LVDT3) measure displacements of the magnet from its
midrange position. The orientation and location of these LVDTs are shown in
Fig. 7. With the magnet at its midrange position, the two vertical LVDTs are
equally spaced on either side of + = 0 and are separated by a distance dy. The
horizontal LVDT is below the y = 0 axis by a distance da. For a standard FFTB
quadrupole, the design dimensions were d; = 164.1 mm and dz = 83.3 mm. If all
LVDTs are mounted in a transverse plane at z and monitor the motions of plane
perpendicular (when o = 0) magnet surfaces, then the location of the magnet

center at that z is given by:

y = (L1 + L2)/2, (2.1)
—1l1— Ly

o =tan™! (_dl ), (2:2)

z = L3 — (y + d2) tan a, (2.3)

where L = (L1, L2, L3) are the differences of the LVDT readings from what they

would read if the magnet was at its midrange position. Of course, the conditions



put forward for these equations were not met exactly in the movers we built. The

consequences of this will be discussed in the section on calibration and testing.

3.3.1 LVDT Noise and Offsets

To reduce electrical noise, the LVDTs are read back over the longest processing
time available in the Highland read-out modules (225 msec per LVDT). In addition
to proper electrical grounding, we found noise in the LVDT system was most
affected by environmental mechanical vibrations. With a mover on an isolation
table in the lab or on the specially designed Anocast supports[m] on which the
magnet and mover sit in the FFTB, we measured a r.m.s. LVDT noise of 0.5-
0.9 least counts, or about 0.15 ym equiv. We also found that, in the absence of
temperature variations, the measured value of a properly attached LVDT on an
unmoved magnet éhanged little (a few counts) over a period of days. However, long
term absolute stability of the LVDT system is not an integral requirement of the
magnet positioning system. The magnet at its midrange position is still defined
by the same reference voltages on the pots as when the shafts were first oriented
to their proper positions. The mover LVDT system is “calibrated” by moving
the magnet until all three pots read their reference voltages, and then reading the
LVDT values. These values are taken as LVDT “offsets” and subtracted from all

subsequent LVDT readings until the movers are re-calibrated, when a new set of

constants is read in.

3.3.2 LVDT Linearity

The LVDTs used have a non-linearity specification of < 0.15% over their full
range. This is loosely interpreted to mean that the worst residual to a straight-
line fit relative to a perfect gauge would be < 8 pm over the LVDT full range of
5 mm. However, in the early stages of prototype testing, we found a much larger
non-linearity in the mover motion, as determined by the LVDTs, when the mover

was calibrated on a coordinate measuring machine (CMM).M This was traced to a

10



non-linearity in the combined LVDT plus read-out electronics. While the linearity
of the ADC in the read-out module is better than 0.01%, the electronics were de-
signed to read out a “ratiometric” LVDT, which reports two voltages for which the
displacement of the LVDT is proportional to é;“ﬁ: . However, the LVDTs we used
report voltages such that the displacement is proportional to Vi — V2, and offsets
common to both Vi and V5 can and do occur. We then measured the reported
displacement of a LVDT and the Highland read-out relative to a standard ga,uge[m]
over a range of 4 mm. The residuals of a straight-line fit of gauge reading vs LVDT
reading are shown in Fig. 8a. A simple cubic is sufficient to describe this non-
linearity. The SLC control system was already set up to convert LVDT readings to
displacements with up to a fifth-order polynomial, so it was possible to remove the
non-linearity by calibration. We calibrated each LVDT, fitted each calibration to
a cubic polynomial, and entered the coefficients of this fit into the SLC database
for that LVvDT." Figure 8b shows an example of the residuals for gauge reading
vs LVDT displacement after the correction. This shows sufficiently linear behav-
jor. As a further check, a ratiometric LVDT"" was measured vs the gauge using
the standard (Highland) electronics, and a standard non-ratiometric (Daytronics)
LVDT vs the gauge using read-out electronics manufactured by Daytronics. The
residuals to linear fits are shown in Fig. 8c and 8d, respectively. Both show accept-
able linear behavior without the need for a cubic correction. We also calibrated
one standard LVDT using different channels of one Highland module, several dif-
ferent Highland modules, and several different lengths of cable from the LVDT to
the module. This was done to make sure the coefficients were not a function of
the combined LVDT plus electronics (which would have required pairing LVDTs,
cables, and electronics channel at calibration), but instead were a simple property
of the LVDT. Within statistics, the coefficients were a property only of the LVDT.
With the cubic coefficients determined for a particular LVDT following it around
in the SLC database, the full system was then linear to < 0.1%.""

