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I. INTRODUCTION

The electron beam from the Stanford two-mile linear accelerator is
analyzed by a high quality magnetic deflection system in the beam switch-
yvard. The basic elements of the magnetic transport systems with the
calculated beam profiles are shown in Fig. 1. The first magnet element
in this system 1s a pulsed switching magnet capable of switching beams
of different energies and intensities to either transport system on a
pulse-to-pulse basis. This magnet actually consists of five l-meter sec~-
tions and is powered by pulsed high voltage supplies (modulators). Each
magnet section is excited with two modulators because it should be able
to pulse in either polarity in order to switch the beam left or right;
the pulse height should be continuously variable to accommodate any beam
energy. The magnetic field in these magnets rises sinusoidally 360 times
a second and has a peak value at 2070 gauss. The details of the pulsed

magnet system are described elsewhere.t

IT. OPTICS OF THE PULSED MAGNET

The optical transfer matrix for the deflection system from the exit

of the pulsed magnet to the energy defining slit has the form

/ X M 0 X
11 O

\‘ =

\6 quad M, M, /\6

°/Machine + Pulsed magnet
Output

Input
which shows that a change in the input divergence angle 90 into the de-
flection system does not change the focusing condition or the energy re-
solution in first-order optics. This means that the deflection system is
decoupled from the pulsed magnet and the accelerator, and a change in the
divergence angle due to a small amplitude variation in the magnetic field
of the pulsed magnet will not influence the focusing conditions. The
limit for the maximum variation in 90 is set by the aperture size of the
input quadrupole of the deflection system. Because the half aperture size

is 4 cm and the half beam width is 2 cm, the offset distance for the beam
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should be less than 2 cm. However, the change in the offset distance,
b, is proportional to the change in magnetic field. The maximum for
this system can be calculated from the formula

0.

- 9.5
8b(em) = 8000 x 57 X

aB

B

If &b = #2 cm, then %? = 2.65 x 1072; using for the peak field

B = 2070 gauss, the field in the pulsed magnet can change *55 gauss.
There is one other way to estimate the field stability in the pulsed

magnet. In this case one actually tries to separate from the total beam

divergence 6, the divergence due to the accelerator itself (91) and

the part which is due to the pulsed magnet (QM). Computer calculations

have verified® that to achieve a 0.3-cm image spot at the collimator,

the total divergence of the beam should be less than 3 X 107™% radians.

(For a point spot the maximum possible divergence is 4.2 x 107% radians.)

In order to estimate 6 let us suppose that the beam has a gaussian

P
intensity distribution Zt the end of the accelerator. Let oel be the
standard deviation of the beam divergence before the pulsed magnet, 090
be the standard deviation of the total beam divergence after the pulse
magnet, and aGM be standard deviation of the beam divergence intro-
duced by the pulsed deflecting magnet.

Then, in order to pass three deviations in beam divergence in the

deflecting system, the total divergence is ab, <1l x 10'4, i.e.,

2 _ 2 2 -4
(08,)% = (08))% + (06 )% <1 x 10

or
2 2l 3
GGM_<_ [(090) - (oel)]
eM ~B o]
Because -— = — vwhere @ = 0.5, then
a B
AB GM GQM
gl\l—ij=0|l—|= —
B o o



This gives an rms error tolerance for of

48
B

] (AB) ERICENAE (091\2]%
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If, for example, the beam divergence from the accelerator is

00 =1 X 107, then

o (%?)z 1.2 x 1072 or 1% rms

However, if o6 =1 X 107, the 06y, should be zero.

Using a uniform intensity distribution for the electron beam from

the machine, one obtains

A

2 Deol - 1911:]

3 x 107% and 6, =3 X 107>, the result

Then, for example, using |Go|
is
OB

18X < 3.2 x 1072

From this one can conclude that the peak field regulation does not need
to be better than *1%. However, to measure the field variation on a
pulse-to-pulse basis one would like to use a field measuring instrument
with an accuracy of better than 0.1%. With such an instrument one would
also be able to measure the variation of the remnant field, which is less
than *2 gauss. Therefore, an instrument capable of measuring dynamic
magnetic fields with reasonably high accuracy was needed both to cali-
brate other measurement equipment and for use as a test instrument for a
pulsed magnet modulator. Absolute accuracy of 0.05% (worst case) was
desired. The field to be measured consisted of a half cycle of a 1000

cps sine wave with a peak field of about 2 kG. Eddy current losses in
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metal precluded the use of probes that presented large metal surfaces to
the magnetic field because distortions would be introduced into the field,
with resultant heating of the probe.

