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A variety of measurements have been made on the
beam in the first tank of LAMPF. The results of these
measurements are compared to the expected results based
on beam dynamics calculations. The properties investi-
gated include the transverse admittance of the linac,
the transverse emittance of the injected and acceler-
ated beam, momentum spectra as a function of tank ex-
citation (field amplitude), and the performance of the
single and double buncher systems. Some of the tech-
niques used in the measurements are described.

Introduction

The first portion of LAMPF has been operated as
an accelerator for a period of seven months. This por-
tion includes the Cockroft-Walton voltage source, the
proton ion source, the accelerating column, the low-
energy beam transport system, the double buncher sys-
tem and the first tank of the drift-tube linac. The
purpose of this initial operation was to perfect the
performance of this critical portion of LAMPF, and to
test the validity of the dynamics calculations used in
the design of the linac.!>2 The performance of the ion
source, accelerating column, and low-energy transport
system are described in the proceedings of this?® and
recent” accelerator conferences. The performance of
the double buncher system and the first tank of the lin-
ac are described in this paper and in the literature.®

The first tank of LAMPF is 11 ft long and con-
tains 31 drift tubes. [t accelerates the .75 MeV in-
jected beam of protons to an energy of 5.39 MeV. The
system is designed for a peak current of 17 mA at a
duty factor of 6%, yielding an average beam current of
1 mA. The tank requires an excitaticn of 300 kW to
achieve the design field gradients, which increase
linearly from 1.6 MV/m at the entrance end to 2.3 MV/m
at the other end. Field measurements show the field
distribution to be within 1.4% of design except for the
end cells.®

The low-erergy transport system includes a
unique douhle-buncher system, the purpose of which is
to shape the longitudinal phase space of the beam so
that a greater fraction of the beam is accepted by the
accelerator.’” Both cavities operate at the fundamental
frequency (201.25 MHz) of the drift-tube linac. They
are located 7 and 1.5 m upstream from the linac tank.
The first cavity requires only a few watts of excita-
tion and acts as a pre-buncher for the second cavity, or
main buncher, which requires approximately 160 W of
excitation.

The main experimental gear consisted of emit-
tance measuring hardware and a spectrometer magnet.
The emittance hardware, which is described more fully in
a later section, was used to measure transverse emittance,
form slits and pinholes, and in general, to tune the
low-energy transport system.

Located downstream from tank 1 was a 180°
double-tfocusing spectrometer of high resolution. It
was used to discriminate against low-energy tails in
measuring transmission and to measure the energy
spectrum.

Most of the measurements reported here were
made with the aid of a small digital computer (Data
General's NOVA) interfaced with a prototype of the
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LAMPF data acquisition and control terminal (DACT).e
This system can operate relays, drive stepping motors
and acquire data through the terminal. The mini-com-
puter can process the data and display it either on a
storage oscilloscope (Tektronics 611) or on a teletype.

Transverse Admittance of the Linac

The transverse admittance of tank 1 was meas-
ured experimentally by scanning the entrance of the
tank with a pencil beam. This beam was created by
forming two 30 mil square pinholes on the beam axis sep-
arated by 1.8 m. The position and angle of the beam at
the tank entrance were varied with twc sets of steering
magnets, and resulting current through the linac meas-
ured. Experimental results are presented on the left
side of Fig. 1, representing the phase space admittance
transformed to the surface of the first quadrupole mag-
net in the tank. Smooth contour lines have been drawn
through approximately 100 data points in each plane.
Position of the beam was measured to an accuracy of %15
mils. The angular error is *15% because of uncertainty
in the magnetic fields of the steering magnets. Due to
a low signal level, transmission currents were read to
+15%.

This experiment was simulated theoretically
using the PARMILA beam-dynamics program; results are
shown on the right side of Fig. 1. The presence of con-
tour lines, rather than a hard-edged admittance, re-
flects integration over the coupled longitudinal phase
space, as well as the effect of finite beam size and di-
vergence. These calculations assume perfect linac
alignment.

The shape and orientation of the measured and
calculated admittances are then in excellent agreement.
The area of the measured adnmittance is smaller than the
area of the calculated admittance in both planes.
Studies on the effects of quadrupocle misalignments show
that random 5 mil quadrupole misalignments reduce the
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Fig. 1 Linac admittance, measured and calculated.
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transverse admittance of the first tank by 30 - 50%.
The difference must reflect an actual reduction of the
linac admittance as a result of random quadrupole mis-
alignments on the order of 5 mils in magnitude.