11



3.4 z RESTRAINT

Early in the testing of the prototype mover a “drifting” problem was observed.
When the mover with a magnet was subjected to repetitive motion tests (of the
type described in the next section) and the cams were returned to positions they
had previously been set to, the LVDTs would report that the magnet was at a
slightly different position than it was the last time the cams were at that position
(as determined by the pots). These shifts were small but they were all in the same
direction, so that after a few hundred cycles, the magnet could be 30 or 40 um
away from where it had been the first time the magnet was moved to that position.
Since, as will be described, the magnet position will ultimately be based on the
LVDT readings, this effect in itself was not a major design flaw. However, it was
also observed that if the LVDTs were monitored for a period of hours after the
repetitive motion tests were finished, one could observe the magnet slowly drifting
back to the position it was originally set to at the beginning of the repetitive motion
tests. This was unacceptable, in that it meant that after motion, the movers might
have to be continuously monitored and adjusted to keep the magnet fixed at its

desired position.

While there is some settling-in of a magnet newly placed on a mover, this
generally occurs in the first few tens of motions of the magnet and then stops.
Simple tests allowed us to rule out this explanation, along with others relating to
the -LVDTs, stepping motors, and pots. The self-aligning spherical bearings used
on the prototype mover were replaced with fixed-race bearings. While the fixed-

race bearing did not solve the drifting problem, they were eventually used on the

production movers.

The problem was eventually traced down to the U-block rubbing against the
aluminum housing which shielded the lone cam (Cam 1). The U-block had been
made a close sliding fit in this housing to fix the magnet’s z position. The U-
block would ride up against one side or the other of the housing, and this would

introduce a small amount of hysteresis in the magnet motion. When the repetitive
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motion was stopped, the force of gravity would slowly pull the magnet back to its
original position. This is one example of the utility of having the magnet position

determined by the LVDTs and not the pots.

This problem was solved by opening up the gap in the metal housing and
using a turnbuckle to constrain the magnet’s z position. This turn-buckle was ~ 9
inches long and was attached between a point in the (y, z) symmetry plane on the
bottom of the magnet and the mover base plate after the magnet was set on the
mover. It was then adjusted until the U-block was evenly spaced from either side
of the housing with the mover at its midrange position. This arrangement solved
the drifting problem, but it does couple the magnet transverse motion to a small
motion in z, because the link pivots through an arc. Horizontal motion causes
negligible (< 10 gm) z motion but maximum y motion can cause ~ 400 ym shifts
in z position. However, this is well within the FFTB tolerance for positioning the
magnet inﬂz, and the effect can be easily and accurately modeled if knowledge of

the exact z position of the magnet is needed.

3.5 PRODUCTION AND QUALITY CONTROL

A total of 32 magnet movers were fabricated for the FFTB at MPI-Munich
after one prototype had been made at SLAC. After a magnet mover had been
completely assembled, and checked out for mechanical and electrical integrity, a
series of tests were performed to commission the mover and to verify the tolerances.
The test were carried out on a precision table in a room with temperature held

constant to £0.5°C.

First the flats on the camshafts were adjusted so that the magnet, a FFTB
standard quadrupole, was mounted in its midrange position. The electronic noise
of the three LVDTs was measured by taking 30 readings each without moving the
magnet. The standard deviation of these readings had to be less than two LVDT
least counts. The magnet was then put through vertical, horizontal, and rotational

movements to verify the proper functioning of the mover. These movements also

helped settle the magnet in on the mover.
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Finally the mover was subject to a two-hour endurance test, during which the
magnet was moved up 480um, down 960xm, and then back fo 0. These motions
were achieved by sending a predetermined number of steps to each motor, so the
LVDTs and pots acted as independent verification of the mover motion. At each
position (up, down, and midrange) the LVDTs and potentiometers were read out.
The coefficients of the potentiometers were measured from these data and compared
with the allowed range of 257.5 & 2.5 uV/step. The reproducibility of moving to
each position was required to be better than 1 ym as measured by LVDT; and
LVDTs,, which measure the vertical movement. LVDT3 measured any (unexpected)
horizontal motion. Averaging over all movers, their positioning reproducibility can
be summarized globally as < oyertical >= 0.38 pm and < Ghorizontal >= 0.43 pm,

whereby the worst case is about a factor two larger than these averages.

