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Abstract 

In order to utilize the electron beam of the 
Stanford two-mile accelerator most effectively, 
an elaborate beam switchyard will be used. Two 
basic components constitute the switchyard: a 
switching magnet 2nd two deflecting transport 
systems. A precision deflection magnet system 
containing several dc magnets and quadrupoles will 
bend and momentum-analyze the electron and posi- 
tron beams. 

This paper discusses the methods and tech- 
niques used in making high-precision magnetic 
measurements in de and multipole magnetic fields. 
The requirements for the accuracy of field measure- 
ments are deduced from the beam optics of the 
transport systems. Special measurements and in- 
struments used in these measurements will be dis- 
cussed in detail, 2nd the results of these measure- 
ments will be related to the optical properties of 
the particle beams. Special measurements in multi- 
pole magnets, such as the location of the magnetic 
center, the magnetic coordinate system, multipole 
content, effective length, and different methods 
of making such measurements, will be discussed. 

Introduction 

The electron beam of the Stanford two-mile 
accelerator will be magnetically directed to vari- 
ous experimental areas in an elaborate beam switch- 
yard. A schematic layout of the switchyard is 
shown in Fig. 1. The magnets in this switchyard 
will provide the X.5' and 24.5' deflections neces- 
sary to allow the different experimental areas to 
be shielded and separated from each other. In ad- 
dition to providing flexibility of experimental 
arrangements, the switchyard will assure and 
measure the beam energy going into the experimental 
areas. In this function the beam switchyard can 
be considered to be an energy-analyzing transport 
system in which the proper energy for the experi- 
ment is defined by the collimator between the ac- 
celerator and the switchyard, the bending angle in 
the magnetic field, and the energy-defining slit. 

This paper discusses the methods 2nd techniques 
used in making high-precision magnetic measure- 
ments on the various types of magnets that are 
used in this transport system. The requirements 
for the accuracy of field measurements are de- 
duced from the optics of the whole facility in- 
cluding the accelerator itself. 

In designing the acceleratori and the bean 
transport system,' the behavior of the electron 
beam as a whole, which is best analyzed in terms 
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of displacement-divergence in the phase space, was 
very important. When the horizontal notion of the 
electron beam in the x and y direction is de- 
coupled, the bean "quality" can be characterized 
by 

dx d(yx’) and dti(%Y') 

at energy E = ~oc2, where the integrals are the 
projections of the phase space to the xz and yz 
planes, and x1 and yf are the bean divergences. 
It is evident from this definition that 2 beam of 
small size and angular divergence has 2 small 
phase space. In these terms then, the basic 
philosophy for the design of the beam transport 
system was to minimize the beam envelope, or the 
phase space, with the condition that the experi- 
mental are2 will get 2 beam with the minimum phase 
space and the required energy spread (m/E). 

The expected angular spread (divergence) of 
the electron beam from the accelerator is 

Y’, X’Z 2s 

This number, however, is an order of magnitude 
value only, because it does not take into account 
the effect of possible asymmetries in the rf cir- 
cuit3 for the accelerator waveguide, the possible 
radial electrical fields, and the misalignment* 
of the accelerator. These and other considera- 
tions, such as reducing the beam size in the ac- 
celerator, allowing for possible non-conservation 
of transverse phase space (scattering, collima- 
tion of the beam), suggest 2 focusing system for 
the accelerator which produces a radial focusing 
of the beam somewhat stronger than the minimal re- 
quirement for electron transmission. 

The actual strong focusing magnet system con- 
sists of quadrupole triplets spaced every 300 feet 
along the accelerator.5 These triplets form 2 
periodic focusing system analogous to a periodic 
focusing system of thin lenses in the case of a 
light beam. The alignment of the quadrupole axis 
should be stable to within 0.001 inch rms relative 
to the mean reference axis of the triplet. Also 
spaced at 300-foot intervals along the accelerator 
are small dipoles which will continuously make 
minor corrections in the beam position and direct- 
ion. 

