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Abstract

This paper discusses the behaviour of the
CERN-PS Linac at currents of 50 to 100 mA. The dif-
ficulties of bunching at the higher currents are
first described, and then the transverse beam proper-
ties at 50 - 60 mA, in particular blow-up, are dis-
cussed in detail as a background to the behaviour at
100 mA. The measures which are being taeken to com~
bat beam loading are described, and the heatirg ef-
fects of the high brilliance 500 keV beam mentioned.
A method of emittance measurement using a computer is
reported, and we give some comments on our experience
with the statistical analysis of machine parameters.

Introduction

The duoplasmatron-short column combination
(Refs. 1,2) was installed early this year during the
PS shut-down which resulted from the motor-generator
set failure. In early May, the 500 keV beam was in-
jected into the linear accelerator and an accelerated
beam of 100 mA was obtained within a few days, rising
to 125 mA shortly after. Subsequently a stable beam
of 135 mA was obtained. For normal injection into
the PS the beam has been limited to 80 - 100 mA, cor-
responding to steady running around 10.° ppp in the
P3, with a mezn intensity of 1.028 lOl averaged over
a ten days' run, and a peak of 1.23 107",

The most noticeable immediate effect of the
higher beam currents throughout the Linac as a whole
was in the buncher, where one was troubled by an ano-
malous loading, and in the bunching factor, which
dropped from 2.4 to 1.4. The beam loading in the
tanks was, of course, more severe, but with partial
compensation and debunching the energy spread was
kept within reasonzble limits.  Another effect of
the higher current was that it became more difficult
to carry out and interpret beam measurements.

Bunching

Buncher Loading

An analysis of beam-loading in the CERN
single-gap buncher shows that, following klystron
theory, there should be resistive and reactive com-
ponents of approximately 5 M each across the 150 K2
of the buncher shunt impedance at 500 mA beam current.
The resistive component should produce a drop of 1.5%
in the buncher voltage, assuming constant power input
and neglecting stored energy. However, when the new
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beam was first passed through the buncher, the vol-
tage fell by 70% of its original value during the
passage of the beam, with a time constant long by
comparison with the 1.5 us of the buncher cavity.

Since the buncher cavity is pumped only by
the beam tube, and since the cavity is by no means a
clean vacuum structure, it was suspected that bad
vacuunm conditions in the buncher gap contributed to
the effect by encouraging inelastic processes. An
attempt was made to reduce the total pressure by in-
stalling a small oil diffusion pump directly on the
buncher cavity. This pump increased the estimated
pumping speed in the cavity by 50%, but had no notice-
able effect on the loading. However, as the weeks
passed, the wvoltage drop was seen to diminish of its
own accord, presumably by a "clean-up" process.
Three weeks after the start, the voltage drop had
fallen from 70% to 30%.

The buncher grids also came under suspicion
as a possible source of low-energy electrons, both by
thermal and secondary emission, One was led to the
thermal emission possibility by the evidence of melt-
ing on stainless steel beam-limiting diaphragms.

The grids were therefore removed about a month after
the first tests and replaced by titanium diaphragms,
having an aperture of 18 mm diameter. This change

had very little effect,

Subsequently the loading phenomenon diminished
still further, and by September the voltage drop was
around 14%.

Although one would like to try to eliminate
this effect altogether by improving the vacuum design,
which means effectively building a new buncher, we do
not wish to embark on this until the effect of space
charge on the bunching process itself is better under-
stood, since these considerations could lead to modi-
fied bunching schemes and hard-ware.