For seven of the movers, the cam lifts for the three cams were measured using

the same LVDT. The standard deviation of these 3x7 measured lifts was 9.8 pm.

4. Control System

Computer control of the magnet movers is very simple. The magnet is posi-
tioned by successive approximations. A desired position of the magnet (Zpgs) 18
entered. The angles (JD »s) that the cams should be turned to reach this . are
then calculated according to Eq. 1. Before the magnet is moved, the three LVDTs
are read in. This data gives the magnet’s actual position in LVDT space (E AT )
L

into §, ., in CAM space according to Eq. 1. The difference 0,mp = 0, — 0-:401 is

Aot 18 transformed into Z,., in MAG space according to Eq. 2, and from there
then calculated, and this gives the angular magnitude and sign the shafts need to
turn to move an ideal magnet on an ideal mover from Z ., t0 £,5s. The number
of steps each motor needs to take are then calculated and the CAMAC commands
are sent out to step the motors. When the motors are finished, the LVDTs are
read again, and the new L ,or is transformed into a new & ,oq. If [£,0r — Zpas| < &

where €is a predetermined tolerance in MAG space, then the magnet move is com-
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plete. If |Z ;. —&pps| > € then a new 0 ,.r is calculated and the motors are moved
the number of steps indicated by §,0r- This continues until |Z,or — £pps] < €0r
too many iterations have been taken, indicating a problem with the mover getting
to &, ps. For moves within 1 mm of the midrange position, it generally takes < 4
iterations to reach &, within a tolerance of € = (1pm, 1um, 2urad). Moves to the
edges of the accessible area or over long distances (say 3 mm) may take twice as
many iterations. More than 10 iterations almost always indicates a problem with
the mover (a motor not working, a noisy LVDT, ...) or, if the T, s 18 at an edge
of the accessible region, an imperfection in the mover or model which has shifted

the edge of the real accessible region away from the ideal one.

It should be noted that relying on the LVDTs to determine Z ., removes much
of the reliance on the model connecting MAG space to CAM space, and with 1t
the exact tolerances of many of the mechanical parts, and on the linearity of the
pots. In fact, except for certain diagnostic functions (is a motor responding or
is it broken?) and for determining the midrange position, the pots on the shafts
are not used to position a magnet. Similarly, as long as the MAG to CAM model
is approximately correct (to a few percent), and as long as the stepping motors
respond correctly to commands (including single-step commands) most of the time,
precise sub-um motion of the movers is possible without having built the movers
to exacting tolerances. The linearity and reproducibility of the LVDT system has
been established, so the question of accuracy of magnet motion reduces to how well
the transformation from LVDT space to MAG space given in Eq. 2 holds. While
the mechanism rec_luires no great mechanical precision such as pitch uniformity in
a lead screw, smooth hysteresis-free motion must be intrinsic to the mover if the

LVDT feedback loop is to converge.
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5. Mover Tests and Calibration

5.1 POSITIONING ACCURACY

As a design goal, we tried to keep the mover positioning tolerance to < 5 pm in
z and y and < 50 prad in roll. If the preconditions to Eq. 2 hold and a magnet is not
rolled (a = 0), then the position measurement is insensitive to misplacements of the
LVDTs. Even if a magnet is rolled by 5000 prad, a large fraction of its total range,
a 1 mm misplacement of one of the vertical LVDTs results in a mismeasurement
of the y position by 2.5 um and the roll by 30 prad, and a 1 mm misplacement
of the horizontal LVDT results in a £ mismeasurement of 5.0 pm. It is reasonably

easy to place a LVDT to within a mm of where it should be.