The maximum beam radius out of the acceler- 
ator is expected to be a = 0.4 cm. The radial 
current density distribution in the beam will not 
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have a sharp cut-off, but rather a gaussian dis- 
tribution 

j = j ,-&(r/aj2 
0 

which gives I 
the maximum be~rn=~~~r~~tj~#;it~~~ 8& >;zE'lk' 

The electron beam from the accelerator will 
go through a collimator to assure the proper beam 
alignment to the switchyard. However, the colli- 
mator will probably increase the angular divergence 
of the beam. If the hole in the collimator has a 
radius r = 0.3 cm,86.% of the beam will go through 
unaffected, but most of the remainder of the beam 
will come out with energies ranging from zero to 
almost full energy and with a divergence up to 
10e3 radian. After a distance of 80 meters (at 
the first pair of quadrupoles), the beam profile's 
2-cm-width will be superimposed on the scattered 
beam which will have a width of ^I 10 cm. The 
bending magnets will have a "homogeneous" field 
of about 6.5 cm in width, the quality of which 
should be such that the image size (collimator 
hole) is not enlarged by aberrations at the posi- 
tion of the energy slit. This requires that the 
difference in deflection angle between the central 
2-cm beam and the outermost part of the scattered 
beam should be small compared to the angle at 
which the collimator is seen from the bending 
magnets. This gives a tolerance for the field 
homogennity in the gap, namely., 

With the deflection angle 47 = 12', r = 0.3 cm and 
4 = 80 meters; this gives 

p << 2 x 10-4 
0 

The opening of the energy-defining slit de- 
termines the energy spectrum of the electron beam 
sent to the exPerimenta area. 

Magnets in the Transport System 

In the beam transport system, including the 
accelerator itself, three different kinds of mag- 
nets are used: dc bending magnets, pulsed deflec- 
tion magnets, and quadrupole magnets. 

The dc bending magnets are used to deflect 
and momentum-analyze the electron beam coming from 
the accelerator. The geometry of a bending magnet 
which deflects the central trajectory through an 
angle a: is shown in Fig. 2. The central tra- 
jectory is that path which has the coordinates 
x = 0, x' = 0 in the horizontal plane, and a 
central momentum PO = qrB. When the input beam 
is characterized by x0 displacement, xo diver- 
gence, and Ap/p momentum spread, the output beam 
parameters after deflection through an angle Cr 
can be written in a matrix form6 when the input 
beam is perpendicular to the entrance edge at the 
pole face (B = 0) as shown in the matrix equation 
at the botto& of this page. In this equation, 
Or = s, where s is the section of the particle 
trajectory within the magnetic field (including 
the fringing field of the magnet). A similar ex- 
pression can be written for the transformation 
matrix in the vertical direction. Due to the edge 
effect of the magnet, the beam is deflected verti- 
cally at the edges. This vertical deflection has 
the effect of focusing the beam and can be ex- 
pressed as a thin focusing lens with focal distance. 

f= r 
tan a/2 

To calculate the trajectory in an inhomogene- 
ous magnetic field, one can approximate the parti- 
cle orbit by a succession of circular arcs. The 
angle of deflection 3f any point so 1s 
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Then, using the cIso's, and the corresponding r's 
in the N transformation matrix, the beam para- 
meters can be calculated when N steps were taken. 
This can be done when 

s +1 
i” BdS 

J 
‘n 

is known for each arc from sn to sn+i along 
the particle trajectory. 

For beam trajectory calculations, quantities 
like 

s +1 
i” I Bds 

sn 

are measured by using point measurements in the 
magnet and calculating the integral numerically. 
In certain cases the integral quantity can be 
measured directly. 

