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my v 2v Q
L Vo on
I, = 57.0 i - (36)
e rg, w kbL
m, v 2
. L Vo
= 28,5

2
erg. kbL

if we use Vo =0.8¢, L=3m, w=2 % x 800 Me, and rg, = 20 MJ,‘Q’/m'
we obtain about 5, 5 A for the starting current for the TMy; mode, ™ This
current is considerably smaller than that estimated for the deflecting
mode, 10 though it is sutficiently high compared with the present design,
The build-up time, Ty, for this effect is also given by using (19) as

- 1 ! Hon 4
b = g T 82 e Rse s,
b Re ilw - w n! H-e(vge 8 1) @ A

Certainly, a similar longitudinal blow-up having a lower starting current
may be expected for the excitation of cther modes as TMQ} (n > 0)
rather than TMOIO . Also, therse may ke another ;mecham‘fsmI of blow-up
88 A resonant or a coherent interaction Suggested by Leiss, which
should be a quite nonlinear phenomenon and beyond thig study; however,
it might be strongly dependent on circuit conditions as discussed by
Gluckstern, *

At any rate, before such a beam blow-up would appear, one can
assume that the actual accelerstor should become a decelerator as a TWT
amplifier. I the first approximation, the critical current isg given by
(16b) when the value of @, becomes nepative, Using (17) and taking the
values of parameters uged in the paragraph four, one will find about
0.2 A for the critical value, Although this value increases ue the field
strength due to the external source increases, the actual Limiting current
of a high energy proton linac will be determined by such a condition.

The author wishes to offer his sincere thanks to Dr. J, P, Blewett
for his stimulating interest in this work and for the hospitality of the

# At the MURA Linac Conference, we had neglected the effect of the
wall loss in (35) and obtained a much smaller value,
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Brookhaven National Laboratory. It is a great pleasure to acknowledge
the invaluable information about his experimental studies and the helpful

~ discussion of Mr, S, Cdordano, who contributed especially to the analysis
" in the ‘Appendix. The author also thanks Dr. R. L. Gluckstern and

Pr. W, Hirakawa for their useful discussions.
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APPENDIX

Wave Propagation in a 7 -Mode Accelerator

As is well known, in the ideal 7 -mode section, we have essentially
Zero group. velocity from the dispersion curve, On the other hand, in
the actual guide with losses, to maintain the field distribution constant
along the guide, we need. continuous power flow from the external source
to the guide, or a finite Broup velocity in the steady state, Such z
condition ig only fulfilled with phase shifts and shifts of resonant
frequencies which are different for each cell in one section. This hag
been examined ang verified experimentally by Giordanc who obtained the
dependence of thege shifis on cell numbers and Q, valuesl?2 (Fig, I and
Fig., 2). We have considered such effects from a simple power relation
. and a cii,sp%rsion=equation, giving an idea, of the group velocity in the

The energy flow along the guide is denoted by 8{(z) {(J/sec) and the
equation of continuity for the energy flow can be written as

dU |, 88 - -
fﬁ*E“E+R 0 {A-1)

with the linear densily of stored energy U(z) (J/m) and the loss per unit
lengih R{z) (J/sec, m). In the steady state the time derivative is zero
80 that the first term of {A-1) is eliminated, The energy flow 8 is
expressed quite generally by using the rouvp velocity, v_, which is also
2 function of % in the present cage, hy 3 g

5(z) = vg(z) Uiz) (A-2}
Using this expression, {A-1) becomes

Vg(z) %Jé?}_ + h@%%@‘ Ulz) = - Ri{z) (A-3)

As ig shown in paragraph 2, the pesk axial field Eolz) is related to
U(z) through the shunt impedance and the Qvalue by means of

e e

1.

* A somewhat similar analysis had been done by Nagle and Knapp using
an equivalent circuit modeal (D, . Nagle and B, A, Kuapp, Minuies of
the Conference on P, LA, at Yale University, Oect, 1963, p, 171,

E.A, Knapp, LASL Tech Memo IP-11/EAK- 3, Oct, 1963, unpublished),
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EOZ(Z) . w U{z) B
R s R e (A8

Thus, so far as we consider the nearly uniform structure of cells, the
constant field-distribution (i.e. E(z) is constant) corresponds to constant
loss and stored energy density {i. e. both R{z) and U{z) are constant).
Using the cecond expression of (A-4}, (A-3) becomes

g v {z)
g ~ w =
—3 - & ) (A-5)

By inte gration,

w
vg(z) = - -—Q-: (z + const.) .

it could be assumed to he

If the power is fed from z = © {single feed),
=0 atz= L. Then,

completely reflected at the end-wall, or Vg

vg(Z) =~f§:~ (1. - z)

C

Now, we assume a simple dispersion equation between the freguency

and the propagation constant k like

(A-T)

wh =w0—=

m]@@

W ocosk L,
O

equency of the passhand, @, the bandwidth, Bw |

taking the center ir
The group velocity is calculated from

and the unit cell length, L.
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this equation as,

dw Sw L _ '
Z e = 3 sin kL (A-8)

Vg " 3k

the necessary phase shift for the m' cell

Combining (A~4) and (A-86),
in & 7 -mode guide is

v
MOy = AL 5o " e M (A-9)
O 0

considering end nalf-cells (m = 0, 1, 2,

Wheré 7 is replaced by mlLg
The phase shifis are accumulated and

... N for an N-cell section).
the total shiff is given by

N{N + 1} {A-10}

N
(43}
X Z LUy
m-:o

g the sccumulated phase shift at the center of

The observed phase ghift i
e firgt cell (m = o), they are

each cell. Referring to th

N
AD_ = AD, - Z X 6%;~ m(2N - m + 1) . (A-11)
n=imn

£

cy shifts are also obtained by a8 Taylor expansion

Corresponding frequen
de propagailion constani, or

of {A-17) around the T -mo

.2
wh bW (\d ;‘f’) LAD? . (A-12)
ak . '



Taking Doy = @ gppn -

a37

W, , we have

2
W

Bup, = 8w (Ag_y? - > S (N - m? | (A-13)

with the experiments, Taking w= 2m
. and N = 8, the total

phase shift and the maximum frequency shift caleulated are 46° and

36 ke, respectively, Correspondmg experimental valueg are 479 ang
34 ke which are Surprisingly close to the calculated values. Also their
dependence on cell-numberg gives good agreement between calculationsg
and experiments ag shown in Fig, 1, ang Fig. 2 gives resulig of another
experiment showing the 1/ Ry dependernce of th

above analysig, while the calculated absolute
maller than Observed, probably because of the

is also expected by the
values are ahout 30% s
very wide band struety

Now, we have an i
the guide. Tn the bresent approximation of thi

re.

e tolal phase shift, whieh

on a miform-cell struciure, we have no 'eason o use velocity other
of <v = wL/2Q,. This velocity also

corresponds to the value obtained
betwesn the phase change and the
which we congider the whole w-m

by the well known dispersionmrelatic,m

frequency change of a resonant circuit, in
. R

ode section as one cavity, Tn a

transient Phenomenon such ag a pulse build-up, one may find another

velocity for e Whic

h ig the velocity of heat

8 between the T -mode and

other mades eReited by disturbances. The slowesgt velocity is the velocity
fundamental and the next modes, and should be
most important, Fortunate]y, this slowest be

of the beat between the

s2me order and slightl

the steady state, in the present de

B

Observed ngval

kool

AP N

- £

g

4

"N Vg TR R

Y slower than the shove

&t veloeity is algo of the
average group velocity in

signed accelerator,

ue i8 1.5 x 10% whereas 4 slightly high value ig
used by taking into account the effect of

ik The dispersion relation is AW = - ‘2‘7&?‘

G

Aw

waq
=

N]{t"

end-wallg,

Qo’ and considering
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THE CERN-PS LINAC - BEAM LOADING AND REF STUDIES

C. S, Taylor and v, Dupuis
CERN

ABSTRACT
s hvat ]

The CERN-ps linac ig at Present accelerating Currents of the order
of 60 mA ang bartial tompensation of the beam loading is being Provided
by "bumps' og the rf pulses, The evolution of thig type of Compensation
is described and the reguylig of energy spread and emittance measurementsg
with and without Compensation gre bresented,

An alternative method of Supplying beam bPower from gz supplementary
bower source ig considered andg p'reliminary tesis are described,

moving the beam o the rising edge of the tank fielg and increasjn_g the
level, A% that beriod, howe‘verg there was g 20 M3 Jitter in the initigl

Jitler resulted n wide variation in accelerating field level ang consequent-
1y in linac beam Quality and Pg intengity, The increaged level also en-
Couraged Sparking although that could have been overcome by shortening
the rf pulse.,

Efforts were then directegd towards Supplying more bower fo the
Cavitieg during the beam pulge with the beam restored to itg normaszl
bosition near the eng of the »f build-yp,

11, EVOLUTION OF PRESENT METHOD Op COMPENSATION

In July 198 2, attempts were made fo increage the plate voltage of
the TH 470 Power amplifiers at the moment of beam injection. It was
i"oundgthat_, Wwith some sacrifice of pulge length, we could produce 5 use~
al "bump™ on the aiode pulse by Increasing the terminal capscitor of
the modulator delay lire ag shown in Fig, 1.
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This method was applied first to the modulator of the three final
amplifiers (see Fig. 8 for a general schematic of the ¢f systemi, and
then extended to the drive moduiator, both to increase the tank bumps
and to suppress the over-voltages which appeared as & result of pulse
length disparities.