It is the failure to meet the preconditions to Eq. 2 that resulted in the most
noticeable imperfections in magnet placement. The first precondition, that the
LVDTs all be in the same transverse plane, could not met because, as can be seen
in Fig. 7, LVDT2 and LVDT;3; would interfere with each other. The two vertical
LVDTs are kept in the plane with the magnet z center, and so the measurements of
y and a, which do not depend on the reading of the LVDT3 (see Eq. 2), correspond
to those of the magnet z center. The horizontal LVDT could not even be mounted
adjacent to LVDT}, as this would have interfered with the operation of the lone
cam bearing and U-block. It was mounted on top of the lone camshaft aluminum

housing a distance d3 = 60 mm from the magnet z center. This means that Eq. 2.3

is, in reality, -

z = L3 — (y + d2) tana — d3 tan ¢, (3)

where v is the unmeasured yaw of the magnet. An unobserved yaw of 100 prad
in the mover will result in an error of 6 um in the position of the magnet center in

2. This will be illustrated when we discuss the mover calibration fixture.

The other precondition to Eq. 2 is that the LVDTs contact surfaces on the

magnet that are plane (to a few pm) and perpendicular to the LVDT measurement
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direction when the mover is at its midrange position. Not much forethought was
given to the surfaces the LVDT probes contact. While the tolerances on machining
the magnet pole pieces and split-planes were quite tight, the magnet outer surfaces
(on which the LVDTs ride) do not affect the field quality in the bore, and so were
manufactured to very loose tolerances. The outer surfaces were not parallel to
the magnet split-planes, and these angles varied greatly between magnets. The
surface finish was clearly not what was required, and in addition was painted. The
low-cost solution to the surface quality problem we adopted was to scrape the
paint off the magnet in the area around where the LVDTs would contact and glue

tempered glass slides to the magnet. If undamaged, these slides have about the
needed surface quality.
Even with the LVDTs riding on glass slides, we were still left with the fact

that the surfaces are not perpendicular to the LVDT measurement directions. It is

easiest to see this effect in LVDT space, in which the inverse of the transformation

in Eq. 2 becomes:

d
Ly =y+—21—tana—:ctana1, (4.1)
dy
Ly =y— —2—tana—mta,na2, (4.2)
L3 =z + (d2 + y)tana + ytanas, (4.3)

where «; is the angle of the surface the ith LVDT rides on, with respect to the
normal to the LVDT measurement direction, when the mover is at its midrange
position. For the case where all o; = 0, the transformation in Eq. 2 is easily
recovered. For the case where all o; have the same magnitude and sign, the magnet
coordinates in Eq. 4 are related to those in Eq. 2 by a simple rotation. Like a mover
not being level on its Anocast stand, the mover roll control could compensate for
this, though with some loss of mover range in = and y (see Fig. 5). However, these

two simple cases were rarely seen with the FFTB quadrupole magnets.
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It is possible to calibrate the o; from the mover position residuals, which in
this case are the real magnet positions minus the positions as determined by the
LVDTs using Eq. 2. By moving the magnet in z along the y = 0 axis, a1 and
a3 could be determined. If the difference of these two angles (ap = a1 — ag) is
not zero, then there will be a residual in the z direction. ap actually causes a roll
residual as the magnet is moved in z, but as LVDT}; is offset from y =0, this causes
an apparent z residual also. If the average of the two angles (aq = 2192} js not
zero, then there will be a residual in the y direction as the magnet is moved along
the y = 0 axis. These residuals are (by definition) zero at z = 0 and grow linearly
as the = displacement of the magnet increases. A residual in the z direction as
the magnet is moved in y along the z = 0 axis is the result of a non-zero az. All

that was needed was a reliable measurement of the magnet position with about

the same resolution of the mover LVDT system.

5.1.1 Mover Calibration Fixture

It would have been very time-consuming to mount, measure, and dismount
each mover from the magnet fiducialization system[”] on the CMM, though one
mover was kept mounted on the CMM for convenience of fiducializing magnets.
Laser interferometers are precise and simple to use, but they excel in measuring
displacements in the direction of the laser beam only when displacements transverse

to the beam are small, and that was not the case for this application.

