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ABSTRACT
Equipment and procedures are described for measuring the axial
accelerating electric field in long linear accelerator standing wave cavities.
The method used is the usual one of measuring the change in resonant
frequency caused by a small perturbing sphere oun the axis of the cavity.
This is done by specially developed. equipment connected fo an on-line
digital computer. Readings are taken at millimeter intervals along the
axis allowing the fields to be accurately plotted, integrated, and compared.
The method is more rapid and accurate than has previously been possible,
and analyses can be carried out readily on the data. The equipment has
been used én the 50 MeV linac injector for the Zero Gradient Synchrotron
at Argonne National Laboratory. The increased knowledge of the axial
accelerating electric field obtained with this equipment should allow
improved performance of the linac.
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The problem of assembling a series of unit cells into a long linac cavity
resonant at the same frequency as the separate cells is a difficult problem for
the designer and cannot be solved with an arbitrary accuracy. For this reason,
211 linacs are constructed with tuners to provide local variations in frequency or
acceleration field., The adjustment of the tuners to eliminate the local variations
of the fields is a necessgary tune-up procedure. Because of the difficulty of reading,
calibrating, interpreting, and relating magnetic pickup probe readings on the outer
wall to the axial accelerating fields, a measurement of these fields directly is
preferred. The ususl method of measurement of the axial field is by the use of
perturbation techniques. 1 In order to use the perturbation method in long linac
cavities, special equipment has been developed to allow the small perfurbations
in the frequency fo be accurately measured.

The equipment developed is an extension of the fechnique originally used at
Argonne National Laboratory for measuring the axial accelerating fields in the
50 MeV linac injector. 2 The method makes use of an on-line digital computer
for increased speed and accuracy in making the measurenents. The equipment
has been developed as an on-the -ghelf item so that measurements can be made on
short notice when different linac operating conditions are being investigated or
when major changes have been made in the cavity and it is desirable to return to
an earlicr operating condition. At ANL this appeared particularly attractive
gince a CDC-924A computer was frequently available when the Zero Gradient

Synchrotron was not in operation.
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The equipment is shown in Fig. 1. The frequency perturbing bead is pulled
along the axis of the cavity on a silk suture thread tightly stretched and at a
constant tension. The pulleys are of a low friction type. A few ramps placed in
the drift tube bore holes are sufficient to insure that the bead remain nearly on
the linac axis so that negligible error will result from the sag in the thread. The
thread is driven by a motor whose speed can be constantly increased to allow the
bead to move through one linac cell each second. In the ANL linac a run can be
taken in about two minutes. Readings of the perturbed cavity frequency are iaken
each millimeter along the axis as determined by the string-driven position marker
which is a low inertia toothed wheel intercepting a light beam to a photo diode.

In the ANL linac the cavity is self-excited by amplifying the signal from a
pickup loop close to one end of the cavify and by driving the main power amplifier
connected to the normal cavity drive loop. The cavity frequency from another
pickup loop is amplified and mixed with the 20th harmonic and the fundamental
of a very stable crystal-controlled 10 MHz oscillator to give a difference frequency
of about 1 kHz. This difference frequency is used o generate well-determined
period markers at the positive zero-crossing points. These are sent through a
gate which is opened by a shaped pulge from the string-driven position marker.
The first period marker through this gate then opens a second gate which couples
the signal from a 10 MIlz oscillator to a binary scaler. The end of one, two, four,
or eight periods is signaled by the appropriate period marker, which closes both
gates and thus terminates the 10 MHz signal to the scaler, The gcaler output
thus provides an accurate period measurement of the difference frequency, at
millimeter intervals along the linac cavity, in computer compatible form.
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The axial accelerating fields can be readily obtained from the information
supplied to the computer. At each millimeter a number corresponding to the
length of a period is transmitied to the computer. This period corresponds to
the difference between the cavity frequency when the perturbation is at the jth

position, fi, and the frequency of the crystal oscillator, £ Let this difference

o
frequency be & f,; obtained by taking the reciprocal of the period numbers. To
find the frequency due to the perturbation an average of the §f,;'s are taken
while the perturbing bead is in fhe drift tube or outside the cavity. The deviation
from this average when the ball is in the gap corresponds to the perturbation in
the frequency caused by the square of the eleciric field at the position of the ball.
Suppose that from 1 = ng fo ny there exists no field, from ny to ng correspond-
ing to roughly three bore-hole radii to one bore-hole radius the field is too small
to be meagurable using these techniques, from ng to ng the field is appreciable
extending through the gap, from ng to n, it is again too small to be measurable
and then from ng to ng it is again zero. This repetitive nature along the axis

of the linac can be illusirated as follows:

DRIFT TUBE GAP DRIFT TUBE
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0 5
The averages, -1 ;ﬁi Sfoi and —1 Z Sfoi allow the unperturbed
{2y - ng) 1';—"?10 (n5 " Ty) i=ny

difference-~frequency base line to be determined and corrected for frequency drift
when these averages are not the same. The §f,; from ngy to ng subtracted from
the drift-corrected basge line correspond to the perturbed frequencies, Afi. From

the usual perturbation formula for a metal bead in the absence of magnetic field:1

N7
i _ ké&V 2
f: T & B

where k is a constant close to 3/4, §V is the spherical bead volume, W isg the
stored energy in the cavity, and E—;O the free space dielectric constant, the
electric field, E;, at the position of the bead can be obtained. Except for the
constant factor, the E; values in the gap are the square roots of the Af;. These
can be plotied to give the field shape throughout the gap. Figure 2 shows typical
E; plots for gaps number 1, 83, and 123. The square root causes fluctuations
near the base line to appear large, This information is useful because numerical
integration of thege shapes allow transit-time information to be obtained.

For investigating linac performance, the integrals of the E; over the mth
cell, or the average accelerating field, E,.,, are required. These can be
obtained as:

Ry
B o= L S B d
Om‘L i 42
m n
1

where L., is the length of the mt? cell.
Bince the o values are not well determined from ny to ny and from ng

to n4, more consistent values of Egq, are obtained if they are obtained from

~hH-
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the integral:

n

fr 4 s
_ %m
Bom = T S E; dz
Ny

where O(;m is a correction factor which can be obtained from a field computational
program3 and amounts to about 1. 06 for the first cell in the ANL linac and to about
1. 02 for the 124th cell when the distance from ng to ng amounts to the gap length

plus two bore-hole radii. In order to normalize these values it is convenient to

calculate:
kR
—m B
Lm
. - ph
] -6 - R}

77

1

T ?o‘ﬂl E; dz

T m=1 o em '
LR,

where Loy is the total length of the linac. When these values of E,,, are plotted

ol
; dz

Eom

as a function of cell number or length, it is a simple thing to ascertain the degree
of "flatmess'" of the linac cavity. Figure 3 shows two typical plots for the ANL
linac; the top values were taken during a series of runs when the tuners were
being adjusted to flatten the cavity, and the botiom values indicate a less favorable
operating condition taken during runs on reflattening the cavity after a major change
caused by adjusting the penetration into the cavity of the drive loop.

A ten drift-tube cavity was constructed to develop the equipment and
procedures, and to determine the ball-size corrections without using valuable
linac injector fime. This cavity is shown in Fig. 4. The seven small bore-hole

drift tubes, numbers 2 through 8, were borrowed from the Brookhaven 50 MeV
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linac, number 9 was borrowed from the display in the Argonne ZGS reception
lobby, and numbers 1 and 10 were fabricated at MURA, The cavity and support
were made at ANL and assembled at MURA.

Using this ten drift-tube cavity the fields could be measured quite accurately
even for some distance inside the drift-tube bores. These measurements are use-
ful for determining transit-time values for the gaps. The smaller volume of this
cavity allowed measurable frequency shifts for perturbations as small as 1/8-in.
metal balls so that errors due to ball size could be determined.

A ball-=size correction arises because of the approximation of ireating the
field as uniform over the ball volume, §V, so that the frequency shift is just the
simple ratio of Eiz §$V/W. If the field is not uniform over the ball volume (or if
the image effect of the ball in the surface is appreciable), the value of the field at
the center of the ball will only be an average over the ball volume. The correction
may be determined by using successively smaller balls in the same field and hope- '
fully extrapolating to zero ball size. The correction will be greaiest where the
fields have the highest gradients and where the balls are closest to the surface,
which in this case is in the early linac gaps.

The field measured in gap 9 uging four different size balls, where the largest
is 15 {imes larger than the smallest, is shown in Fig. 5. The relative size of the
balls with respect to the field is ghown in the figure. A difficulty arises in meas-
uring the field inside the bore hole for the smallest balls and it is difficulf to make
a comparison. At the peak of the field a definiie difference in the measured fields
of a few per cent is observed. In gap 1 similar differences were observed. How-
ever, since the intended use of this equipment was to measure the average field

in each gap, the integral of these fields ag a function of ball size is relevant.
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Figure 6 shows the values of the integral of the field divided by the square
root of the ball volume, I/'m, plotted against the ball volume {(or D3) for gaps 1
and 2, The values are thus independent of the volume except for any ball-size
correction that might be required in determining the integral. The plotted points
are averages of two or three runs in these gaps for each ball size. The average
of these runs does not show a ball-size correction to within + 2 per cent. The
bottom trace is the total integral for all nine gaps.