The next step was to decrease {he cathode bias voliage simultan-
gously with the anode bump by firing a hydrogen thyratron connected in
parallel with part of the cathode resigtor (Fig. 2). Careful adjustment
of this combination of anode voltage and cathode cyrrent bumps led to the
present gituation, where @ beam of 30-35 mA can be fully compensated
in each of the three tanks.

It has been found convenient tO sasess these effects by displaying
the time derivative of the tank field rather than the field itself. Both
gipnals are ghown in Fig. 3. Knowing the beam curcent we can im-

mediately calibrate our signal and derive the percentage compensgation
for any given rf adjustment.

5. BEAM QUALITY WITH PRESENT METHOD

Tor the case of a beam pulse short hy comparison with the caviiy
time constant, it can be shown by approximate golution” that the bearn
produces 2 change of accelerating field

AV . . 1b.
Vo 2 W,

t

_where Pp is the instantaneous poOwer delivered to the beam and W is
the cavity stored energy ot § = 0, and a change of phase

Py, tan ¢
AW = - e
2 W,

where eipé.’ is the synchronous phasge angle.

Since fhis phase term ig roughly the same for each of the three
tanks (about 2. 59 for 50 ma), the original phase relations between the
tanks will be preserved during the passage of beam, although not neces-
garily between ihe last tank and the debuncher.

The more gignificant cffect of field change We should expect to be
equivalent 1o a change of gynchronous phase angle during the pulse and in
our case on uncompensated 50 mA should produce an 8% change in cos @ o
for example from @~ 30° to épS = 210, and detectable changes in energy
spread and emittance.
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in Fig. 4a we see the measured energy spectra for an uncom-
pensated 55 mA beam and for a beam compensated to an average value
of 50% in the three tanks, with and without debuncher. 14 is evident ihat
the debuncher is doing 511 the real work but that changes during the pulse
are reduced by the compensation. The uncompensated beam ig in fact
not very satisfactory gince particles are jost at the end of the pulse in
the linear accelerator itself, the end of the pulse being orily one -half the
height at the beginning.

The experimental arrangement comprised a 0.5 mm object slit,
approximately unity magnification, 2 1 mm resolving slit equivalent to
+ 30 kv, and sbout 6 mA of total beam current, with this reduced current
passing through the debuncher. 7This resolution is not adequate for small
cnergy spreads and the energy spresd may be less than that measured.
However, from the point of view of what the synchrotron actually secg
with 60 mA, this error may be countered by the deterioration of the
energy spread due 10 the reactive beam loading in the debuncher which
we estimate to change the phase by some 10° and to add 80 kV 1o the
energy spread.

In Figs. 4b and 4b' we see the emittance plots for the same condi-
tion of no compensation and 507 compensation. The horizontal plane
{emittance Y) appears to be subjected to a clockwise rotation with time
whereas this effect in the vertical plane (emittance Z} is much less
marked. The distorted envelope for the end of the pulse in "emittance Y
without compensation' probably indicates aperture limitations in the
linear accelerator.

Care was taken during these measurements O keep the rf field
constant in the middie of the putse. However, the emitiances with snd
without compensgation in the middle of the pulse are not identical and
this requires further investigation.

v, SUPPLEMEN TARY POWER SOURCE

n order to drive a 30 mA beam through the 30-50 MeV tank, we
need 1 MWof ri power, and gince this tark dissipaies 1.5 MW the total
instantaneous power requirements are alresdy heyond the capacity of
our 2 MW amplifiers. 1f, however, We geparate the functions of feeding
losses and feeding beam pOwWer . we should be able 10 approach 100 mA
beam currenis with our pre gent amplifiers.

Our present proposal 18 1o drive the tank Up to operating level by
means of the exisiing delsy line modulator, and then 10 gupply the beam
power by means of o second coupling loop and pOWer amplifier for ihe
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duration of the beam pulse. We propose a hard-fube modulator for the
beam power pulse, with the possibility of gervo control from the beam
current. One advantage of this gystem 18 that the phase of the beam
power source can be varied with respect to that of the main souree, i.e.,
power can be fed to the beam with the accelerating voltage in phase with
the beam current Fourier fundamental QPS from the crest.

The proposed gcheme is shown in Fig. 5.

Preliminary tests of guch a system have been made on the 30-50
MeV tank., The beam POWeY amplifier was excited by ri power taken
capacitively from the main loop feader, and a modulator was modified
1o provide a ahort anode pulse (Fig. 6). Using the normal 200 8 pulse
transgformer, W€ could not obtain a very gatigfactory rige time. Never-
theless full compensation of a 60 mA beam Was obtained {Fig. 7y. Unr
fortunately beam quality checks could not be made in the time available,
apart from a quick measurement of energy spread which appeared 1o be

normal.
V. PHASING BETWEEN TANKS

The three accelerating cavities are each held at a fixed phase by
meansg of a phase gervo loop. l.ne lengtheners in the final amplifiexr
grid circuits are coupled mechanically 1o Jine lengtheners in the phase
reference lines and this arvangement permits relative movement of the
tank phases (see Trig. B: Schematic of complete 1 system).

A good beam can be obtained by & purely empirical adjustment of
relative phases. Alternatively, one can employ 2 criterion based on
the 3 @ trapping width. In the early experiments it was accepted
a priori that the correct adjustment was the Nin-phage’ condition al-
though some atternptis to measure relative phases with hybrid ring
bridges gave conflicting results. With, however, the installation of
accurately adjusied cables and 2 ligsajous figure type of phase compari-
gon (Fig. 9), it has become fairly ceriain that the beam likeg best to find
the 10 and 50 MeV tanks in phase but the 30 MeV tank advanced by some
95°, that is, this dephasing produces the best energy spread.

There is ag yet no satisfactory explanation of this effect. One
possible contribution comes from the rwo-cell drift distance between
the first and second tanks, combined with the fact that we normally n-
ject our bunched beam into the first tank well above the cenier of the ri
bucket in order 1o profii from the higher trapping. Howeverl, our stepr
by-~step computations uging the program developed at Harwell by Taylor
ond Carne show that the energy error resulting at 10 MeV is only about
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100 kv, and produces a phagse error due to the drift distance of only 3 or
4 degrees.

Another possibility, which came out of a discussion with Teng and
Lapostolle, is that we are exploiting the nonlinear region of the Tank 11
bucket to spread the bunch out, and then rotating this elongated bunch
around to the position of minimum 50 MeV energy spread by adjustment
at Tank II and III levels, thereby varying the number of phase oscilla-
tions in these tanks. This mechanism would require an integral number
of wavelengths in Tank 11 and an odd number of quarter wavelengths in
Tank Il

Vi. PROPAGATION

Recent digcussions of group Velocitiesz have led us to compare
the build-up of tank fields at the extremities of the 30-50 MeV tank (with
power fed in at one end). Using the phase meagurement loops and cables
we have employed the chopped beam facility of an ogciiloscope to super-
impose the detected signals from both loops. In Fig. 10, we see the
field signals and the initial build-up on a shorter time base. From these
oscillograms one cgn put an upper limit of a microsecond on the delay and
a lower limit of 10 m/sec on the corresponding velocity for field prop-
agation along the cavity walls.

ACKNOWLEDGEMENTS

1t ig a pleasure to acknowledge the excellent contributions of
Messrs, Block, Marti, Téty and Weiss to the experimental work and
computations.

TURNER: Could you repeat the specifications for the new FTH 515 tube
you mentioned?

TAYILOR: 4 MW peak power; heater, 12 kW, anode dispipation, 11 kW.
I think the drive power is 700 LW,

VAN STEENBERGEN: Do you have t0 make a modification to the tube
cavity ?

TAYLOR: No, the specification calls for a tube which is a mechanical
plug-in replacement for the FPH-470. Tt will have the same anode volts
but double the current. We will probably have to modify the loop and
the coupling.
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VAN STEENBERGEN: What is the promised delivery date on this tube?
TAYLOR: I think we should get a tube within about six months.
QUESTION: Have you watched some of the modeling.on this tube?