Our solution to the measurement problem was to build a special fixture to
measure the movers. Given their ease of use and our experience with them, we
used properly calibrated LVDTs of the same type used on the mover on this fixture.
A magnet and mover were first married together on an Anocast stand. This was
done before the magnet was fiducialized, which meant that the Kelvar tooling-ball
fixtures (see Fig. 3), which were mounted on the magnet and which transferred the
coordinate system defined by the magnet split-planes to easily accessible tooling-
balls on the outside of the Kelvar fixtures, were not yet in place. This meant that

the magnet split-planes were still accessible.
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Our special measurement fixture was a rigid aluminum frame which was lowered
onto the magnet and mover from above and bolted in place oﬁ the Anocast stand.
It had three LVDTs which came down with the frame and touched horizontal
split-planes from above. An arm was then bolted onto one side of the fixture
which carried two LVDTs which touched vertical split-planes. Like the mover
LVDTs, the fixture LVDTs were adjusted and had their offsets read for future
subtraction when the mover was at its midrange position. With these five LVDTs,
the values of the five degrees of freedom of the magnet (z, y, the roll «, the yaw
1, and the pitch ¢) could be determined (the magnet is constrained in z by the
turn-buckle). The symmetric placement of the slots in the quadrupole iron which
allowed access to the split-planes resulted in a very easy transformation from the
fixture coordinate system to the magnet coordinate system. Two of the LVDTs
touching horizontal split-planes were in a plane parallel to the mover (z,y) plane,
and were symmetrically placed about the mover (y, z) plane. The difference these
two LVDTs measured the roll of the magnet. One of these two LVDTs was in a
plane parallel to the mover (y, z) plane with the third LVDT touching a horizontal
split-plane, so the difference of these two measured the pitch of the magnet. These
two LVDTs were equidistant from the mover (z,y) plane, so their average gave the
magnet y position at the intersection of their plane with the mover (z,y) plane,
and with the already determined roll, this was easily translated to y in the magnet
coordinate system. Similarly, the two LVDTs touching vertical split planes were in
a piane parallel to the mover (z, z) plane, equidistant from the (z, y) plane, and so
their difference measured the magnet yaw, and their average, properly corrected

for measured roll, gave = in the magnet coordinate system.

Using the SLC control program performing stand-alone CAMAC commands,
we designed automated programs to scan the magnet position. We moved the
magnet from —2 mm to +2 mm in 500 um steps in z along the y = 0 axis and
measured the z and y residuals between the mover and fixture positions. a4 and
ap were calculated from least-square straight line fits to the residuals as a function

of mover ¢, and o1 and as were derived from these. These were put into the new
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LVDT space to MAG space transformation (the inverse of Eq. 4), and then the
magnet was scanned in y along the z = 0 axis from —1.5 mm to +1.5 mm in
500 pm steps. The value for a3 was then derived from a straight line fit to the z

residual as a function of y motion.

it generally took three series of scans to reach convergence for the «; for a
magnet and mover pair. In Fig. 9 is an example of the z and y residuals for the
initial and final scans along the  axis for the worst (in terms of LVDT surface
angles) of the FFTB quadrupole magnets. For the initial scan, a; = (0,0,0). This
scan shows residuals on the order of 30 — 40 um at the ends of the mover range.
For the final scan, a; = (—4212, —34484, —2082) urad were derived from previous
scans and used in the transformation. The z and y residuals for this scan were
within the tolerance of +5 pm over the full mover range. We were able to measure
i to get all movers except one within this tolerance. The average magnitudes of

a4, ap, and az were all on the order of 5 mrad.

As mentioned, one mover could not be brought within tolerance solely by mea-
suring its o; and adding them to the transformation. This “worst” mover was
investigated in more detail. Two different types of devices were used to indepen-
dently verify the LVDT-based mover and fixture measurement systems; magnetic
encoder displacement (SONY) gauges"”" with a precision of 1 pm, and a laser-
interferometer system with retroreﬂectors,m] with a precision of 0.1 ym. As Fig. 10a
shows, while the y residuals during a  scan were well within tolerance, the z resid-
ual grew to ~ 25um at the negative end of its range (for z < —1800 pm, the mover
is out of tolereincej. The best measured values of o; = (—2434, —2846, —3015) prad
have already been included in the transformation, and the scan step size has been
reduced to 200 gm to more clearly show the effect. Since the residuals due to o;
should grow linearly with displacement, this is clearly not the problem with this
mover. The yaw, pitch, and roll residuals are shown in Fig. 10b, and it is obvious
that the magnet was also yawing by ~ 100 urad at the end of its range. While a
yaw around the y axis at z = 0 cannot by itself result in the observed z displace-

ment through Eq. 3, a yaw around some other point along the z axis will translate
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to a yaw around z = 0 and a z displacement. The laser interferometer measured
in z at z = 0, and essentially confirms the fixture measurerﬁent (Fig. 10d). The
SONY gauges (Fig. 10c) also measured z and were placed on either side of the laser
retroreflector in z. Their average confirmed the fixture and laser = residuals, and
their difference measured a yaw of ~ 100 urad, confirming the fixture yaw obser-
vation. Clearly the magnet is yawing, probably due to a mechanical tolerance not
being met, and LVDT3, in correcting for the added displacement at its z position,
was introducing a large displacement at the magnet center. It should be reiterated

that out of 33 movers, only one showed flaws of this magnitude.