Space Charge and Bunching

As was mentioned in the Introduction, a
salient feature of the machine at high currents is
the low trapping efficiency and bunching factor., For
example, during the first tests at 100 mA the ratio of
accelerated to injected current was around 354, and
this figure has not been improved with time, In fact,
at the present moment the efficiency is more nearly
3%, with a bunching factor of 1.4. Previously, one
could obtain efficiency of 50% at 50 mA and 64% at
10 mA, with bunching factors of 2 to 2.5.
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For an explanation of this inefficient trap-
ping one looks naturally to space charge effects,
both transverse and longitudinal, However, it is
not easy to establish experimentally to what extent
this inefficient trapping is caused by

a) space charge limitation in the first few
gaps of the accelerator, and/or

b)  gpace charge limitation in the buncher
and drift space,

The evidence which we have at the moment is that even
with the buncher voltage falling by 70% during the
beam pulse, the output pulse was sensibly flat after
an initially ragged front edge, i.e. the bunching
factor was invariant over a wide range of buncher
voltage. Another demonstration of this insensitivi-
ty to bunching voltage was obtained by measuring out-
put current at a fixed time in the pulse versus
buncher voltage (Fig. 1).

This result might suggest that a space charge
limit is being approached in the accelerator itself,
i.e., a point at which added charge spills out again,
particularly as we have already passed the limit pre-
dicted by Bondarev and Vlasov (Ref. 3). Neverthe~
less we are concentrating on the alternative possibi-
lity - that the single-gap buncher sets the present
limit to the proton current which can be injected
into the Linac acceptance hypervolume, and that the
1limit is little dependent on bunching voltage. Seve-
ral factors have influenced this approachi

a) The buncher system applies a single longi-
tudinal constraint to the proton beam which
then travels 0.78 m (in 77 ns) via a single
focusing triplet to the accelerating cavity.
One expects the above system to be more vul-
nerable to space charge limitation than the
accelerator proper with its longitudinal
impulses applied every 5 ns and a complete
focusing period every 20 ns.

b) Major changes would be required to raise
the space charge limit of the accelerator
(eege N =1 focusing system, higher
injection energy, higher stable phase
angle) whereas improvements in the bunch-
ing system might be comparatively siraight-
forward.

¢) An adequate numerical treatment of bunching
dynamics with space charge may be possible
(and would be a valuable preliminary step
towards more rigorous Linac dynamics com-
putations) using experimental data from
the transverse planes in the calculations.

Let us consider the last point in more detail. One
expects that when space charge effects become serious
they will oppose the velocity modulation introduced
into the beam so that either it will be impossible to
bunch the protons effectively or if the bunching is
satisfactory longitudinally then the beam will have
expanded transversely. A considerable amount of
work seems to have been done on bunchers with space

charge when applied to electron beams in klystrons
and travelling-wave tubes (Ref. 4)., However, the
usual conditions applicable to electron beams, e.g.
small emittance, motion under Brillouin flow and
approximately constant current density, are far from
the usual proton beam conditions. It seems that for
the CERN Linac there is little alternmative to a nume-
rical computation procedure which integrates step~by-
step from buncher to Linac the equations of motion and
electromagnetic fields appropriate to the initial con-
ditions in the proton beam.

Some Observationg on the Transverse Effects of
Bunching

One can measure the transverse effects of the
bunching process by the two slit method (see Automa-
tic Emittance Measurements), Some of the effects
thus revealed and discussed here are not specifically
related to high intensity but are useful in that we
meet in the bunching region the problems of the acce-
lerating gaps in essence. In addition, the diffi-
culties one finds in interpretating results and justi-
fying experimental methods are typical of the compli-
cations introduced by the high current phenomena in
all Linac experiments,

A first indication of & transverse effect was
that the current injected into the first half drift
tube of the Linac decreased when the buncher (both
with and without grids) was energized. Later, the
emittance and density distributions at the half drift
tube were measured with the buncher (no grids) off
and on, for both maximum and reduced currents, with
constant emittance at the buncher input. The triplet
focusing, buncher and accelerator conditions were set
for optimum beam acceleration conditions before per-
forming the measurements., The results may be summa-
rized as follows:

A. Effect of Powering the Buncher for
Injected Curremt, 100 mA

i) A slight rotation effect corresponding to
a defocuging lens at the buncher of strength
<0.2m "3

ii) a constant current of 100 mA at the first
half drift tube;

iii) a decrease in phase space density in the
centre of the phase plane to ~ 90% of the
unbunched density;

iv) an increase in normalized area from 0.29

to 0.35 mem mrad.