TAYLOR: It is only just started. I might mention that the cost is some-
thing like $6, 500 per tube.

PERRY: 1 didn't understand the phase shift from 309 to 21°.
TAVLOR: This is simply the field going up and then dropping due fo the
presence of beam. This is equivalent io 2 change in the synchronous

phase from 30° {0 21°.

PERRY: When you have 50 mA heam leading and 8% droop, was the 30°
to 210 ihe phase shift due 1o beam loading?

TAVLOR: The difference in cos @y Was 8%,

KEANE: You mentioned that you had no phase or time delay in the field
propagation along the tank. 1 have noted on RBrookhaven's linac that we
have at least 1-1/2 microsecond delay from the center drive point to both

ends of the tank.

TAYLOR: In our measurement, the difference in path length is about
10 m. In your case it ig 15 - 16 m.

MARTIN, J. H.: You used the term "compensated'’ and "uncompensatsd.,
Did that consist of anything pesidas just an additional bump ai the end?

TAYLOR: No, that was simply 3 bump.
MARTIN: It had influence on the energy distribuiion and phage-space
accommodation and 80 forth; did it have anything to do with the phase

relations befween the tanks?

TAVLOR: 'That occurs with & small beall. it we stop the beam down, we
«till have this effect.

MARTIN: So this effect is independent of beam Joading?
TAYLOR: Yes.
KEANE: You mentioned that you used & geparate amplifier for beam

compensation. Did you have amy trouble with power coupling betwaen
ihe loops of the two driving sources?
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TAYLOR: We were a little worried about this and our first move was

to put a short circuit piston on the auxiliary loop. We made it as close
to a short circuit in a tank as we could. Then we found that by moving
this up and down, it made no difference. It is surprising. Then when
we connected a FTH amplifier cavity in place of the short circuit, there
was a tendency for it to Ndiode', and we found ourselves in a ittle bit of
trouble getting enough power from the main amplifier.

KEANE: Were the 100ps the same?

TAVI.OR: Exactly the same loop. It probably makes a terrible bump on
the flattening, but so far we have not noticed it.

DICKSON: Going back to the phase changing in Tank 2, how do you find
running all tanks in phase anad adjusting the wave lengths of Tanks 2 and 3
together to get an integral half-wave length?

TAVLOR: We have tried to run them in phase and adjust the levels of

511 tanks together, but we went through a fair range and we could not find
an energy spread as good as the energy gspread which we get with the
normal adjustment of the phasing.

REFERENCES
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MODEL MEASUREMENTS AND CORRECTION OF BEAM
LOADING EFFECTS iN PROTON LINACS
3. Giordano
Brookhaven National Laboratory

When a proton beam ig being accelerated in a linac, there is an
interaction with the fields in the accelerator cavity. The effect of the
beam on the cavity is referred to as beam ipading. Beam loading affects
the cavity in two ways: there is a real part which absorbs energy from
the cavity, and a reactive part that detunes the cavity. Some eatimates
of the relative magnitude of these effects have been congidered by a num-
ber of people, using an equivalent R, I,, C circuit. It ig the purpose
of this paper to measure the effects of beam loading in a multiple-cell
linac structure, and to determine the relative magnitude of these gffects
for two structures of different bandwidths.

It was first necessary to devise gome method which would duplicaie
beam loading in a model cavity. Tt should be pointed out that the method
to be described considers only the steady-state beam-loading effects, and
;s based on the premise that the beam-loading effects are uniformly dis-
tributed along the length of a cavity.

1f all the cells of a cavity were detuned by a fixed amount, and the
drive was kept at the original regonani frequency, then the effect upon
the cavity would be the same ag a uniformly distributed reactive com-
ponent of beam loading. The same regulis can be obtained by detuning
the freguency of the rf drive by a fixed amount. 1t should be emphasized
ithat the above method results in simulating only the re active component
of beam loading. ‘

The real component of beam loading can be duplicated in & cavity
by increasing the josses (decreasing the Q) of all the cells uniformly.
The @ is decreased by placing & strand of cotton thread that has been
joaded with graphiie, * down the axis of a cavity. The coiton thread has
a very small reactive effect, which only slightly detunes the cavity.
Since the reactive detuning of the loaded cotion thread is yniformly dis-
tributed along the cavily, itg effects can be eliminated by adjusting the

T T

*A piece of cotton thread is soaked in @ graphite alcohol suspension.
The thread is then squeezed to climinate exceass lguid and bung to ary.
By varying the concentration of graphiie and alcohol, the lossges intro-
duced by the thread can be varied.
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perturbation tunes in each cell, Rather than adjusting the tuners, the same
results are achieved by changing ihe frequency of the rf drive to the new
resonant frequency of the loaded cavity. It should be pointed out that thig
simulates orly the real componeni of beam loading, :

We now see that it ig possible to separate the effects of both the
reaclive part and the real part of beam loading. 1t is also possibie to
combine both of thege effects, by simulianeously introducing the loaded
string and detuning the drive frequency.

Measurements were made on two different cavities shown in Figs., 1
and 2. Figure 1 shows a shaped iris cavity having a center frequency {#w/2
mode) of 880 Me and a bandwidth of 2.7 Mc (bandwidth is defined ag the dif-
ference in frequency between the 0" mode and the # mode). Figure 2
shows a slotied iris cavity {reported by this author in thege minutes} hav-
ing a center frequency of 824 Mc and 3 bandwidth of 72 Mc. Both the above
cavitieg had pickup loops and periurbation tuners in each cell.

All meagsurements reported in thisg pPaper were made in the "7 " mode
at B o 0.5, Of interest is the phase and amplitude variations of the elec-
tric and magnetic fields along the cavity, ag s function of beam loading.
in all the measurements to be discussed, the cavity was first tuned to have
a flat field {no amplitude variation). 'The Q and frequency of the drive
were then varied in sieps, represeniing different magnitudes of beam load-
ing. Measurements were also made with two different drive conditions:

{1} A single drive s one end of the cavity.
(2) Two Separaie drives, hoth in phase, one at each end of the cavity.

Figures 4, 5, 6 and 7 show the results of the measurements made
on the shaped irig cavity. These meagurements were made for the unloaded
Q. Because of the Very narrow bandwidih of the shaped iris structure, any
attempis to reduce the @ resulted in the overlapping of adjacent modes,
Figures 4 and 6 show the amplitude variations along the cavity at three
different frequencies for the one-drive and two-drive cage, HFigures 5
and 7 show the phase variations along the cavity at three different fre-
quencies for both the one-drive and two-drive case. (All phase measure-
ments were made by measuring the phase of each cell relative to one of
the end cells.) For the two=-drive case we gee a considerable reduction
of the relative phase change along the cavily, as compared to the gingle-
drive case,

Figures & through 21 are the results of the measurement of phase
and amplitude variations for the slolted iris structore. Figures 8, 10
and 12&: are for @Q values of 12,000, 5,000 znd 3, 000, with g single drive,
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and show the variations of the field amplitude for different frequencies.
In the above-mentioned figures, it ig interesting to note that changes in
the amplitude of the field are very gensitive to changes in frequency. It
chould be pointed out that changing the Q from 12, 000 to 5, 000 and to
3,000, had only a small effect on the variationg of the amplitude.

Figures 9, 11 and 13 are for Q values of 12,000, 5,000 and 3, 000,
with a single drive, and show the relative phase variations along the cavity.
It is interesting to note the relative insensitivity of the phase to changes
in frequency, as compared to the large changes in phase due to the changes
in Q. In Figs. 9, 11 and 13, when the Q is varied from 12,000 to 5, 000
and to 3, 000, the relative phase difference between the ends of the cavity
variesg from 30, 10O and 14° respectively.

Pigures 14, 16 and 18 are for Q values of 12, 000, 5,000 and 3,000,
with two drives, and show variations of field amplitude for different fre-
guencies. Figures 15, 17 and 19 show the relative phase variations along
the cavity, for the same conditions mentioned above,

1t ig interesting to compare the relative phase and amplitude varia-
tions for both the single and double-drive cases. Figure 20 is a plot of
the over-all phagse difference between the ends of the cavity vs Q, at fo,

f, + 150 ke, and £, - 150 ke, for both the single and double drive cases.

For the same above-mentioned conditions, Fig. 21 is a plot of LE vs Q.
AR Emax = Emin Bay
(-E,F:- = 11 where E__ . 18 the maximum field in the cavity,
oy 2F max
av
Emin 18 the minimum field, and E_, is the average field.) Figures 20
and 21 closely show that there is o considerable reduction in both the
amplitude and the relative phase changes with respect to beam loading

changes.

in comparing the narrow band-shaped iris cavity to the wider band-
slotted iris cavity, we see that the narrow band structure is congiderably
more sengitive to beam-loading effects.