In making point measurements one can use the 
usual methods and sensors to map the magnetic field. 
Depending on the accuracy required, different field 
sensors can be used. Table I lists the different 
field measuring instruments and their character- 
istic properties. By using an integrating measur- 
ing device such as a rotating long coil through 
the magnet and by integrating the induced voltage 
from the coil, one can measure the effective 
length of the magnet, which is defined by 

i’E!dS 

& =L-- 
eff 

B max 

Here Bmax is the maximum field and the integral 
is to be taken over a straight line through the 
magnet aperture. This-is a very good approxima- 
tion of a particle tra.jectory when the deflection 
angle Q is small, i.e., when C& < d where 2. 
is the length of the coil and d is the diameter 
of the rotating coil. 

Because a large number of measurements are 
required for the beam switchyard bending magnets, 
a special device was designed7 to measure the field 
in the gap along an actual particle trajectory. An 
aluminum guide beam capable of being bent to a 
circular arc is placed in the magnet. It is held 
in the circular arc by clamping to aluminum angle 
brackets fastened to the magnet end covers (mag- 
netic mirrors). On the aluminum guide beam an 
aluminum carriage holding the sensor and flip de- 
vice is driven by an integrally mounted brass lead 
screw contained by plastic guide pieces. The lead 
screw is driven by a reversible air motor capable 

of driving the carriage from 0 to 20 inches/minute. 
Two types of flip devices have been designed. 

One makes use of two parallel non-magnetic pneu- 
matic cylinders driving a linear cam, which rotates 
the shaft on which the sensor coil is mounted 
through 180'. The other type makes use of a re; 
versible air motor which is rotated through 180 
and is positioned by shaft-mounted stops. 

Position readout is accomplished by means of 
a Veedor-Root counter that is coupled to the lead 
screw. A small position error is introduced be- 
cause the lead screw follows the bent guide beam, 
the length of which is slightly greater than the 
coordinate line drawn from the sensor to the driv- 
ing device. 

Figure 3 shows the 3' bending magnet position- 
er. This device has proved most useful in trans- 
porting other sensing devices (NMR probes and Hall 
probes) through the magnet longitudinally for high 
precision measurements. 

The homogeneity in the bending magnet can be 
measured, using a long coil and integrator, as a 
function of the transverse (x) position across the 
magnet gap. The accuracy of this measurement is 
about +1 part in 105, and it is limited by the 
mechanical design of the coil and coil turning 
mechanism and by the accuracy of the integrator. 
Figure 4 shows the ii-meter-long rotating coil and 
its turning mechanism; Fig. 5 is a photograph of 
the whole measuring setup showing the integrator 
(Dymec 2401~), the printer (Hewlett Packard, Model 
H25562A), and the coil rotating motor. 

Field Measurements in Pulsed Magnetic Fields 

The measurement of time-varying or pulsed 
magnetic fields invol\ier tccllniques different from 
those used for static fields. In making dynamical 
field measurements, the measuring instrument should 
give a signal which is an instantaneous measure of 
the field and is not infltienced by the eddy-current 
fields in the measuring probe. 

To measure the magnetic field in the pulsed 
deflection magnet, an electron magrletic resonance 
device,* using DPPH as an organic free radical, 
was chosen. DPPH has a linewidth of 1.35 gauss, a 
relaxation time of about 0.2 jlsec, and a g-value of 
2.0036 + 0.0002. With the g-value of DPPH, the 
resonance frequency is given by F = (2.804 + 3.001)E 
where F is the frequency in MC and 3 is the 
field in gauss. Therefore, fields of 1800 to 2100 
gauss will resonate with microwave signals from 
3.95 to 5.85 k MC, the "G" band region. 

A helix slow wave structure was chosen as the 
microwave flux concentrator because it did not 
support large eddy currents and its frequency in- 
dependence allows the use of large sample volumes 
without the normal pulling present in high-Q cavi- 
ties, which tends to broaden the resonance line. 