B, Effect of Powering the Buncher for
Injected Current, 350 mA

i) A rotation of the emittance figure, corres-
ponding to a (defocusing) lens at the buncher
of strength ~1.2 m'l;

ii) a reduction of the current at the first
half drift tube from 350 mA to 260 mA;
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iii) a decrease in phase space density, mainly
at the centre of the plane and typically
to ~64% of the unbunched density;

iv) a slight emittance change, which is not
meaningful as the normalized emittance
area of 0.75 7 cm mrad is that dictated
by the aperture of the triplet lens.

It can be shown that for 17 keV axial energy
modulation by the buncher, the transverse effect is
of a lens oscillating at 200 Mc/s between strengths
+ 1.0 wl with the protons accepted by the Linac
correspondirg mainly to the maximum defocusing lens,
The measured emittance blow-up in the non-aperture-
limited case (Experiment 4) presumably corresponds
to the integrated envelope of the oscillating emit-
tance; in the aperture-~limited case at higher cur-
rent (Experiment B) the triplet is set to match the
maximun defocusing part of the oscillating emittance
to the Linac acceptance and reject the rest, result-
ing in a large current loss, a measured rotation of
the predicted order, and a decrease in density (see
remarks on the hypervolume later), due partly to
space charge effects.

Let us now discuss the uncertainties in com—
paring low and high current results,

The slit methods of emittance measurement are
not rigorous at high current densities as

a) one still assumes straight line trajec-
tories, and

b) one assumes that suppression of most of
the beam at the first slit does not alter
the subsequent motion of the other protons.

Effect b) is especially important in explaining
result B.iii) because the first slit is only 25 cm
from the buncher gap and the longitudinal space
charge effects really act on the selected beam strip
as it travels between the slits, However, the sum
of the measured current elements was only 104 higher
than the measured total for 350 mA and 5% higher for
100 mA. Note that the 100 mA beam is obtained by
"sieving" the 350 mA beam so both beams start with
the same effective emittance, The higher effective
emittance subsequently seen in the 350 mA beam, by
its loss when bunched, as well as the measured emit-
tance value, is an effect of the higher current
density.

Another possibly confusing factor in this
region is the relatively high gas pressure (~ 10-4
Torr) which contributes (via negative ions and elec-
trons) different neutralizing effects for the con-
timious beam and the bunched beam cases,

Beam Properties
What follows in this section is an experimen-

tal description of the particle motion in the 50 MeV
machine at accelerated currents of 50 -~ 100 mA, with
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emphasis on the transverse propertiess As a back-
ground, we shall start with a resumé of the behaviour
at 50 - 60 mA, quoting some results from a CERN
Internal Report by Taylor and T&tu (Ref. 5).

Behaviour at 50 — 60 mA

a) Expressing measured transverse characteris-
tics in the form of density distributions,
we found that gross mis-adjustments of RF
levels and phases affected only the ends
of the curves or the outer regions of the
phase space at 50 MeV (Fig. 2).

b) A comparison of density curves measured at
10, 30 and 50 MeV showed similarly diffe-
rences only at the ends of the curves
(Fig. 3).

c) Comparison of 500 keV and 50 MeV density
curves revealed a "blow-up" in total emit-
tance by a factor of 3 (Fige. 4).

a) & sieve, which reduces the amount of charge
in the beam without appreciably changing
the emittance, was placed across the 500
keV beam, and it was seen that the blow-up
was independent of current at these current
levels (Fig. 5).

e) Successive collimation of the input beam
by rectangular limitations in the phase
plane, scaled to the original axis ratios,
showed that removing phase space and current
from the outside the phase space at 500 keV
reduced the density over the whole phase
plane at 50 MeV.(Fig, 6).