Figure 3 shows a hollow cylinder which is to be operated in the
TMg1g mode. Work was recently gtarted on this structurs, and measg-
urements are to be made in the near future.

VAN STEENBERGEN: In that diagram you cshowed a tilt in the tank
amplitude. Could you not correct this tilt in the amplitude by changing
the frequency ? :
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GIORDANO: There are two reasons that could cause a tilt: (1) a change
in the drive frequency as you have indicated, (2) a local detuning of the
cavity which can be caused by a change in the thermal gradient along the
cavity.

VAN STEENBERGEN: Don't these two offects amount to the same thing?
GIORDANO: No.

LELSS: Your resistive siring represents only the beam loading which is
180° out of phase with the field in the tank. A beam of particles ig at the
equilibrium phase and not at the peak of the radio-frequency voltage, and
80 there is an additional phase shift due to this,

GIORDANO: We are only considering the steady-state condition and
assuming that the beam-loading effecis are uniformly distributed along
the cavity. The registive string represents the real component of beam
loading, and the reactive component is obtained by changing the frequency
of the drive,

LEISS: When you speak of reactive pari, what you really mean is that the
beam is not running at the peak of the wave, and as such we have an in-
phase component and out-of-phase component, so that it is not really
right to represent this by a frequency shift.

GIORDANO: What you call an out-of-phase component, T call the re-
active pari. This reactive componeni actually causes a detuning of the
cavity, which [ have duplicated by shifting the frequency of the drive.

In Fig. 20, I have shown the effect by varying the frequency from

£y + 150 ke 1o fo = 150 ke, and we see that the effect is small. It should
be pointed out that this frequency variation is congiderably greater than
one would expect from a beam of 50 mA.
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PARTICLE MOTIONS AND THE FOCUSING SYSTEM
IN PROTON LINACS*

S, Ohnuma
Yale University

Introduction

Last year, at the conference on proton linacs, computer programs
developed at Yale for particle motions and some of their preliminary
results were presented, (1 Since then, there have been & number of
modifications in our design parameters, particularly in the iris-loaded
section. The results here are mostly based on the design parameters of
the proposed 500 MeV injector for the AGS in Broockhaven which was
presented by G. W. Wheeler. The compuier programs are essentially the
same a8 the one discussed in Ref. (1).

Buncher

No change has been made 1o the buncher which wasg presented last
year . {2) The essential requirement here ig that the beam must be tightly
punched near the synchronons point (& ¢ = A¥ = 0). The distribution of
particles from & double buncher is shown in Fig. 1. If the icn source €an
produce 100 mA, about 79 mA will be confined to withinad@= +14%and a&aW
= 420 keV. On the other hand, there are still particles near the boundary
{(~ .5 mA) which come out of the drift tube section with relatively large
values of (4@, 8§ ). For=za linae of higher iniensity, 2 bunching scheme
that gives very small fraction of beams near the boundary would become
important.

Drift Tube Section,

Phase and transverse oscillations of particles 1 and 2 in Fig. 1 are
given in Figs. 9-3 together with those of the gynchronovs particle. The
focusing system used here is shown in Fig, 4. Two different doublet
arrangements, (A) and (B), have been tried in the last two tanks to see the
change in the emittance shape. In Tanks No. 1 and No. 2, the strengihs
of quadrupole magnels are chosen such that they corre spond to cptimuim
values for the synchronous particle. For non- gynchronous particles, the
optimum condition is different and the amplitude of the transverse
oscillation may increase instead of damping dowh. {sce Fig. 3.) Since the

albr

% The work reported here has besn done by R. Hakeman, T, W. Ludlam,
J. N. Vitale and S, Ohnuima.
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focusing system is continuous from Tank No. 1 to Tank No. 2 with 2 very
short drift space, no matching magnet is required. This, however, is

not true between Tank No. 3 and No. 4 where the system suddenly changes.
At least one set of triplet is necessary in order to achieve a near perfect
matching in x- as well as y-direction. After that, the system is continuous
(i.e., the change is "adizbstic') and the matching sysiem can be eliminated
entirely.

The acceptance in x - x' space of the drift tube section for the
synchronous particle is shown in Fig. 5. When the smallest bore radius
is .75 cm, the area is 17% cm-mrad. For most of the non-synchronocus
particles, the acceptance area remains fairly cloge o the 177 cm-mrad.
but the shapes are quite different. Thus, if the input beam is matched to
the shape given in Fig, 5, the effective accepiance value for particles in
(A @ =+140, a ¥y = +20 keV) region is reduced i ~ 187 c_mu-mrad;, For
particles 1 and 2, the shaded area in Fig, 5 is not acceptable and the area
is less than 15 7 em-mrad. 3t is,0f course,possible to get a larger acceptance
by simply taking a larger bore radius. This, however, will give a larger
output bunch in (& ¢ ) - (%) space and may cause particle loss when the
frequency is increased in the high energy section. If {NINSS) configuration
is used instead of (NSNS) type, the acceptance for the synchronous particle
ig 147 em-mrad. The change of the acceptance shape for non- gynchronous
particlie from that of the synchronous particle is more serious than (NENS)
configuration. '

The maximum radial excursion of the beam in Tanks No. 3 - No. 7
will be substantially smaller than shown in Fig. 3 if the focusing system is
(NSNS) throughout instead of doublets with gradually increasing repeat lengths
taken here. 'The particular advantage of the doublet system will be discussed
later.

Tt would be useful for the purpose of shielding designs to see where
particles are lost radially. The location depends on the initial position of
particles inx - x', y - y' and (& ¢ } - {ay ) spaces. For example, most
of the particle 1 in the shaded area in Fig, 5 are lost at drift tubes No. 7,
No, 9, and No. 13 of the first tank and ai drift tubes No. 2 and No. 6 of
the second tank, whereas the particle 2 ave lost at drift tubes No. b and
No, 7 of the first tank and No. 2 of the second tank. By sasuming 2 particle
distribution, one can calculate the disivibution of logt particles along the
drift tube section, However, extensive study of this problem has not been
made so far. The results we have accumulaied clearly indicale that the loss
will be entirely in the first two tanks and most likely below ~» 20 MeV,
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In the (A% ) - (A ¥) space, particles coming out of the drift tube
section with the final energy of 187 MeV are all contained in the tilted
ellipse shown in Fig. 6. Several dots are those particles with{&a ¢ 12
1.0or (& @) £ =6 at the injection. Since their Teffective trans-
verse acceptance is very small {0 = 37 cm-mrad), the total intensity of
these stray particles is legs than 5 x 1072 of the main output current
{i.e., the ellipse in Fig. 6). The other ellipse in Fig. 6 is the particle
bunch assumed in calculating particle motions in the iris section.

Fig. 7 shows the emittance from the drift tube section in x - x'
space., The area is very close to W cm-mrad. (A} and {B) correspond,
regpectively, to the doublet configuration {A) and (B) shown in Fig. 4.

In the low energy region (2% .2) where the rate of the change of
/8 islarge, the accuracy of the calculation is not too good. As has been
already suggested previously 3, it may be necessary to integrate the
equations of motion point by point. This, however, requires 2 detailed
information on electric and magnetic tields at every point. When there is
no bore hole, the fields of the shaped drift tube are accurately known
but the effect of the bore is difficuli to evaluate. It is hoped that the
calculation at MURA and at Los Alamos ("MESSY MESI'NE) will eventually
give the fields with the desired accuracy.

Matching between Drift Tube and Iris Sections

Tt is clear from Fig, 6 that a long drift space between the two
sections must be avoided in order to keep the resulting phase spread as
small as possible. Although & here is large {. 55}, the spread could be
as large as +2.6%/m (foray = +.8 x 10”3) go that & drift space longer
than ~» 4m will definitely cause trouble. This is particularly sericus
for a linac injector of a large synchrotron where a small momentum
spread { @ p/p) is essential in getting & high capture efficiency. On the
other hand, it is highly desirable to have a bending magnet {ic guide the
beam for the energy measuvrement}, one or two slit boxes {for measuring
the beam shape in x and y-space), and one or two current transformers.
If, in addition to these, two or three sets of quadrupoie tripiet are
required to match the beam shape in both x and y-direction simulianeously,
s 4m long space does not seem to be sufficient. Two schemes have been
tried to solve this problem.

The first is to employ & matching scheme in the 1@n§itudina1 phase’
space that is based on the principle of the sirong focusing 6), A tank
operated at the stable synchronous phese ¢ = ¢, acts as u ''focusing lens''
and a tank operated at % ==, 85 a "gefocusing lens''. The drift space
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then will be an element of the matching optical system and does not necessarily
have to be short. The system will be composed of 10 — 15 regular tanks

with reasonable values of ¢ef level. Based on the linear theory, we found

that we can achieve an almost 100% matching even with a 10 m drift space.
However, numerical caleulation has shown that the non-linear effects are

so gerious as to make the scheme rather impractical, It may be possible

to design an elaborate system composed of very special tanks just for the
matching purpose but this does not seem too easy.