Electron magnetic resonance of the organic free radical 1,1 Diphenyl
2, Picryl Hydrazil (DPPH) was chosen as a measurement method. DPPH has
a linewidth of 1.35 gauss, a relaxation time of about 0.2 usec, and a
g-value of 2.0036 *0,0002.2

With the g-value of DPPH, the resonance frequency is given by
F = (2.804 #0.001)B,* where F is the frequency in Mc and B, 1is the
field in gauss.

Therefore, fields of 1400 to 2100 gauss will resonate with microwave
signals from 3.95 to 5.85 kMe, the "G" band region.

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

line.

ITI. FIELD MEASURING SYSTEM

A simple microwave bridge was used in the detection system (see Fig.
2). The klystron output was fed to the hybrid tee, which divides the
power between the helix and the attenuator-phase shifter-short combina-
tion. 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.

IV. ELECTRON MAGNETIC RESONANCE (EMR) MAGNETOMETER

The power source consisted of a 2K43 klystron, air cooled. Conven-

tional waveguide components were used throughout, except for the probe.
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As mentioned above, the probe could not present a large metal surface to
the field, and for this reason high-Q resonant cavities were not used.
Webb® suggested the use of traveling wave helices in place of metallic
or dielectric cavities for this purpose.

The helix was designed on the basis of a simplified theory. For a
more general analysis the reader is referred to Pierce.® The microwave

magnetic field in the helix is
H= uOnI

where n is the number of turns/meter and I is the current in the
helix. In terms of the magnetic field inside the helix and the helix

radius a, the input power to the helix can be written as

_ 2
PI = Una Vb
H2
where U = EE— , the energy density in the helix. Therefore,
o]
P = =i HZa2Y
I 2p, P

The velocity of propagation is given by

V. = c/2nna
, = ¢/2ma
where c¢ = velocity of light in vacuum. Then, using H = pOnI,
1 2
PI =3 Honacl
The wave impedance is given by
_ 2
Ph = ZhI

where Ph is the power inside the helix. Because only half of the wave



power is inside the helix, P_ = 2Ph, and

I

P 1
_ 12 _
Zh = = 5 Monac = 15 nna

For a 52-ohm helix, it is required that

na = <=— = 1.10

52
15x

Defining B, = 2ﬁ/%o and B = 2r/\, where Ao is the free space wave-

length and A the helix wavelength, we must have

1 <pPa<1.5
in order that the lowest mode be propagated (i.e., a mode in which the
magnetic field is not a function of 6). Assuming as before that the

wave flows around the helix with velocity c¢ gives

B = 2nnaPfgy
For a 52-ohm helix,
B = T7.26
Taking Pa = 1 yields
a =0.138 cm
n=28cm?t

The probe assembly consisted of a small 50-ohm helix coupled to a narrower
90-ohm helix containing the sample. The sample helix was long enough to
extend into the pulsed magnet. In accordance with the above results, the
coupling helix had an internal diameter of 0.276 cm and 7.97 turns per
centimeter. The sample helix was 20.32 cm long, 0.15 cm in diameter, and
had 24.4 turns/cm. The coupling helix was terminated with a 1/10-watt,

50-ohm resistor imbedded in the matching structure. See Fig. 3 for
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structural details, and Fig. 4 for a photograph of the completed probe
in its supporting structure.
An IN23B crystal was used as the detector in all of the studies.
The demodulated resonance signal was amplified 20 db by a Hewlett-Packard
Model 466A video amplifier and presented to a Tektronix 545A oscilloscope.
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FIG. 3--Cutaway view of helix coupler.

V. MEASUREMENTS

The SLAC pulsed magnet power supply operates by switching a capacitor,
charged to 5 kV, across the magnet coils. The resultant resonant circuit
rings through one half cycle. The capacitor, now charged in the reverse
polarity, is then switched across a second coil that is designed to be
electrically similar to the magnet. The circuit again rings through one
half cycle, returning the capacitor to the original polarity but somewhat
lower voltage due to ohmic and core losses. The capacitor is then reso-
nant charged to its original voltage by a third switch. Precise control
of the capacitor voltage is accomplished by "Q-spoiling," or shorting of
the second (dummy) coil, when the capacitor voltage reaches a preset
level. All switching is accomplished with high power ignitrons. See

Fig. 5 for basic circuilt and waveforms.
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Because the capacitor voltage, and thus the magnet current, is a
critical function of the firing time of the "Q-spoiling" ignitron, time
Jitter in its firing caused amplitude jitter in the magnetic field. The
primary measurement made on the SLAC pulsed magnet was the amplitude
Jitter in the magnetic field.

Since the field waveform was a sine function, two signals were ob-
tained from the EMR system during each field pulse, one during field
rise and one upon field fall. These signals are egually spaced about
the peak field. The amplitude jitter was measured by measurement of the
relative jitter between these two pulses. The relationship between time
and amplitude jitter is developed as follows.