Summarizing, it seemed that the output density was
determined essentially at energies below 10 MeV, that
subsequent acceleration affected only the particles
with maximum radial excursions (and maximum sensiti-
vity to RF conditions), that there was blow-up which
was independent of current up to 60 mA, and that par-
ticles anywhere in the input phase plane could be
useful at the centre of the output phase plane,

The latter result and the fact that the
charge distribution across the output phase planes is
bell-shaped led one to suspect that a statistical ap—
proach might be profitable, Noting that the density
curve is an invariant for linear transformations of
ellipse shape at a given energy, we took a circular
phase space envelope at the input and then applied to
current elements in this plane a normal distribution
defined by a standard deviation ¢ radially from the
input co-ordinates (Ref, 6). The trapping loss was
represented by a probability function P, the pro-
bability that a particle at the input should reach
the output,

Fige 7 shows the measured output density curve
and the computed best fit curve for which o = 0.45
of the input maximum radius and P = 57%, both values
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being constant over the phase plane, The agreement
is close enough for one to say that our blow-up can
be simulated by a simple model of normal scattering
in the phase plane,

A physical interpretation is that couplings
and non-linearities distort the 6-dimensionsal hyper-
volume statistically to yield a "blown-up" projection.

Following the set of measurements a) - e)
above, an attempt was made to investigate some pos-
sible causes of blow-up.

Phase Coupling, One expects the radial
effects of phase motion to be most pronounced in the
regions of maximum phase and energy oscillation am-
plitudes at the begimming of the accelerator. The
effect on the transverse density at the output should
depend, therefore, on the distribution of particles
across the energy-phase plane at the input. We have
tried to demonstrate the importance of thisg effect
experimentally by adjusting the buncher voltage and
phase away from the nominal settings while maintain-
ing the original value of 50 MeV current, What we
found was that one setting of phase and woltage re-
duced the output emittance by 10% and increased the
central phase space density at 50 MeV by 304 (Fig. 8).
The effect is thus sufficiently pronounced to make it
advisable to adjust buncher conditions on output den-—
sity rather than on total current.

Quadrupole Couplings. Analytical and numeri-
cal work on quadrupole imperfections carried out by
Regenstreif and Tanguy and reported at this Confer-
ence (University of Rennes in collaboration with
CERN), has underlined the importance of the end—
fields of short lenses on the coupling between hori-
zontal and vertical motions.

Experimentally, work on single lenses which
we are planning should be easier to interpret than
measurements on the complete machine, but for the
moment the latter are all we have, Firstly, at
500 keV, we have carried out a measurement of density
in one plane for two different positions of a phase
plane window in the other plane (Fig. 9)- We next
repeated the measurement at 50 MeV (Fig. 10) and we
see that the difference is appreciable, Previously,
we have interpreted this difference in vertical-hori-
zontal dependence at 50 MeV and 500 keV as evidence
of additional vertical-horizontal dependence intro-
duced by the accelerator, either directly through the
quadrupoles or indirectly through some other factor
such as phases

However, there is an alternative explanation
for this tendency of particles to be grouped around
both centres more at 50 MeV than at 500 keV., In
simple terms, a particle which is near the centre in
both planes will have a better chance of surviving
aperture limitation than a particle which is away
from the centre in one or both planes, Particle
loss will, in other words, be selective, leading to
the behaviour of Fige 10.