5.2 INCREMENTAL MOTION

Movers which have good positioning accuracy have many applications. They
can be used as stages and compared to, or used to augment, other systems such
as BPMs, wire alignment systems or laser alignment systems, which may or may
not have good position information. However, this is not the design function of
these movers. Even with worse positioning accuracy than described in the previous
section, the first few coarse steps of beam-based alignment would bring a magnet
to within ~ 50 pm of its desired position. What is needed is precise incremental
motion from this point, so that the beam-based alignment procedures will converge
quickly. Effects such as LVDT non-linearity, or the surface rotations described in
the previous section, are small on these distances. Lost steps can be detected in
the ‘LVDT system and corrected for, though very many will slow precision motion

and so need to be avoided.

We performed numerous test to verify the precise incremental motion of the
movers. Most mover motion is quite involved, requiring all three motors to turn
different numbers of steps. Simple motion of one motor results in motion in all
three magnet degrees of freedom. However, there is one subset of motor sequences
that results in simple motion, and these can be used to illustrate the precision of the
movers. Motion along the z axis from the midrange position requires only Cams

2 and 3 to turn an equal number of steps in the same direction. The minimum
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step size for this motion is 0.35 ym, for a command of (0,1,1) steps sent to the

motors™ Another nice feature of this motion is that, since o = 0, LVDT3 directly

measures the z position of the magnet.

Figure 11 shows a test where we sent out a series of thirty (0,1,1) step com-
mands to the motors, followed by a (0,-30,-30) step command to return the mover
to z = 0. The solid line shows the position the mover should be at after each com-
mand. Since the LVDTs were not used to position the magnet in this test, LVDT3
was read out after each command and gave the z position of the magnet. These
are the data points in Fig. 11. As an independent check, the laser interferometer
was also set up to read the z position of the magnet between each command. The
position as measured by the laser is the dotted line in Fig. 11. As can be seen, the

mover can execute sub-um motion quite reliably.

Since the steps were all in the same direction in the previous test, they do not
address the question of mover backlash. To investigate this, we sent a series of three
(0,1,1) step commands to a mover, followed by three (0,-1,-1) step commands, for
a total of four cycles. This command sequence is shown as the solid line in Fig. 12.
Once again, LVDT; (data points) and the laser interferometer (dotted line) were
read back after every command. While the tracking is not perfect, we are measuring
motions near the resolution of the measuring devices, and the magnet does not show

any significant backlash at the ~ 1um level.

6. Temperature Behavior

The magnets and movers are made of steel, iron, and aluminum. Temperature
behavior at the pm scale can be quite involved, depending on factors such as tunnel
temperature, or magnet current, versus time. The center of the magnet moves from
0.5 to 2 pm/ °C,[26] and the LVDTs on the movers do not track this motion exactly.
The temperature dependence of several of the LVDTs was measured”” and found
tobe (—0.88 x (T —20) ) pm at T = 20°C. Thus it is clearly important to

keep the operational temperature constant to within ~ 1°C if one wants motions
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reproducible at the pm level. Before operation of the FFTB, the tunnel is sealed
and the fans are turned off. This helps stabilize the tempera.tﬁre in the part of the
tunnel not in direct sunlight to better than 1°C. The temperature of the magnets
(and eventually of the movers) can change by ~ 25°C when they are turned on and
ramped to full current, so this is done well in advance of beam-based alignment.
Aligning the quadrupoles requires scanning the magnet currents by a significant
fraction of their design values. They are scanned quickly and the magnets are
returned to their nominal currents in less than a minute, so the heat load on the

magnet and mover does not change substantially.

7. Conclusions

We have constructed precision magnet mover out of easily machined parts and
commercially avaﬂable instrumentation. At constant temperature, these movers
have a positioning accuracy of +5 pm and a incremental positioning precision of
~ 0.4 pm, with backlash at the < 1 pm level. Difficulties encountered in the

development stage, such as LVDT non-linearity and LVDT surface angles, were

easily worked around.