Although these data indicate that the ball-size correction is less than 2 per
cent for balls as large as 3/8-in. used to measgure the axial field in this geometry,
another correction depending on ball size is relevant to long cavities. It is
recognized that if the frequency of a single cell which ig sirongly coupled to many
cells in:a long linac cavity is perturbed as, for example, is the case when the end
wall of a cavity is deflected, a change of amplitude of the field along the tank will
result, 4 By virtue of the same effect, the change in frequency of the cell caused
by the perturbing ball will result in a change in the field for a long linac. The
error has been estimaied by measuring the field in the 50 MeV ANL linac when a
second perturbing ball is hung in gap 1 or gap 124, Figure 7 shows the results
of the ratio of the average fields, E,.,, taken with a 3/8-in. ball compared to
five runs taken with a 5/16~in. ball. A definite trend for a value greater than one
in the early gaps and less than one in the later gaps is seen. A small correction
for this effeci is reasonable.

A 3/8-in. perturbing ball iz usually used to give a frequency shift at the
maximum field of about 200 cycles in the ANL linac. The accuracy of the equip-
ment and the stability of the system allows these frequency shifts to be related

-8 =
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to average fields in the linac so that the relative accuracy of a single value is
within 2 per cent, Thig is shown in Fig. 8, where the average deviation of a
single value is compared with a five-run average. Except for an unexplained
difficulty in the vicinity of cell 40, the average deviation is about 1 per cent in

the short gaps decreasing to about 0.4 per cent in the larger gaps. If it is
important to measure the relative axial field along the linac to a greater accuracy,
the method is rapid enough to allow averages of several runs to be taken.

This equipment has been used to advantage in the ANL linac in tank flat-
tening, in the calibration of the change in field resuliting from end-plate tuning,
and for investigating different operating conditions. We have had an active pro-
gram for some time attempting to compare the measured linac performance with
the performance computed with particle dynamics programs such as the PARMILA
program. 5 Tn these efforts, our greatest frustration results from an inadequate
description of the linac, especially with regard to the fields in the linac. We now
feel better about thig situation, and in pariicular we have been able to arrive at
a better set of transit-time values for the linac, In Fig. 9, the measured transit-
time values are compared with the values originally used in the design of the linac
to set up the dr:i.ft‘tube gpacing. 'The difference is understandable on the basis of
the measured field shapes, i.e., the larger discrepancy af low energy resuits
from greater field penetration into the bore hole than expected in the original
design and the larger discrepancy at higher energy resuits from the dip in the
maximum field at the gap centers that is not well approximated by the square-

field approximation. It should be gtated that the measured fields alone are
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inadequate to give the fields at a distance into the bore hole, but for this purpose

the field-computational program, MESSYMESH, 5

can be used to match the fields
and extend them into this region. This difference in transit-time values means
that the linac must be operated at higher gradient than the design value and for
maximum acceptance must have the fields increased in the early gaps, i.e., tilted
up. .In Fig. 10, the ratio of the design transit time to the measured transit time,
Tp/Tpg- is plotted along the linac. The error in the structure resuliing from this
difference can be partially compensated by changing the field along the linac, so
this ratio can also be interpreted as the change in the field, TILT, along the linac.
Although a linac operating condition corresponding to this field distribution has not
been attempted, particle dynamic studies using this distribution shows preferable
beam properties, especially with regard to a mean output energy which is less

sensitive to the rf level in the cavity.
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FIGURE CAPTIONS
Block diagram showing the equipment used to digitally measure
the accelerating fields in the linac using perturbation techniques.
A computer plot of the actual measured fields at millimeter intervals
along the axis for gaps 1, 83, and 123.
Two typical plots of the average accelerating fields for each cell
along the linac.
Ten drifi-tube test cavity.
Field distribution in gap 9 as measured with four different ball sizes.
Integrated fields normalized to unit ball volume vs. ball (diameter)3
to determine effect of ball size on the measurements for gaps 1 and 2,
and the total of nine gaps.
Effect on tank tilt caused by using two different ball sizes.
Relative accuracy of measurements as determined by the average
deviation for the values in a single determination from a five-run
average.
Plot of the design transit times and the measured transit fimes in
the ANI: 50 MeV linac.
Ratio of the design transit time to the meagured transit time in the

ANL 50 MeV linac.
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