Summarizing the measurements on coupling, we
find some evidence that phase coupling (below 10 MeV)
plays a r8le in determining the final transverse den-
sity, but the evidence from the Linac for vertical-
horizontal coupling is inconclusive,

We conclude with two remarks concerning the
form of the 4-dimensional hypervolume, which is often
taken to be a 4-dimensional hyper-ellipsoide. The
first point is that emittance envelopes are only ap-
proximately ellipses, and contours only approximately
concentric (see Fig. 15), The second point is that
hyper—ellipsoid geometry predicts certain effects
(pointed out to us by Regenstreif and Tanguy) which
we do not observe, The geometry precludes that par-
ticles on the envelope at one plane be simultaneously
on the envelope of the other, and in fact permits
that they be only at the centre., This implies that
aperture limitation at the outside of one plane should
reduce the density only near the centre of the other,
whereas we find always a general reduction over the
whole plane.

Behaviour at 100 mA

As may be expected from our earlier remarks on
trapping efficiency, the gain in 50 MeV demsity by no
means followed the gain in 500 keV density when the
new pre-injector was installed, although the general
pattern of blow-up remained the same (I&g. 11).

The most important difference so far revealed
has been in the effect of acceleration above 10 MeV,
The first measurements of 10, 30 and 50 MeV densities
at 100 mA showed that the densities deteriorated with
energy over the central regions instead of just at the
edges. It was then observed that the 50 MeV density
was more sensitive to the phase of Tank II with respet
to I and III than previously, At the first opportu-
nity, therefore, tank phases were added to the para—
meters hitherto used for "optimizing" the machine.
Adjusting now the input energy, buncher phase and
voltage, tank phases and levels, and radial matching
and focusing, the machine was trimmed to give maximum
current through a 4-dimensional radial limitation at
50 MeVe The result was that the differences between
the 10 and 50 MeV densities were appreciably closed as
may be seen in Fig. 12, (The reason for the change
in 10 MeV density is not known, There was a week
between the sets of measurements.)

As yet there has not been sufficient time for
much investigation of this matter. It seems likely
though that at 100 mA there is a greater proportion of
the particles out towards the stability limits in the
longitudinal plane than at 50 - 60 mA, because of
space charge and inefficient trapping, causing par-
ticle loss to become more sensitive to RF conditionse
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One sees here the need for measurements in
the longitudinal plane along the accelerator.

Beam Effects

Beam Loading

Since last November, the machine has been
operated with a mixed system of beam loading compen-—
sation, That is, Tanks I and II receive additional
power during the beam by means of mismatches in the
modulator delay lines, while Tank IIT is fed by two
final amplifiers and loops, one for the main excita-
tion, with 200 s pulse, and the other for the
beam power, with a pulse lasting for approximately
the duration of the beam pulse, 20 us. With this
temporary arrangement and with the use of the debun-
cher it has been possible to keep the total energy
spread within reasonable limits, around # 200 keV at
100 mA,

A complete compensating chain of power am—
plifiers has now been installed and in the coming
months the system will be commissioned., Fig. 13
shows the final arrangement,

With the Tank III separate feed, we have
been able to test to reduce the i in the tank to
a very low value during the pulse, producing under—
compensation, compensation or over-compensation at
will by means of the compensation modulator control.

The setting-up of the two feeds proves to be
fairly straight-forward in practice., The compensa-
tion amplifier is tuned for maximum power and then
the feeder length is adjusted to minimize the power
transfer backwards to the compensation amplifier
which is passive during the tank build-up and presum-
ably offers a diode impedance. In fact, since the
anode tuning acts on the electrical length from the
tank loop to the triode, the anode tuning can also be
used to minimize the power transfer backwards provideld
that one is not too far from the maximum power output
setting,

The compensating amplifier drive contains a
phase shifter as is seen from Fig. 13, and this can
be used to adjust for the "in-phase" condition from
the tank level, and subsequently the ¢s condition,

The present compensating loops are of the
same dimensions as the excitation loops, but as the
compensation feeder sees a lower impedance at the
tank terminals, that is, the shunt impedance in para-
1llel with the beam-power impedance, it may be worth-
while modifying the compensation loops to match this
lower impedance to the amplifier,

As an intermediate step, the 20 us compensa-
ting pulses are obtained from delay lines, but in the
future we hope to derive pulses variable up to 50 us
in length by control of the grid bias of the power
amplifiers. On test, we have already controlled
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output powers from zero to 1.5 MW by controlling the
bias,

Beam Damage

It has already been mentioned under Bunching
that the beam has left traces of melting on stainless
steel, Fig., 14 shows the damage caused to a set of
thin 41 plates used in the 4-jaw apertures at the
entry of Tank I, This damage announced itself by a
rise in current downstream from the apertures during
an experiment.