This measurement is particularly interesting
since it provides a measurement of the transverse prop-
erties of the tank itself, independent of the trans-
verse properties of the available beam. It will be
repeated periodically in an effort to detect changes in
the quadrupole alignment or excitation.

Transverse Emittance of the Beam

Three sets of hardware for measuring the trans-
verse emittance of the beam in both the horizontal and
vertical planes were installed along the beam line.

One set was installed near the ion source and the other
two sets were installed near the entrance and exit of
the tank. Each set consisted of four jaws and two col-
lector strip assemblies mounted on separate linear ac-
tuators. Two jaws set to form a slit and one collector
assembly are used for the emittance measurement in

each plane. The strip electrodes on the collector
assembly and the slit are normal to the plane of in-
terest. The collector assembly has 38 strip electrodes
spaced 20 mils cent:r-to-center, and is located about

1 m downstream from the slit.

During the measurement, the mini-computer
drives the jaws and collectors through the beam in 100
steps of 10 mils each. After each step, the signals
from the 38 strip electrodes are collected, and proces-
sed to reveal the angular properties of the beam at
that position of the slit.

Displays created from these data are shown
in Figs. 2 to 5. The transverse phase space is shown
in an isometric projection at the bottom of the dis-
play, with the transverse coordinate horizontal and the
transverse angular coordinate at 45° The portions of
the transverse phase space occupied by beam are shown
in the apparent third dimension.

The upper left-hand part of the display is the
normal two-dimensional view of the transverse phase
space, where the shaded area corresponds to region of
phase space in which the beam density is greater than
a given threshold. Tucked into the left-hand corner of
this graph is the emittance distribution graph. It
gives the percentage of the beam current (0 - 100%)
lying outside a given intensity contour line as a func-
tion of the phase space area (10 T cm mrad at center of
Fig.) within this contour line. The upper right-hand
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Fig. 2 Horizontal emittance at tank 1 entrance,

part of the display consists of two beam profile curves.

Properties of Beam Into Linac

The transverse properties of the beam normally
used for injection into the linac with bunchers off are
shown in Figs. 2 and 3. The total emittance reported
on these measurements is 2.7 7 cm mrad in the horizon-
tal plane and 3.1 m cm mrad in the vertical plane, The
emittance distribution graphs on these figures indicate
that 90% of the beam lies within 1.4 7 cm mrad and 1.6
m cm mrad respectively.

Similar sets of measurements indicate that ex-
citation of the bunchers increases the transverse emit-
tance to 2.9 m cm mrad and 3.5 ® cm mrad respectively,
representing an average increase of about 10% for the
two planes.

The transport system is designed to transport
the beam from the ion source to the linac, preserving
circular symmetry in the long drift spaces, producing
double waists at certain locations such as the buncher
cavities, and delivering a beam that is "matched" to
the linac. Quadrupole excitations in the transport
system corresponding to minimum beam loss differed
significantly from the design excitations. Conse-
quently, the phase space orientation of the beam at the
emittance measurement near the entrance to the linac
also differed significantly from that of the design
beam. Efforts to achieve the design orientation of the
beam at the location of the emittance measurement were
unsuccessful.

There are four quadrupcle lenses between the
location of the emittance measurement and the entrance
to the linac. Using the phase space orientations shown
in Figs. 2 and 3 as input to the PARMILA program, runs
were made to find a set of excitations for the four
lenses that would match the existing beam to linac. No
solution was found. The closest approach, however,
gave excitations in excellent agreement with those ob-
tained empirically in optimizing transmission through
the tank. Subsequent operation was with the calculated
excitations corresponding to the closest apnroach to the
matched condition. Dynamics calculations reveal that
the failure to match the beam to the linac resulted in
peak transverse oscillations that were 40% larger than
present in the matched beam.

Properties of Beam Qut of Linac

The transverse properties of the beam normally
emerging from the linac with bunchers off are shown in
Figs. 4 and 5. The total emittance reported on these
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Fig. 3 Vertical emittance at tank 1 entrance.
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measurements 1s .9 7 om mrad in the horizontal plane
and 1.0 m cm mrad in the vertical plane. These values
are quite consistent with the emittance of the injected
beam divided by the adiabatic damping factor of 2.7.