Let H = Ho sin w7t. Recause the EMEF pulses are egually spaced
about the peak field, the times Ty and Tz of these pulses are rela-

ted by (See Fig. 6) T, = T/2 where T is the sine period.

H(T)
\

Ho

FMR /1/ j

PULSES

#IG. 6--Pulse timing diagram.
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Let Ot =7, - T ; then 1 = 3 (1/2 - Ar). If H is the field at

time T, then

H =H, sinz [T/2 - &1)

and
Hl
Ho = =
sin 3 (T/2 - A7)
Suppose At changes by © . Then, assuming the same Hl , the new

value for the pesk field is

Hl
HL =

sin-%) (T/2 - A1 - 8)

The change in the field is

H i
AH. = : - L

o
sing (T/2 - &1 - 8) sin% (7/2 - A7)

and the fractional change in the field is

N
AH, _ sing (T/2 - aT) .

H, sing (T/2 - 47 - 8)

AHo
= n/2. Thus —— becomes

%

Now

rleg
ol

NH cos wAr/2
o]
= n - 1
H, cosg (At + 3)
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Assuming %? & << 1, expansion of the denominator yields

wd AT w \
~ — tan — - 3 K1
2 2 \2 )

==
o | &

During the measurement sequence,

T
u 1 2
the measurements tan —=& = , , and

2 \/—3—

was made to be /6, so that for

The value o = 2000 yields

A |
"

o}

= 18105
=t /3

and 1 psec of relative jitter corresponds to an amplitude jitter of 0.18%.

During the measurements, the probe assembly was mounted on a clamp
and ring stand and positioned in a model of a pulsed magnet. The magnet
was pulsed with the power supply and the EMR signals were observed on a
Tektronix type S545A oscilloscope. Figure 7 shows the test setup. The
EMR signals observed are shown in Figs. 8 through 11. 1In Fig. 8, the two
EMR signals are shown on the lower trace. The upper trace i1s approxi-
mately proportional to the magnetic field; its lack of symmetry is due
to overloading in the monitor circuitry. Horizontal sweep speed is 50
usec/cm. In Fig. 9 the two EMR signals are shown more clearly on an ex-
panded time base (20 usec/cm); note that the two signals are mirror
images of each other. The EMR frequency in all photographs was 4786.8 Mc,
corresponding to a field of 1706.8 gauss at resonance.

Amplitude Jitter in the field was measured by triggering the 545A de-
laying sweep from the first EMR signal and observing the second signal

with the delayed sweep. As mentioned above, for all such measurements
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FIG. 7--Measurement test setup.




!Et!i!!l
Lo T

FIG. 8--Observed EMR signals at 50 usec/cm sweep speed.

NI EEN
el cilsboslssslsbe

i dar L ant b
EdREN

il
RN

FIG. 9--Observed EMR signals at 20 psec/cm sweep speed.
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FIG. 10--Second EMR pulse, showing relative Jjitter with
"Q-spoiling" circuit disconnected (2 pusec/cm).

FIG. 1ll-~Expanded second EMR pulse, showing effect of
"Q-spoiling" on relative jitter (1 usec/cm).
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the signals were made to be 167 usec apart (9?1 = 5/7) in order to pro-
vide a common reference for the jitter measur;ments. Figure 10 shows the
second EMR pulse on a time base of 2 usec/cm. It should be noted that
the more rapid rate of rise of the field at this point on the field wave-
form compresses the EMR signal in time as compared with the two earlier
oscillographs. The total jitter is seen to be 4 usec, corresponding to
an amplitude jitter of about 0.7%, or 14 gauss for this peak field. This
oscillograph was taken with the "Q-spoiling" circuits disconnected.

The effect of the "Q-spoiling" circuits can be seen by examination
of Fig. 11. Here the second EMR pulse is shown on a time base of
1 usec/cm. The peak-to-peak time Jjitter has been reduced to 1 usec,

corresponding to an amplitude Jjitter of 0.18%, or about 3.5 gauss.

VI. CONCLUSION

The EMR dynamic field magnetometer has been demonstrated to be an ef-
fective tool in the measurement of amplitude Jitter in pulsed magnetic
field waveforms. This instrument is a primary standard, and as such re-
guires no calibration. Conventional means of measuring field Jjitter,
such as a gated integrator and level detector combination, require con-
stant calibration, and hysteresis and time Jjitter in the level detector

itself limit the accuracy.
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LEGAL NOTICE

This report was prepared as an accouht’of Government sponsored work.
Nelther the United States, now the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the information
contained in this report, or that the use of any information, apparatus,
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disclosed in this report.
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