The second choice is to eliminate the maiching magnets for two
transverse directions entirely, or use only one doublet, This means that
the focusing system in the drift tube section (at least in the last two tanks
or so) must be joined continuously to that in the iris section. Otherwise,
one doublet or triplet cannot give a perfect matching in the both directions
simultaneously. Since a doublet ig used afier each even-numberead tank
in the iris section, one doublet just before the first tank together with a
properly spaced doublet system in Tanks No. 6 and No. 7 will achieve the
degirable matching, With 3.5 m space between two sections, we have
found that the matching efficiency could be as large as 95% in both directicns.
1t will be even better if two or three auxiliary magnets are placed in the last
few drift tubes to make adjustments.

Trig Section

Various systems of quadrupole doublets and itriplets to be used for
the focusing in the high-ensrgy section have been investigated in order to
gei the necessary information for the choice of multiplet type 7, The
doublet system used in the calculation and its acceptance shape arce shown
in Tig., 8 while the strength of magnets and the maximuvm {theoretical)
excursions are given in Fig., 9. If the traunsverse phase space area is
109 em-mrad at the injection (. 73 MeV), the arca at 187 MeV is .67
cm-mrad. One advaniage of doublet system ig the relaiively large space
svailable between two magnets for & given drift space {1 m in this design).
The maximum x or y excursion at 500 MeV is 68% of the excursion at
187 MeV. This is due to the increase of the momenium and the decrease
of (Courant“Snyder) ,/@max . T is, of course, possible o take longer
magnet repeat lengihs oradually as the energy jncreases. This, however,
will increase the value of Ay sy and, for Spa. (500 Me¥V}/ 2 5
{187 MeV) = 1,75, the maximum excursion stays constant, If, on the
other hand, the focusing system is changed at some points, B6ME kind
of matching deviee will be reguired.

A good matching at the entrance is essentizl in achieving the smallest
possible Tmax OF Ymax- Different systems require different acceptance
shapes so that & particular point in x-x! space leads to an entirely different
maximum excursion. in connection with the matching, s device that can
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accurately measure the beam shope in x-x' and y-y' space will be
extremely useful. : :

The theoretical maximum excur gions in Fig. 9 are computed for
synchronous particles. For non-synchronous particles, the acceptance
shape is slightly different from those given in Fig, 8. . This slight
mismatching would, in general, give larger excursions for non-
gynchronous particles, The largest deviation recorded from the
theoretical value is . 25 cm, Of course, only those particles which are
near the boundary of the acceptance ellipse in Fig. 8 deviate from the
theoretical maximum excursion. For example, _particles within an
ellipse of size , 837 em-mrad in x-x' space are not lost if, in
(& @ ) - (ak) space, they are inside- of the {larger) ellipse in Fig, 6.
On the other hand, it seems very difficult to keep the iris aperiure
gmaller than I cm (radins) and still not lose pariicles. One obvious
solution would be shorter tanks at the beginning to reduce the magnet
repeat length., Since a smaller iris aperture gives a smaller power 1088
for the same structure, further studies of this point may be called for
in the future.

The choice of the doublet arrangement instead of a triplet was
made because of the betier over-ali quality in focusing the high energy
beam, 1} Triplet arrangements (+} (-} () (cf tonks) {+) {~) (+) are not
symmetric in ¥ and y directions so that the best operating poiat in one
direction is very close to the stability boundary in another direction.
This sitvetion is shown in Fig. 10V where gg is related to H' by

B (kG/om) = . 313 (54) g7

and the parameter {3}, for gach curve is

7 eE sin {%o | 1/2 el,
2 - . ;o 4y = cos ¢
mpcd)\ {3”8}5 dz mpcz

Symmetric arrangements (+) (-} (#) (ef tanks) () {+) () give & very
parrow gtability range with large values of & . a8 can be seen from
Fig, 11V, There isa possibility of using an upper stability region

(*) Figs. 10 and 11 are taken from Ref, (7). Tank length is 2.5 m
instead of 3 m here and /Qmax is slightly smaller than for 3 m tanks.
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where /6 max 2r€ much smaller. However, agide fromm large magnetic
fields required in the bigh energy region, non-sgynchronous particles may
spend some time near the stability boundary or even cross the boundary
into the stopband and get a large radial excursion, Unless an extensive
numeriecal calculation is done, it does not seem gafe to design the
focusing system operating in upper stability regions. '

The only remaining que ation is whether tolerance requirements
for doublets are too difficult to achieve in the proton linac, as they appear
to be in the Stanford two-mile electron linac (9 , so that one is forced to
take triplets. This has alsc been investigated in a semi-analytic fas}zioxaz
in Ref. (7). 'The method used there is outlined by R. L. Gluckstern. 10
As has been discusgsed in Ref. (9) and Ref. {10), the advantage of triplets
is the possibility of 'bench alipnment'’ which makes the effect of magnet
displacements entirely negligible {maximum tolerances are order of
100 mils). For doublets, bench alignment offers no improvement as far
26 the tolerance of ''skew" (rotation about transverse axes) is concerned.
On the other hand, it does not seem at all difficult to achieve the
reguired tolerances for do.ukslets {as well as for triplets) with the help of
aligning monuments, 10) (11 4 computer program has also been used
to check the validity of the gemi-analytic resulis. Al together 50 random
sets of misaligned doublets have been investigated at 400 MeV, 580 MeV,
and 750 MeV. The displacements in x and y direction (individually) are
larger than the analytic resulis in 5 cases at 400 MeV, 7 cases at
580 MeV, and 2 cases at 750 MeV. XHowever, the radial displacements

2 .

L y?’§

{(Vx
are always smaller than the expected values, Since these 50 runs are
performed for a particular particle, we will have to repeat the similar
caleulation for many different particles, Nevertheless, we feel that the
tolerance requirements for doublets are not too stringent to achieve,

{12)

Loss of Particles due io Failures of vf Tanks and Tocuging Magnets

The computer program for particle moiions 1in the iris section can
be used to find cut wheiher the loss of particles is, in general, localized

or extended over a long distance when certain tanks or a pair of focusing
magnets fail.
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If an amplifier tube fails, two consecutive tanks will be de-excited
and there will be ho increase in particle energy. The energy gain through
two tanks are, in general, greater than the size of the ffish'' (in A 5 direction)
so that all particles will become longitudinally unstable after passing de-
excited tanks., The energy of such particles fluctuates around a certain
value that is very close to what they had just before becoming unstable. For
all practical purpeses, the problem is then reduced to the transportation of
particles with a constant momentum {in =z direction) through.a focusing system
that is optimized for particles with increasing momenta, This means that
we can predict where particles will be lost from the stability diagram of the
focusing system. A detailed numerical calculation has confirmed this but
it has also shown that particles are lost in a relatively long area (~s 100 m).
Particles with 400 MeV or more energy are not expected to be lost at all.
It is not possible to retain the bunch ingide the 1on%itudinal stability region
by simply increasing the rf level in nearby tanks(l ),

Since two gquadrupole magnetls will be getting power from the same
source, the problem in case of magne! failures is to find the increase of
the transverse amplitudes (A, Ay) when one pair of doublet is missing.
At the "optical' centers, (x, x') and {y, y") will satisfy

2 Y 2. G2 2 ed &
x™ ¥ ﬁma}c 2= AT VI Brhax VT Ay
with AX. = /@maxwx ’ AY = !’@naxw

W, and W, are the phase space area divided by # in % and y direction,
respectively, Recause of the missing pair, these ellipses will be dis-
torted to other forms. {without changing the size):

ax? + bx'? + 2hxx' = 1 , a'y? + biy'2 + 2htyy' = 1
where 1/ o ab-h? = A% A and 1/ 4f abt- w2 = AP A

1f these distorted ellipses are entirely inside the ellipse

2 12 o Pl 2 2 12 . pl
® +ﬁmaxxr = R” ory +ﬁmax g1 = R



with R = quadrupocle aperture, there will ba no loss of particles. For R = 2 cm

and A, = Ay = 1.5 cm, the fraciional loss in both x and ¥ directions changeg
from 30% at 200 MeV to0 20% 5t 500 — 700 MeV, Yor R = 1.5 em ang
Ay = Ay =1,0 em, corresponding figures are 40% and 309%, respectively,

relatively localized region {»v 15 m) becauge they can travel the distance
which is at most one-half of the transverss wave length (29m) before getting
the maximum excursions, Again it is not possible to adjust the strength of
adjacent doubletg (¥ such that the loss wonld be decreased substantially,
Preliminary results of numerical caleulstions show the recovery of only 5%
or less at a11 energies,

VISSCHER: What is the radius of the aperture in your iris section
calculations ?