If it is true that none of the injected beam
within the longitudinal acceptance of the linac is lost
radially, there is no evidence of growth in the effec-
tive emittance of the beam as a result of acceleration.
If, on the other hand, 10% of the injected beam was
lost radially, the indicated emittance growth factor
could be as high as 1.7. Transmission measurements re-
ported below suggest that little or none of the injec-
ted beam within the longitudinal acceptance of the
linac is lost radially, which, in turn, implies that
the emittance growth factor resulting from accelera-
tion to 5 MeV is close to unity.

Due to the short length of the linac tank,
some of the beam, destined to be lost, emerges from
the tank as a low-cnergy component. Evidence of a
different component of the beam can be seen in Figs. 4
and 5. Experiments with steering magnets confirm this
component to be lower in energy to the main component
of the beam.
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Fig. 4 Horizontal emittance at tank 1 exit.
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Fig., 5 Vertical emittance at tank 1 exit.

Transmission Measurements

The transmission of tank 1 was observed over
the entire running period as a prime measure of per-
formance. Transmission is defined here to be the ratio
of accelerated current to the current injected into the
tank.

Transmission vs Tank Excitation

Figure 6 gives the measured and calculated
transmissions for unbunched, single bunched, and double
bunched beams as a function of tank excitation. The
entire transverse emittance of the beam was used for
these measurements. The error bars on the data indicate
errors in the measurement of the current into the tank.
The accelerated current was read on a copper plate in
the focal plane of the spectrometer. The plate was
biased with +70 V, and the bias curve was flat beyond
+30 V.

Since no absolute measure of tank field was
made, the transmission curves serve as a way of deter-
mining the design excitation. The data are plotted so
as to make the theoretical and experimental thresholds
with no bunchers coincide. Relative tank amplitudes
are known to ,25% using the signals from 5 loops in the
tank into calibrated crystals whose outputs are read on
a calibrated oscilloscope. This convention establishes
the design tank excitation. Other conventions are pos-
sible as can be seen ir the next section.

Transmission Using Both Bunchers

In this experiment, the phase of thec main
buncher was first determined by measuring the transmis-
sion of the beam through the spectrometer with the pre-
buncher off. Since the experimental curves agreed
closely with calculations, this curve was used to set
the main buncher at its design phase. The pre-buncher
was then phased to maximize transmission. The two
bunchers were then driven together in phase to produce
the plot on the left in Fig. 7. The phase scale on the
data is positicned roughly to match the calculation.
The width of the scale is known accurately from trom-
bone lengths. The maximum transmission was §0% #5%.

In the corresponding theoretical calculation,
particles were considered transmitted if above 5 MeV in
energy. Results of the calculation are shown on the
right in Fig. 7. The use of measured tank fields® in
the calculation was found to be a significant factor in
achieving this agreement between theory and experiment.
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Momentum Spectra

Measurement of the momentum spectrum of the
beam as a function of tank excitation offers some of
the most detailed information available on the behavior
of the longitudinal phase space. The results of the
measurements of the spectra for unbunched, single
bunched, and double bunched beams are compared with the
results of computer calculations.

Experimental Details

The 180° double-focusing spectrometer was 1o-
cated 1.7 m from the end of the tank. A guadrupole
doublet located midway between the tank and the spec-
trometer contained the beam sufficiently so that the
entire transverse phase space of the accelerated bean
was accepted by the spectrometer and reached the focal
plane. The complete spectrum is taken on one beam pulse
using an array of 38 collecting strips on the focal
plane connected to 38 sample and hold circuits which
store the data.

The dispersion of the spectrometer is 1.9 cm
per percent in Ap/p. The resolution of the array of
3 mm wide strips in the focal plane is Ap/p = .165%.
The resolution of the spectrometer with the beam spot
size used is Ap/p = .1%. The data were taken with a
60 mil square pinhole before the tank, resulting in a
small enough spot size in the dispersion plane of the
spectrometer sc that no slits were required after the
tank.

Data Collection

Figure 8 is an isometric plot which contains
a complete survey of momentum information with bunchers
off., Each horizontal trace is the momentum spectrum
for a different tank excitation. The tank excitation
scale is based on the previous section. One-hundred-
fifty spectra make up the plot. Successive runs of the
same plot are almost indistinguishable. The line at
the left of the isometric plot is the integrated cur-
rent at each RF level. It shows the proper increase of
total transmission with increasing tank field.

Calibrations

The energy scale was established by calibrating
the spectrometer with the .75 MeV test beam that was
drifted through the tank with RF off. The .75 MeV beam
energy was found with a voltage divider. Measurements
on the voltage divider resistors for the Cockroft-
Walton give an error of about %150 V on the proton
energy. The uncertainty in reading the high voltage
drop due to beam loading is about *200 V. Aside from
unknown systematics, the injector energy is known to
+.04%

The momentum corresponding to another spec-
trometer current is deduced by scaling the results of
the .75 MeV runs. The uncertainty in determining which
wire corresponds to design momentum at the current used

for all runs is about *1 wire or %.3% in energy.