A simple microwave bridge was used in the de- 
tection system (see Fig. 6). The klystron output 
was fed to the hybrid tee, which divides the power 
between the helix and the attenuator-phase shifter- 
short combination. The latter reflects a signal 
which is 180' out of phase with the reflection from 
the probe, and has suitable amplitude to bias the 
crystal detector to a low noise region. When 



resonance occurs, the amplitude and phase of the 
reflected signal from the helix are modified, and 
the bridge is unbalanced. The resulting rf pulse 
sent to the crystal is amplified and presented to 
the vertical deflection plates of the oscillo- 
scope. 

Field Measurements in Quadrupole Magnets 

The techniques used to measure such important 
parameters as magnetic center, length of the quad- 
rupole field, harmonic content determination, and 
gradient measurement in quadrupole magnets will be 
discussed briefly. 

Magnetic Center - 

In general, the magnetic center of a quadru- 
pole magnet does not necessarily correspond to the 
mechanical center. In order to achieve proper a- 
lignment of the quadrupoles, the relationship of 
the magnetic center to the mechanical center must 
be known. 

There are many methods of determining the 
magnetic center of a quadrupole, and three will be 
discussed here. Rotating coils provide one method. 
Because the field at the center of a quadrupole is 
zero, the output from an asymmetrical rotating coil 
is a minimum when the coil is at the center. Un- 
fortunately, this method is difficult to use be- 
cause one is trying to minimize the dipole field 
while the major contribution to the output of the 
rotating coils comes from the quadrupole field, 
which is not a function of position. This method 
can be useful, however, if one looks only at the 
amplitude of the dipole field. In this case, the 
amplitude of the field is completely a function of 
distance from the magnetic center, and the deter- 
mination of position of the magnetic center is ac- 
curate to about CO.001 inch. 

A floating wire is another method of center 
determination for a quadrupole. This involves 
putting a taut wire through the magnet at the ap- 
proximate center. First, the magnet is energized, 
then a current is passed through the taut wire, and 
deflection of the wire is noted as evidence that the 
wire is not at t‘ne magnetic center. The wire is 
then moved and the process repeated until no de- 
fiection of the wire is observed as the wire cur- 
rent is turned on. The wire is then in the mag- 
netic center. The floating wire technique is 
probably good for center location to an accuracy 
of a few mils. For this type of accuracy, a con- 
siderable amount of elaborate equipment is neces- 
sary (temperature controlled, drift-free room, 
ripple-free power supplies). 

The third, and in our case the most important 
method of magnetic center determination, is the use 
of a colloidal suspension of ferrous and ferric 
oxide particles. 

This technique was proposed and used by 
R. M. Johson,' to locate the magnetic center of 
quadrupole fields. The physical mechanism of this 
method was explained recentlyi' as scattering of 
polarized light on aligned colloidal particles in 
a quadrupole field. In this system, a small vial 
of the suspension is placed in the magnetic 

quadrupole field such that the mechanical center 
falls within the area of the vial. White plane- 
polarized light is directed through the vial of 
solution from one end of the magnet (Fig. 7). The 
observer at the opposite end of the magnet looks 
at the vial through a plane-polarizing analyzer so 
aligned with the polarizer of incoming light that 
complete cancellation of light should occur when 
the magnetic field is turned off. With the mag- 
netic field turned on, complete cancellation does 
not occur except along two mutually perpendicular 
axes which cross at the magnetic center of the 
quadrupole. This can be observed very accurately 
with an alignment telescope, and the magnetic 
center can be referenced directly to the mechanical 
structure of the magnet. This is the method pre- 
sently used to determine magnetic centers; its ac- 
curacy is better than 0.001 inch. 