OHNUMA: The aperiure radiyg really does not affect the calculation,

calculating the migalignment effects, we used 2 em radiug.

VISSCHER: The value 7 cm-mrad of the transverge phase-space aren
you are using must have been based on some aperture radius.

OHNUMA: No. That is what we get out of the drift tube section inde-
pendent of the irig section. The acceptance of the irig section is of course
much larger. The calculation ig 1 continuous one for both gectiong,

LAPOSTOLLE: About the pogsibility of o correciion of the missing gap
and drift spaces between tanks, especially in the Alvares section, I think
that, for trangversge motions, if is possible to compensate with g slight
correction of the quadrupole magnets. 1§ wonder whether, for the
longitudinal motion, it would not be possible also to Compensaie by g
slight displacement of the accelerating gaps in order to Cchange the phasge
when the bunch crosses the gap and modify the pha.se=focu_sin_g condition,
Did you think about the idea of itrying to tompensate for any disturbance
due to spaces between tanks, possibly by some modification at the end of
the tank ?

(¥} Here it is assumed that the strength of two megnets of a doublet
can be changed only sim&ltane@msi}n
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OHNUMA: We have not studied this problem in any detail in the Alvarez
gection. I believe that in the actual operation one raust always make fine
adjustments of the focusing magnets. As to the compensation for the
longitudinal motion, it seems very difficult to adjust unless we can ac-
curately meagure the position of the bunch relative to the rf field in
tanks. In the iris gection, unless you change the sirength of each magnet
independently, even the transverse adjustment is not easy. You must
remember that each doublet i3 7 m apart. If one tank is out of operation,
" the bunch is completely out of the longitudinal stability region and there
is no way of recovering it into the bucket. Of course, the focusing system
stiil could transport this low energy beam down to the end without any
beam loss. It depends on the energy acceptance of your focusing system.

KNAPP: You have two drift tubes close to one another that have magnets
in them and then you have a large series of drift tubes with no magnet in
them. Could you describe the distribution of magnets in the lasgt four
tanks of the Alvarez section?

OHNUMA: In Tank No. 3, there are 14 pairs for 46 full drift tubes; in
No. 4, 6 pairs for 34; in No. 5, 4 pairs for 28; in No. 6, 3 pairs for 205;
in No. 7, 3 pairs for 23 full drifi tubes. The distance between the center
of a focusing magnet to the next one, the magnet repeat length, ranges
from C.89 m to 7.3 m, The value of/@ _ changes gradually from

max
1.45 m to 12.5 m.

TENG: About the longitudinal phase space matching between the drift
tube section and the iris section, have you considered the use of disper-
sive magnets? The distortion of the bunch in ihe longitudinal phase
space due to the drift space can be compensated by such magnets.

OHUNUMA: No, we have not thought about it. 1 don't know bow wise it is
to construct a special section or gystem just for this particular purpose.
if we can use some regular sections as an option, it will be all right.
Begides, such a system would require additional transverse matching
systems and might not be desirable io have for the overall matching
purpose.

TENG: You might have to bend the beam S0 that the drift fube section
and the iris section are at an angle to one another. Ag far as the irans-
verse phase space matching is concerned, you can always do that by a
number of quadrupole magnets.

WHEELER: The figure of 10 m, which we have been using, was a some-
what arbitrary number which would allow us to have ample space between
the sections. We have not looked carefully at how far down we can bring
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this distance. I expect that it can be brought down quite a lot further,
far enough so that it will satisfy beam dynamics requirements,

LEISS: Isn't it true of course that the reason for g short distance ig
removed if you do put a phase compression S8ystem such as Teng was
talking about?

WHEELER: It would be nice to come down to 600 or 400 Mece for the
purpose of solving this problem but the cogt is going up proportionately.
I think we are caught here in an attempt to keep the cogt down but gtiil
meet the dynamicg requirements, Based on our numerical calculations,
we feel that we can operate at 800 Me,
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NUMERICAL STUDY QF PARTICLE DYNAMICS IN ;’3&. HIGH-ENERGY
PROTON LINEAR ACCELERATORY .

M. Jakobson™ and W, M. Visscher
Los Alamos Scientific Laboratory, University of California
Losg Alamos, New Mexico

I. Introduction

We report here on the current status of a beam-dynamical caleyla-
tion which has been evolving at LLos Alamos for nearly a year. Thig pa-
per should be considered ag an addendum to and partial summary of a
Los Alamos internal memo which was written at the end of April. 'Fhat
report is considerably more complete and detailed than this one; we shall
emphasize here the improvements and extensions which have been made
since then,

At that time, most of our calculations had been made for a
fictitious accelerator with plane symmetry, although some had utilized
cylindrical symmetry in the accelerator sections with the beam con-
gtrained to move in only one of the transverse planes. Plane symmetry
exaggeraies the transverse delocusing and radial -phase coupling by a
factor of two over the cylindrical case; it was therefore thought that con-
clusions valid for the plane problem would be pessimistic ones to apply
to the cylindrical case. Our subsequent experience with the latter hasg
borne this out.

The principal advance which hag been made since our earlier
report is the incorporation into the computer code of the other trans-
verse dimension enabling us to calculate the veal three-dimensional
orbits of the protons ag contragsted to 2 or 2-1/2 dimensions before,
By 2-1/2 dimensions we mean three-dimensional fields with orbitg
constrained to two dimensions. Wa uow take proper account of such
things as x-~y interaction and the effects of random rotations of the guads
about the longitudinal axis, ‘the addition of the third dimension has, un-
fortunately, nearly doubled the runaing time on the computer, but machine
time hag not been a serious problem as yet,

Another change which hag been made is in the part of the code which
designs the accelerator sections, Instead of designing them with a con-
stant rf gradient, as before, we now design them with a constant power

*Work performed under the auspices of the 1. B. Atomic Energy
Commission,

“"Permanent sddress: Depaviment of Physics, Montana State Universi ty,
Misgoula, Montans,
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consumption, for an obvious practical reason. The number of cells per
gection is, as before, a constant. :

1. Method

We give here only a very sketchy description of the method used in
the calculation; the interested reader can find much more detail in refer-
ence 1,

The w#-mode rf field effective in accelerating the beam is assumed
to be only that standing wave made up of components which have phase
velocities equal to + the synchronous particle velocity, and the impulse
received by each particle in crosging a cell is approximated by that
. received by a particle moving across the cell in a straight line parallel
the .axis at constant speed. We call this the impulse approximation.

The justitication for these procedures is discuased in reference 1, and
geems to be guite solid for the proton energies with which we are con-
cerned.

The longitudinal and radial impulses calculated in this way are

7 1
IZ = ""’2—-&"‘@’ 10 ( € 1‘) CcOB8 @ _ (1)

E
I =gl I (kr)sing

where Iy and 1. are Bessel functions of imaginary argument, gy is the
maximum amplitude of the synchronous component of the rf field,

k = w /Ly , end is the phase of the proton entering the gap relative
io the time at which the E field is a maximum. Our convention is to take
the synchronous phase negalive; thus Hgs. (1) predict a radial defocusing
of the synchronous particle as is required by Farnshaw's theorem.

The acceleration received by each particle in each cell is com-
. puted by Egs. (1), and the bunch ig thus transported to the end of the
section. At this point it enters & magnetic gquadrupole lens gystem,
which can be a singlet, doublet, or triplet. On the assumption that the
iransverse velocity is small compared 1o the 1ongitudina,1 ve_eloci‘cy, the
x and v, coordinates of a particle, on passing through a guad, are

changed to

.. Yx gin _ cos _
AR (szt>+xcosh(@t> : (2)
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where t is the time spent in the quad, and the upper {(lower) signs and
symbols refer to a focusing {defocusing) magnet. Similar equationg are
obtained for y' and v ', with the upper and lower signs and symbols
interchanged. § is the natural transverse ogcillation frequency of a
particle passing through the magnet, and is given by

A

2 2 Vg, 1 | '
(2 /w)” = 3,29 (——m) — H (kilogauss/cm)} (3)
2w ye

for protons.

The bunch is transported through the quadrupoles by Egs. (2), and
allowed to drift through any drift spaces which may be present. Then
the computer designs the next section and the process is repeated.