At this point, the beam power is of the order
of 250 kW for 20 us, i.e. 5 Joules are released by
total absorption.

When these apertures werc repaired, the oppor-
tunity was taken to inspect the drift tubes in Tank I.
Fortunately, there were no new signs of damage after
three months' running.

RF Breakdown

Practically the first effect of the new pre-
injector beam was that RF breakdown occurred in Tank
I, It was soon found, however, that correct steer-
ing and focusing could eliminate this,

Since the range of 500 kV protons in copper
is very short, it is possible that any metallic or
non-metallic surface irregularity in the way of the
beam would be heated to a high temperature and would
produce vapour and electrons, leading eventually to
a discharge across the gap.

Instrumentation
Automatic Emittance Measurements

An automatic emittance measurement and analy-
sis system has been developed for use in the many
Linac experiments involving emittance determinations,
The aims were!

a) to speed up the measurements;

b) to enable more lengthy or complex experi-
ments to be performed, for example emittance
measurements at several positions (simul-
taneously in the beam pulse);

c) to provide complete and objective analysis
of the results;

d) to give immediate results via an on-line
computer,

Only 4) remains unfulfilled and this awaits the ine
stallation of the CPS control computer,

Consider briefly the manual method used for
emittance measurement (Ref. 7). After the Linac, a
8lit 2 mm wide defines a strip of the output proton
beam in phase space at a constant vertical or horizon-
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tal position. This slice of beam passes through a
focusing triplet, at the focal plane of which, and
parallel to the first slit, is another 2 mm wide slit
defining a small range of angular divergence, The
current passing through the two slits is measured
with a transformer and by moving the slits systemati-
cally and recording the current at each elemental
area (2 mm x 0,584 mrad), the emittance plane can be
mapped.

When the automatic system is used four para-
meters are recorded for each point in the phase plane,
the position, angle and elemental current, with the
total Linac output current as a normalizing and
checking parameter. Initially, preset range limits
are set up on the slit control boxes. Then starting
from one corner of the defined phase plane, the
current passing through the two slits is measured
(and accepted as valid when the total current is
above a preset level) before moving the angle defin-
ing slit to define the adjacent emittance element.
The recording system used (Ref, 8) converts the four
analogue signals to numbers on a linear scale of O
to 255 and punches the coded results on five hole
paper tape, After the paper tape data have been
transferred tomagnetic tape, the analysis is done on
the CDC 6600 computer. When the on-line computer
becomes available, the analogue signals can be pro-
cessed directly. The raw data of elemental currents
can be represented by a 3-dimensional histogram with
the emittance plane as the base. By fitling a
smooth analytical surface to these data parallelopi-
peds, emittance areas and integrated currents con-
tained within equicurrent lines are readily derived.
Suppose the position and angle co-ordinates are u,
v, then treating each elemental emittance area as a
square (geometrically), we can fit a function for the
current variation,

T(uyv) = [a,f +bure, Jvi+au’+b utc, Jvea u b utc,

This form, though appearing complex, allows the vari-
ation of current within an elemental square to be in-
fluenced by the currents in the eight nearest elemen-
tal squares, The fitting criteria are

a) the current integrated over the elemental
square equals the measured current;

b)  the values of currents (but not necessarily
the slopes) are continuous across the boun-
daries between neighbouring squares);

c) the nine fitted values will be exact when
the actual coefficients are constant over
the whole plane,

Usinz the derived coefficients, each unit
square is examined to see if any equicurrent lines
prescribed in the input data pass across it. If
this is so, then the current and emittance inside the
equicurrent contour are calculated and symbols are
set in the computer line-printer format giving the
approximate position of the equicurrent line. A
typical output is shown in Fig. 15. (The discon-

tinuous nature of contour A is not significant).