Effective Length 

The effective length 

of a quadrupole is one of its most important char- 
acteristics because it is used in the matrix ele- 
ment when calculating tine beam dynamics in a 
magnetic lens system. In general, the effective 
length is a function of the radial position r 
from the magnetic axis of the quadrupole. One 
method of finding the effective length involves 
using normal mapping procedures and plotting the 
field at a point r as a function of the axial 
position c for - m < z < m , plotting this on 
graph, and integrating the area under the curve 
from -'w to co. This area is divided by the 
maximum field, and thus the effective length of 
the dipole field LB as a function of radial 
position is obtained. From this, using the 
f onnula 

a 

LC(r) = LB(r) + r - 
& 

the length of the quadrupole field LC is calcu- 
lable. 

A second and easier method of effective length 
determination involves the use of four coils ro- 
tating on a single shaft (see Fig. 8). Two of the 
coils are long compared to the field while two are 
located in the centrai field of the magnet. The 
outputs from the long and short coils add in a 
quadrupole field but exactly cancel in a dipole 
field. The total output sinusoidal wave from the 
long coils is divided down on a precision potentio- 
meter and compared with the total output sinus- 
oidal wave from the small coils. The phase of the 



outputs is exactly the same because the large and 
small coils are built in the same plane. The two 
signals are thus compared until the divider poten- 
tiometer is set for complete cancellation of the 
signals. Cancellation is facilitated by inversion 
of one signal with respect to the other, so that 
when the signals are equal they appear as a null. 
Then, by measuring the ratio of the induced volt- 
ages and knowing the coil dimensions, the effective 
length of the quadr?upole field is calculable. 
Using this technique an accuracy of about 0.1% is 
assured. 

Multipole Content 

One of the most important methods of evalu- 
ating a quadrupole magnet is determining the 
"purity" of its quadrupole field. In any quadru- 
pole magnet there are some higher pole fields 
present; these fields, if sufficiently large, can 
affect the beam dynamics in the magnet. Naturally, 
the quadrupole field is much larger than other 
multipole fields, and some provision must be made 
to cancel or at least reduce the quadrupole field 
coefficient sufficiently so that its presence does 
not mask the other multipole coefficients. To 
measure the higher harmonics one can use a special 
asymmetrically wound rotating coil which is de- 
signed to minimize the contribution due to the 
quadrupole field while enhancing the contributions 
from the other multipoles.ii The coil rotates at 
a fixed frequency synchronized to the A-C line. 
The output from the coil is Fourier-analyzed with 
a narrow bandwidth wave analyzer and the amplitude 
of each Fourier coefficient is noted. In this 
system, the Fourier coefficient corresponding to 
the frequency of rotation (u of the coil is the 
dipole field, the coefficient corresponding to 
frequency 2w is the quadrupole field, the coef- 
ficient of frequency %Li is the sextupole field, 
and so forth for higher fields. The rotating coil 
can be calibrated in multipole calibrating magnets 
of known field strength, or its response can be 
calculated for a given coil geometry. A block 
diagram of such a harmonic analyzer system is 
shown in Fig. 9. 

Gradient Measurement 

In order to measure the gradient field, one 
has to measure the magnetic field strengths at two 
poi.nts along the radial direction. For this 
measurement a differential Hall probe detector with 
two probes separated by a known distance is very 
adequate. The gradient can be measured to better 
than 0.1% when the probes are calibrated individu- 
ally in a known field. An excellent review of 
other types of measurements can be found in Refs. 
12 and 13. 
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Figure Captions 

1. Schematic layout of beam switchyard. 

2. Geometry of bending magnet. 

3. 3’ bending magnet positioner. 

4. Rotating coil and turning mechanism. 

5. Measuring setup. 

6. Diagram of the magnetic field measuring system. 

7. Experimental arrangement. 

8. Rotating coils method of effective length determination. 

9. Block diagram of harmonic analyzer for multipole magnetic field 

spectroscopy. 
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FIG 2. GEOMETRY OF BENDING MAGNET 
168-I-A 
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G 4. ROTATING COIL AND TURNING 
MECHANISM 166-6 -A 
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FIG. 5 MEASURING 
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