I, Calculations

Perhaps the most efficient way to explain the feaiures of the code
is to display the input parameters and the form of the output graphs.
Figure 2 shows the input parameters for the current version of our 7094
Fortran code. This problem simulates an accelerator of 50 sections,
each 40 cells long, separated by magnet systems of length equal to 4 ceall
lengths. The magnet systems can be ginglet, doublet, or triplet; the 4
cell lengths include the internal drift spaces for the doublet and the triplet,
As is illustrated in Fig. 1, this setup allows no space between the sections
and the lens system for installation of plumbing or probes; we therefore
have made provision for some exira drift space before the beginning of
the magnet system. This extra drift space input also allows study of the
effect of the necessary gap in the accelerator at the frequency transition
point, and of a gap for a possible intermediate energy staiion.

The magnet systems have length proportional to f3(ine 1); but the
quads themselves are, say 10 cm (line 5) long for the whole length of
the machine. It takes two guads to make a doublet; four {10-20-10 cm}
to make a triplet. This means that the effective strength of the lens in-
creases with the energy if the quad strength stays constant. Line 5 and
line 6 of Fig. 2 contain the rest of the focusing system parameters,
contained in

H' = H, (1+CEH)/(1T’=CE%)., (4)
¢ in Fq, (4) is the "quad coefficient’, the synchronous energy F is
raiged to the "quad exponent’' n, and Hy is the field gradient (in
kG/cm) of the quads at the beginning of the machine. We have not made
an exhaustive study of variations in ¢ and n; what we have done, how-
ever, indicates that the optimum -is near ¢ =n = 0,
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In the 7th line are two remaining parameters which complete the
description of the focusing system. The orientation of the first quad
encountered by the beam is specified by saying whether it is converging
or diverging in x. The repeat length is the periodicity of the lens
system. For example, a doublet system with 4 section repeat length
would be, schematically,

-

%
.
AR,

AR

i

r
i
1
+
T
+
1
bl

A repeat length between 6 and 12 sections seems best for triplets, and

an infinite repeat length does well for doublets. Short repeat lengths
give rise to unstable intervals in the stable range of quad strength.

More parameters to determine the geometry are in line 3 of Tig. 2.
Synchronous input energy and design phase are self-explanatory. Phase
ghift and design beam load are numbers which describe the energy flow

‘along the section, from cell to cell. We refer to reference 1 for discus-~

gsion of them; here we only say that these and other eflects which cause

..variation in phase velocity of the rf in time and position seem io cause

no serious trouble. We have studied machines with constant cell length

- within -2 section, rather than phase velocity = "synchronous' particle

wvelocity everywhere, which is what the code usually requires. Constant
cell lengthh has no noticeable deleterious effect for 40 cells per section;
for much longer sections, however, it reduces the phase acceptance,

T Thé‘-‘hcfle radius has no effect on the fields, since we use only the

lowest Fourier component; its only function is to provide criterion for
deciding whether a given proton ig still in the machine. We throw out
particles when their radii exceed R, and only then. Particles ofien
spill out of the phase-energy bucket and stay in the machine to the end
due to th'e. action of the quads. Our results indicate, in facf, that the rf
can be turned off in a couple of sections near the start, resulting in the
logs of the entire beam from the bucket, but the entire beam will be
transported to the target. Algo, the rf can be turned off entirely begin-
ning at any point and the heam will coast ouf, or a few sections can be
run with reversed rf and all subseguent ones with rf oif. In this latter
cage a 600 MeV beam, say, can be made to come out at the 800 MeV end
of the machine with the microstructure wholly debunched and a spread of
20 Mevy. The drift length is shorter if a higher energy spread is allow-
able, and vice versa. Thus a variable energy machine could be designed
with a maximum energy of 800 MeV {no debunching) and a completely de-
bunched beam available from 700 Me&V on down. Reference 1 containg a
more quantitative digscussion of this point.
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+| [ o Bl N
Drift space between Accelerating Magnetic quadrupole
sections some section containing focussing system.
integral multiple of Nc a=mode cells, Triplet illustrated;
BV2, Cell length within sign sequence and
section either pro- strengths programmed
grammed or constant. from section to

section.

Figure 1. Schematice disgram of accelerator structure.

50 SECTIONS 40 CELLS PER SECTION 200 PROTONS IN RUNCH MAGNET SYSTEMS 4 CELLS LONG
DRIFT SPACE OF LENGTH 2 CREL.L LENGTHS AFTER THE 100TH SECTION REPEATED EVERY !TH SECTION
INPUT ENFRGY= 1.765E 02 DESIGN PHASE= -3, 000E 01 PHASE SHIFT- 0. DESIGN BEAM LOAD= -0,
HOLE RADIUS= 2, 000E-02 SECTION POWER-= 5. 000E-01 RANDOM START AT 1, 900FE 01
INITIAL QUAD GRADIENT= 3. 000E 00 QUAD LENGTH= 1,000E-01 FREE SPACE WAVELENGTH= 3, 750E-01
QUAD COEFFICIENT= -0, QUAD EXPONENT= -0

TRIPLET LENS SYSTEMS FIRST QUAD DIVERGING IN X 12 SECTION REPEAT LENGTH
SECTIONWISE AMPLITUDE ERROR= -0, CELLWISE AMPLITUDE ERROR= -0. SECTIONWISE PHASE ERROR= -0,
QUAD FIELD ERROR= -0, QUAD DISPLACEMENT= 10, 000&-04 SECTION TWIST= -0, QUAD ROTATION= -0,
RF AMPLITUDE MULTIPLIED BY 0, FOR 0 SECTIONS STARTING WITH NUMBER 100
ENERGY LIMITS 1. 765E 02, 1.765E 02 PHASE LIMITS -6, 000E 01, 3.000E 01
X LIMITS -2. 000E-02, 2,000E-02 Y LIMITS -2.000E-02, 2,000E-02
VR LIMITS -4. 000E-03, 2.000E-03 VTH LIMITS -0,

-0,

K

Figure 2. Input Parameters for Computer Code.
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Section power (megawatts) is in the input because rf gradient isn't.
The sections are designed to consume a given amount of power with a
20 mA proton current and a ZT% given by an empirical formula for the
cloverleaf structure (Knapp, LASL)

772 = 65 8 /(B +0.76) M& /m . (5)

We chose 1/2 Megawatt as the section power becauge the power supplies
envisioned at LASL will deliver ~ 1 Megawatt and splitting between two
sections is feasible and will give gsections of reasonable lengths and rf
gradi ent; namely, 40 cells (4 meters up to 6 meters at 800 MeV) and 1.35
at 175 down to 1.20 MV/m syﬁchronous particle energy gain at 800 MeV.
The code designs each section with a synchronous phase velocity and con-
verges on a given gsection power iteratively.

Random start has nothing to do with ihe machine or beam dynamics;
_ it merely tells where to start reading the random number table. Random
numbers are used for generating the seven "giandard' kinds of random
errors (uniformly distributed) listed in lines 8 and 9 {(we have studied the
effects of a number of other errors, besides those listed here), and also
for generating the proton bunch. The bunch parameters are those in the
last 3 lines of Fig. 2. 1t is characterized by upper and lower energy
limits, phase limits, x and y, vy and v. limits. All the particle co-
ordinates but phase are chosen by the random number generator.

V. Resulis

Our code should be able to given an answer to the question, "Are
doublets or lriplets better at focusing the beam in the high-energy linac?"
The answer, we think, is that triplets are. Triplets give an accepiance
zone in transverse phase space about 50% bigger than doublets in the
example shown on Fig. 3. 7 milliradian-cm corresponds o the area ol
the small rectangle; we see therefore that either doubleis or iriplets are
easily capable of accepting the fransverse output thought to emanate from
the drift tube section. Random errors of 1 mm in displacement of the
lens system parallel to the axis cut the acceptance area by about 30% for
each case, Radial beam confinement as reflected by the rms radii {or
the bunch seems about the same for triplets as for doublets; this is
shown for triplets on the bottom curve on Fig. 4. Our tentative conclu-
gion is that on the basis of simplicity and lower cost, doublets are prefer-
able, unless doublet tilt or independent quad alignment tolerances prove
1o be excessively stringent, or very large transverse acceptance turns
out to be necegsary.
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L3 1Y

Triplets

=-300-03
+000-08 444

RADIYB BAUARED

RACIAL VELOCITIES ¥8 SQUARES OF RADI! AT INRUY
PLOT SYHMBOL PARCPORTIONAL TO VIHETA

Fig. %: Approximate acceptance envelopes in transverse sphasge space
for doublet and triplet focussing systems, both without errors.
Crosshatched rectangle encloses x williradisn~centimeter beam area.
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As an example of how the effect of a particular kind of error may
be evaluated, we take a run for which the elements of the triplets are in-
dependently and randomly rotated about the longitudinal axis, up to a
maximum angle of + 0. 5°, Figure 5 shows the fransverse input, a rec-
tangle in x, y space translated to r™, V.. Figures 6a, 6b, 6c area
series of phase-energy piois of the bunch as it progresses down the
machine. Figure 7a, finally, is the summary plot, showing the rms
radius and phase deviation from synchronous of the bunch, radius and
phase of a particular particle, and the total number of surviving protons,
21l as a function of section number. Especially interesting here is the
rms radius, which should be compared with Figs. T, Tc, which show
the same for 0 and 1° quad rotation, respectively. See also Fig. 8,
which is the summary graph for doublets with 1° quad rotations.