The equicurrent lines define the maximum currents
within the corresponding emittances so that the cal-~
culated results give unambiguous points on a current
versus emittance curve., With stable Linac condi-
tions this automatic system gives good reproducible
results, especially for the numerical values.

Statistical Anslysis

By use of a prototype version of the present
data logging system (Ref, 8) some results on stabi-
lity of Linac parameters were obtained and presented
previously (Ref. 5). Since then, there has been
considerable development of the analysing computer
programs (Ref. 9) and some consideration of the sta-
tistical analyses which might be made with an on-
line computer. The more common descriptive statis—
tical techniques such as the graphical representations
of frequency distributions and moving averages of
parameters presented no particular programming prob-
lems., For inductive statistical analyses, the pro-
gramming of the data reduction is more difficult but
the real problems lie in the design of suitable ex~
periments which can give significant results for the
testing of hypotheses.

It was hoped to be able to isolate important
parameters by measuring their correlations with other
key operating parameters of the CPS, e.g. the circu-
lating beam intensity and mains voltage., Some sig-
nificant correlations were found but these changed
(sometimes in algebraic sign) from experiment to ex-
periment. One concludes that many unmeasured factors
affect the actual multiple correlations found and that
it may be more profitable to use other less rigorous
but more flexible and empirical methods of analysis.

A linear regression program was developed to
give the best statistical fit of, for example, measur—
ed values of ocutput current to a function of several
optimizing variables, The functional forms found
would be useful in the choice of a strategy for
automatic optimization.

Conclusions

There seems to be one essential difference
between the behaviour of the 50 MeV machine at 50 mA
and at 100 mA. At 50 mA one can still treat the
transverse properties and longitudinal properties
separately as a working approximation and adjust RF
conditions for the best energy spread, leaving trans—
verse properties very largely to the ion source,
focusing fields and the various perturbations and
couplings along the machine, However, at 100 mA
there seemsto be less room around the bunch in the
RF bucket, and the smooth progression of the bunch
along the machine is of direct importance to the par-
ticle loss and therefore to the transverse density,

We consider that improvements in the transverse

density in the future will come most easily from im-—
provements in the bunching process.
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APPENDIX I

MeV Model

Within the framework of the MPS Improvement
Programme, we have started the design of a short
section of Alvarez structure, from injection energy
up to about 3 MeV, This model will be installed on
the beam line of the existing experimental pre-injec~
tor and this arrangement will permit us to investi-
gate experimentally the particle dynamics of the
bunching and trapping processes, Eventually, on the
basis of this work, we hope to be able to fix the
parameters of a new Tank I for the 50 MeV Linac.

APPENDIX II

CPS RF Jon Source Work gRef, 102

Before the installation of the duoplasmatron
source, a series of emittance measurements was made
using a scanning Faraday cup on the old accelerating
column with the RF ion source, The measurements were
later repeated in the laboratory, just behind the
source outlet, Our results (Table I) show a corsider—
able blow-up of the emittance by a factor of 6 - 12
times between source and column end. The shape of
the source emittance changes from a fairly straight
line at low beam current levels (45 mA) to an S-shape
at higher currents (see Figs. 16 and 17)., At the
colum end, 45 mA gives a reasonable shape (Fig. 16),
going into a more complex pattern at higher currents
(Fig. 18), Iso-density contours had earlier been
recorded with the scanning Faraday cup, giving an
interesting quadrupolar symmetry when the first trip-
let lens was working (Fig. 19), To simplify the
interpretation of the above-mentioned emittance
measurements, thece were done without the first trip-
let lens workinge