The dispersion was measured at the focal plane
with both the .75 MeV beam and the 5 MeV beam. It has
a small linear dependence on the position at the focal
plane. The error in the dispersion at any place on
the focal plane is *5%. Consequently, energy widths
are known to 5%.

Comparison of Measurements and Calculations

Figure 9 shows a theoretical result to be com-
pared with the data in rig. 8. The calculation was
done for an axial unbunched beam without space-charge
effects. Other calculations done at design RF level
have shown that the spectrum of the entire transmitted
beam is independent of injection position and angle.
The momentum data in Fig. 8 is for the entire transmit-
ted beam.

Comparison of Tank Excitation and Energy Scales.
Above 94% excitation, data and calculation (Figs. 8 and
9) are similar except for systematic scale shifts.

The distinct features in the data appear 1%
higher in field than the same features in the calcu-
lations. Sliding the tank excitation scale on the data
brings all of the main features above 94% on Figs. 8§
and 9 into coincidence. This method of fixing the ex-
citation scale is an alternative to sliding the scales
to match at threshold. The two results differ by 1%,
thus leading to a 1% uncertainty in the determination
of the design excitation.

The measured beam energy for excitations above
94% is 1.1% higher than the calculated value. An upper
limit on the energy oscillation in the data as tank ex-
citation increases is estimated to be .5% for the re-
gion above 94%. Therefore, a maximum of one-half of
the 1.1% energy discrepancy could be attributed tc a
phase oscillation. The effect is in the direction that
would be caused by saturation. However, the field in
the spectrometer is only 8 kG, and measurement of the
field integrals was not attempted. The required accu-
racy would be better than .5% to see a 1% energy error.

Comparison of the Shapes of the Spectra. Aside
from the above-mentioned scale shifts, there is remark-
able similarity between data and calculations above 94%.
It is not known why the computer does not produce the
observations below 94%. With near certainty, the tail-
ing off of beam energy below 94% tank fields is not
instrumental.

Energy widths measured from single spectra at
several tank excitations all appear wider than the com-
puted spectra by roughly 5 - 10%. Accuracy is limited
by the coarseness of the collecting grid. This shift
is at the limit of energy width uncertainty, which was
*5%, and therefore carnmot be claimed to be real.

The spectrum vs excitation plots for the single
buncher (Figs. 10 and 11) and double buncher (Figs. 12
and 13) give equally interesting comparisons. In the
case of the double buncher, the very steep ridge be-
tween 95% and 101% field is evident in data and theory.
Pre-buncher field amplitudes 25% on either side of the
field for Fig. 13 caused the ridge to separate into two
distinct peaks,

The sensitivity of the shape of the momentum
spectrum to various parts of the calculation has not
been investigated. The agreement for no bunchers above
94% excitation is so good that we assert that the lon-
gitudinal phase space calculation is valid and independ-
ently that the linac is performing as designed. If
agreement were less than perfect, one would not know
whether to attribute the discrepancy to failure in the
dynamics calculation or failure of the accelerator to
reproduce the design model.

Correlation of Output Energy With Transverse Coordinate

A particularily troublesome aspect of the mo-
memtum measurement, until it was understood, was the
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presence of a strong correlation between the momentum
spectrum and the output transverse coordinate. As
noted above, transverse oscillations within the linac
do not have much effect on the energy spectra of the
entire accelerated beam, but they can produce the ob-
served energy-spatial correlations. When a beam is
injected with a transverse oscillation, coupling to the
longitudinal dynamics will make the position and angle
of the emerging beam depend on the phase at which it
entered the linac. Since the output energy is directly
dependent on the entrance phase, there results a strong
correlation between the energy spectrum and the output
transverse coordinate when the beam has a significant
transverse oscillation in the early part of the linac.
Horizontal and vertical slits were formed at
the exit of the linac and the spectrum was measured as
a function of slit position. The correlation was most
pronounced in the vertical plane. The PARMILA dynamics
program was arranged to produce the energy spectrum as
a function of '"slit position' for different "injected"
transverse oscillations. The correlation calculated
for a beam injected with no displacement and a +10 mrad
angular error in the vertical plane is in remarkable
agreement with the data.
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