The magnet movers have been used during the 1994 FFTB runs, and their
performance has been very satisfactory.m] Certain unforseen functions, such as
calibration of the wire alignment systemf”l have been taken up by the mover system

due to their accuracy, reliability, and ease of use.

It was originaily envisioned to measure the misalignment of the sextupoles by
scanning their currents and observing changes in the beam size at the primary focus
(IP) of the FFTB,[3°] and then use the movers to correct the magnet positions. It
turned out to be easier to scan the positions of the magnets with the movers, and
directly find the positions which minimize the effects of misalignment. The result
of such a scan is shown in Fig. 13, where the beam position at a downbeam BPM
is shown as a function of sextupole z position. The scatter of the points at a

particular = is a reflection of the jitter of the incoming beam. It was quite easy
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to determine the offset of the magnetic center of the sextupole shown in Fig. 13
to an accuracy of 7 um, and to move it the 220 gm necessary to center it on the
beam line. This method is preferable to scanning the sextupole currents, as it
avoid hysteresis effects in the magnet iron and possible loss of standardization.
Another advantage of this method is that it only requires the BPM system, and
does not rely on the beam size monitors at the FFTB IP. It is not possible to align
quadrupoles with this technique, as the deflection of the trajectory changes sign at

the magnetic center, and no extremum appears.

It has also been possible to design “knobs” which change the position of the
beam z and y waists and dispersions at the FFTB IP, and the z'y coupling, by
purposely offsetting sets of sextupoles by calculated amounts”” This technique has
better accuracy and precision than the originally envisioned quadrupole strength
knobs. The quadrupoles can also be moved prescribed amount to induce precise
kicks to the beam. This can take the place of corrector dipoles for functions such as
lattice diagnostics, and in general there has been no need to use the FFTB corrector

dipoles. These functions are all possible because of the positioning accuracy of the

movers.
7.1 RECOMMENDATIONS FOR IMPROVEMENTS FOR NLC MOVERS

In designing the next generation of magnet movers for a NLC, the movers
should be considered part of the magnet/BPM system from the very start. They
should be mated together early, intercalibrated with respect to each other, and

treated as a complete unit.

Care should be taken when the magnets are produced to make sure the surfaces
the LVDTs will ride on are at specific angles (nominally but not required to be
zero) with respect to the magnet split-planes, and to make sure the surface quality
of the LVDT surfaces is sufficient. With modern precision milling machines, this

should not be difficult, as the total area needed for a LVDT surface is < 1 cm?.

If it can be afforded, it is probably best to equip a mover with five LVDTs. If
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care is taken with the symmetrical placement of LVDTs around the mover, then
the transformation from LVDT space to the position of the nﬁagnet center can be
made very simple, as was the case with our calibration fixture. Even with no mover
control of yaw and pitch, this would give passive monitoring of them and make sure
that uncontrolled (but acceptable from the point of view of beam optics) yaw and
pitch did not introduce an unknown systematic error in the accurate placement of
the magnet, as is possible (at a small level) with our movers. If only three LVDTSs
can be afforded per mover, then they should all be placed at the z center of the
magnet. For our movers, this would have meant building an arm which attached
to the base plate outside of the paired cams and held the horizontal LVDT above
the cams. This would not have been a much more involved than the arrangement
we used, and it could have reduced or eliminated dz in Eq. 2. Care should be
taken early in the design stage to place the LVDT holders where they are easily
accessible and to design LVDT holders that are easy to adjust; this will save much

integrated time later.

In addition to magnet placement, these movers can be easily adapted to other
beamline components which might need precision placement, such as RF cavities.
One of the FFTB movers is currently being used to position the target box of the
SLAC E144 experiment. The purpose of this experiment is to study nonlinear, very
high field QED. The target is a terawatt laser pulse focused down to an area of a
few tens of square microns, and the target box is an optical table which contains
the final mirrors. Having the optical table on a mover allows positioning of the

target with respect to the FFTB beam at the um level.