Some time ago, a re—~design of the RF source
was undertaken with a view to incorporating it in a
short column (F&g. 20). The source works stably
at beam currents of 750 mA (86 bad pulses on 10 000
good ones) with a 20 microsecond pulse of 22 kV on
the anode, and 15 kV pulse on the Pierce electrode.
At higher extraction levels, currents above 1 ampere
have been observed but breakdowns then become rather
frequent (Fig. 21).
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DISCUSSION

C. TAYLOR, CERN

EMIGH, LASL: In your emittance measuring device,
did you use swept fields or a number of Faraday
cups; or what was the detail?

TAYLOR: We uce glits and a lene to define a
small element in the phase plane, followed by a
beam transformer to .easure the current within
the element,

MILLER, SLAC: Are your emittances therefore the
projection from the four-dimensional (x, y, Px,Py)
space on to two-dimensional (x, Px) space?

TAYIOR: From the six-dimensional space.
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FEATHERSTONE, Univ, of Minnesota: You didn't
mention the possibility that some of the difference
in performance between the radiofrequency source
and the duoplasmatron might be related to the dif-
ferent proportions of protons produced by them.

TAYIOR: The rf source delivered between 85 and
90% of protons, and the figure for the duoplasma-
tron is also about 85%.

HUBBARD, LRL: You mentioned having beam compen-
sation on the first and third tanks. What's the
situation of the second one?

TAYIOR: The complete compensating chain is now
installed ~- that is, feeders, loops, power ampli-
fiers, and cables -- and it's just a matter of
time,

HUBBARD: Your present measurements do not include
any compensation there?

TAYIOR: I'm sorry. I should have mentioned that
the emittance measurement is gated over a micro-
second or so at any point within the pulse, and
this eliminates the first-order effect of beam
loading.

HUBBARD: It eliminates the time dependence then?

TAYIOR: Yes.

Accelerated Current
mA
@
=
T

0 1 2 3 4 ‘5
Bunching Voltage

Fig. 1. Dependence of accelerated current on
bunching voltage .
10 30 50 MeV
50
£
2
]
0 ! T e ' 2.0 E cm mrad
Normalized Emittance E - ALERATY
Fig. 3. Density curves for 10, 30, and 50 MeV,

GIORDANO, BNL: Were any measurements made of
relative phase and amplitude between the ends of
a single tank as a function of beam loading?

TAYIOR: Not recently with the higher currents.
VOGEL, ANL: T heard you mentioning that you had

reached the space charge limitation. Just where

in the machine would this be?

TAYIOR: A priori, in the bunching or in the

early gaps of the machine; but we don't know which
yet. We think it's best to look at the bunching
first. I believe that someone in this conference
is going to direct our attention towards the end
of the machine,

CURTIS, MURA: Out of the preinjector for a given
fraction of the current in the phase ellipse, how
has the emittance increased with increasing cur-
rent?

VOSICKI, CERN: The source can be adjusted to
give currents of hetween 300 and 700 mA within
substantially the same emittance.

CURTIS: What is the value of this emittance?

VOSICKI: A typical value for €50-700 mA is about
0.7 cm-mrad normalized,

R.F. levels changed
50 at random
K
o
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2
0 i i
1.0 2.0 E cm mrad
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Fig. 2. Effect of RF levels on 50 MeV density
curve «
500 keV
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-
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ER '
& . i
I Il
1
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| |
I N .
o 1.0 E om mrad
Normalized Emittance E=2EE8A7
Fig. 4. Comparison of 500 keV and 50 MeV

density curve.
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Fig. 18. Pre-injector emittance at 190 mA beam
current with RF source .

Fig. 17. RF source emittance at
230 mA beam current.

Fig. 19. Iso-density contours
of pre-injector beam
focused by the triplet
lens (RF source).
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Oscilloscope pictures of beam current
from experimental RF ion source.
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