If component placement is needed only to an accuracy of > 10 pm, then it is
possible to imagine designing movers with no LVDTs which relied only on the pots
on the cam shafts for positioning, as was done for the original SLC final triplets.
However, it is always possible for a magnet to become decoupled from its mover for
any number of unforseen reasons, and the hours or days of expensive beam time
spent diagnosing these problems can often easily pay for a good LVDT system

which would make the problem immediately apparent.

25



We ended up having to calibrate each LVDT by hand. However, unless one
plans to buy the LVDTs and their read-out from the same manufacturer and then
blindly trust their calibration, it is advisable to make arrangements to do this on
your own. Using a third order polynomial in place of a single linear coeflicient,
which we were forced to do, allowed us to do slightly better than the advertised
linearity of the LVDT system.

A more careful job of calibrating the movers could have probably resulted in
a linearity of the system down to 0.0010, but this was not needed for the FFTB
and so was not pursued. To reach this level, certain problems we ignored, such
as LVDT transverse backlash, would need to be addressed. To do much better
than that with this type of stage and calibration would be difficult. As it was,
we achieved a linearity of ~ 0.0025 at constant temperature. Being able to reach
this so easily is probably a function of the simplicity and symmetry of the mover

design, and these features should be retained.
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1)

FIGURE CAPTIONS

Schematic drawing of a mover at its midrange position supporting a standard

FFTB quadrupole magnet. The various dimensions and coordinate systems

- are described in the text.

2)

3)

5)
6)

7)
8)

9)

Perspective drawing of a FFTB quadrupole magnet being placed on a mover.

Two quadrupole magnets and movers (in foreground) sit on their Anocast
stands immediately after installation on the FFTB beamline. LVDT; 1s
visible just behind the front V-block and Camshafts 2 and 3 on the mover
in front. The Kelvar tooling ball fixtures (described in text and marked
CAUTION DO NOT TOUCH in photo) are in place, but the FFTB wire
alignment system, the sensors for which are supported off these fixtures, is

not yet installed.
Range of motion for a magnet on a mover.

Ranges of motion in the (z,y) plane with mover roll set to (a) zero, (b)

a = 1000 prad, (c) @ = 5000 prad, and (d) a = 9550 prad.

Perspective drawing of the barrel containing the final triplet of quadrupole

magnets used in the first phase of SLC running, on a five cam mover.
Orientation and location of mover LVDTs.

The fit residuals (with respect to the Starrett height gauge) vs. LVDT dis-
placement for (a) Daytronics LVDT, Highland electronics, and a linear fit, (b)
Daytronics LVDT, Highland electronics, and a cubic fit, (c) Schaevitz LVDT,
Highland electronics, and a linear fit, and (d) Daytronics LVDT, Daytronics

electronics, and a linear fit.

The residuals (with respect to the measurement fixture) vs. mover z position
(with y = a = 0) for the mover with the largest LVDT surface angles.
The square symbols connected by solid lines represent the initial scan with

a; = (0,0,0). The circle symbols connected by dashed lines represent the
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10)

final scan, with a; = (—4212, —34484, —2082) urad used in the LVDT to
MAG transformation. The z (y) residuals are the filled (open) symbols.

The residuals vs. mover z position for the one mover which failed to meet the

positioning tolerance requirements: (a) the z and y residuals with respect

to the measurement fixture, (b) the yaw, pitch, and roll residuals w.r.t. the

11)

12)

13)

fixture, (c) the z residuals w.r.t. the SONY gauges, and (d) the z residual

w.r.t. the laser interferometer. The dashed lines are the nominal tolerances

for deviation from ideal behavior.

A sequence of thirty (0,1,1) step commands were sent to a mover, followed
by a (0,-30,-30) step command. The solid line shows the expected motion of
the magnet, the data points show the z position as measured by LVDT3 (the
other 2 LVDTs showed no significant ¥ motion or roll), and the dashed line

shows the z position as measured by the laser interferometer.

A sequence of three (0,1,1) step commands were sent to a mover, followed by
three (0,-1,-1) step commands, for a total of four cycles. The solid line shows
the expected motion of the magnet, the data points show the = position as
measured by LVDT3, and the dashed line shows the z position as measured

by the laser interferometer.

The electron beam z position measured at a downbeam BPM vs. an up-

_ beam sextupole mover x position. The scatter of the points at a particular

sextupole z is a reflection of the jitter of the incoming beam. The curve is a
parabolic fit to the data, used to determine the misalignment of the sextupole

from the nominal beamline.
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