The effecis of the other kinds of errors which we have studied (and
are enumerated and discussed in reference 1) can be summarized by say-
ing that no obviously impossible tolerances are imposed by beam dynamical
requirements on the geometrical and electromagnetic parameters which
we have varied. For example, sectionwise rf amplifude and phase toler-
ances are of the order of 2% and 29, Tank axeg can be a millimeter out
of alignment (for 2 cm radius aperture), while the allowable spread in
indiviudal quadrupole field gradienis is about 1%. Bench alignment toler~
ances for the triplet lens systems are a few mils; we have not yet
determined them for doublets.

LAPOSTOLLE: You mentioned ihe possibility of debunching the beam
in the last sections, especially when you use your machine for a slighily
lower energy. I think that for some experiments it might be interesting
not to debunch but to use an ri structure, very short bunches. Would it
be possible to keep the rf struciure even at a lower energy.

VISSCHER: Yes, well it depends on what energy you want. It is not
possible to get the rf structure out if we let it drift all the way from,
let's say, 300 MeV, because then the energy spread in the bunch will
itself be sufficient to debunch, I think.

WALKINSHAW: You could keep your vf or and change the respective
phasing along the tankg if you recalibrate your phasing.

LAPOSTOLLE: That wag my original question.

VISSCHER: Yes, but it wouldn't be something simple like just turning
off the rf. .
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TENG: It would be possible only if the sections were short enough.
VISSCHER: Maybe it wouldn't be possible because the section length

and the cell length wouldn't at all correspond with the beta of the particle
that is drifting through.

WALKINSHAW: I don't think that matters.

TENG: Well it doesn't matter if it is short enough, but are they?
VISSCHER: In order for an accelerator section to be of any use in retain-

ing the bunch structure, the number of cells in the section has to be less
than about

y(xy-(x +1)
4&}

where Ay is the difference (mass units) between the synchronous energy
and the beam energy. Thus, for example, in order fo use a 700 MeV
section to retain rf structure in a 600 MeV beam, the section iength
would be limited to 27 cells. (Otl?.)erwise the phase change of the beam
within the seection will exceed 180 .) For an energy difference of 300 MeV,
say, this restriction becomes impossibly stringent. The beam could be
coasted out with a bunched structure by inserting special rf bunchers
between sections, but I don't think the accelerating sections themselves
could be used for this prupose.

N <

ks

WALKINSHAW: Could you give a figure for the growth in iransverse
phase space area (with misalignment errors) relative to the phase space
area of the synchronous particle? That is the increase in the transverse
phase space area when errors are introduced.

VISSCHER: We have not yet made exiensive studies of the iransverse
motions in three dimensions, but from those we have done combined
with gsome extrapolations from the two_ﬁdimensional rung, I would expect
the transverse phase space area of the beam to increase by less than a
factor of two from 200 to 800 MeV with reagonable errors in quad align-
ment and rotation and section tilt.

REFERENCES

1. Informal report, "A Numerical Study of Radial and Phase Stability in
a High-Energy Proton Linear Accelevator," TLos Alamos, 30 April
1964, '
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CONSTANT PHASE VELOCITY ACCELERATION.
SECTIONS IN A PROTON LINACH*

~J. Parain
Centre D'BEtudes Nucieaires De Saclay

TPor an accelerator with corgiant phase velocity acceleration
sections, it is not pessible to define a synchronous particle, One can
however define a reference particle such that the motion of all partmles
might be related to this reference particle (1).

1 - Motion in one acceleration section

The equations of the motien in cone acceleration section are:

"
js e & sind

ag 2w (1 _l__,>
ds A B EIQr

where s is the direction of the motion, E the energy, & the electric
field, €@ the phase with respect to the accelerating field, A the wave-
length, B the relative velocity and [ _ the phase velocity of the
accelerating field in the section, : '

By writing E - E. = A E, the hamiltonian of the motion may be
written
LR . Eo” 2 4 e £ cond
= Y [Ez S 2J 3/2 AR e Ccos
r 8]

H, is the resi energy of the particle.

ade

* This work was staried at the CERN,
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A new variable energjz may be defined by:

1/2

il

W E Ay with A, = 2 7

¢ o EenEe gt oyl

LY

The trajectories in the (W, ¢ ) space will be the curves having for
equation

e
| PR 1 48
Q (1 -k2sin2 8 j1/2
o ,
m()
: : 8in _i?
with L9 = 2 mé 1/2 K2 = [WY2 ., gin® .—c—g sin® = 2
° Fo 3 3 2 2"’ k
}\ e ﬁr r

This equation may be solved by introducing the F{(ot, k) elliptic integral of first
kind, If #=8, 1., one gets

b=t | F (et 0-F (o, W]

2 - The reference particle

The reference particle has for velocity the phase velocity in the
middle of the section. At the beginning of the section, the initial conditions
for this reference particle are ( @ oy - W.,.}, the final conditions will be
( Py + Wp). W will then increase by 2 Wy, . From W, & diagram,
two points may have this property, one of them will be stable, ihe other one
unsiable, '
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The phase of the reference particle is variable all the way through
the section; in the middle of the section, the phase will have itg maximum

value @ o,

with sin ¢m - [sinz P i QWE )2 } 1/2.;
2

2

(o]

One can compute the length of the acceleration section corresponding
to the motion of the reference particle,

6 =2 [rF (_‘;r\,kr)-F(mr,kr)j

Figure No. 1 gives the curve @ = ct in the { W, ) space, If the length
of the section is small, the phase does not vary much, and the motion will
bhe the'same as in an accelerator with a synchronous particle, P, o q’DS .

3_~ Efficiency

For the reference particle, the energy increased in a section will
be

If 1, is the length of the section, and € the eiectric field, the
efficiency of the section may be writien as

2 _4OF
S
7 1
Using reduced variables N = _2We

9



I €-=60°, W.=-0.5, ¢$=1.10
T ¢:60°, W.=-09, ¢=1.68

Stability Limit
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Figure No. 2 gives the curves 7 = ¢t in the (W, @ ) space.
For each value of 0 , a maximum value of efficiency may be found
such that :

= 2 (Wpmax

= 20 X

Ki max

for smaller values of §, Mmax = 1, for @ = 2, Mmax = 0,99
but %, decreases rapidly for § » 2 .

4 - Motion of a particie around the reference particle

Let us now consider s particle with initial conditions { @ 1. Wql.
Sinee this particle will travel the same length in the linac, one may eompute
the conditions at the end of the section,

F (efg, ¥ = 2P (7w ., k- Fldy, k) -¢

2
P,
i , 5 P
with sin et; - gin 2 and k4 _ siné I ( Wi_) 2
k 2 2

T'his expressgion gives Q@g and Wy , that is the position of the particle
at the end of the section. When entering the next acceleration section,
the particle has the same phage, but the phase velocity of the new gection
is different, so that

(@1} i+ 1 = (sz) j and (Wy) i+ 1 = (V\?g) ] - ZWI‘ o
The j indices are for the conditions in the gection, In a!l of this, no
1

J
consideration has been given {o the adiabatic evoluiion.

5 - Stability Area

If one compuies the position of one particle at the end of each seciion
by usging the relation in Section 4, one can find that the consecutive

positions of the particle are plotied on a curve in the (W, CP ) space.



306

Efficiency

!

Fig.2

| Bucket Area

S =16 (Stalienary Bucket)

maa

Fig. 3



307

For a-small 0, one finds the curve of limit stability that is well
known for an accelerator with synchronous particle, For greater 0, but
f still smaller than two, the curves have the same shape, the limit
stability curves siill go through the unstable point, Figure No. 1 shows
the stability area for two values of @,

For § greater than two, that is for a number of synchrotron
oscillations per section ¥ = ¢/2 v of the order of 0, 8 the motion
is more complicated. For small amplitudes, the consecutive pogitions
of the particle do not shape an ellipse centered on the stable peint anymore,
For larger 'amplitu_des, the particle may become unstable after a few runs
around the stable point. This case has not been thoroughly studied, since
it is out of the limits of application,

The curves in Figure No. 3 give the surface of the limit stability
curves versus ¢ for different values of @r, For @ smalier than two,
it can be seen that the surface is the same as in zccelerator with a
synchronous particle the phase of which being such that 7 = sin P,
For @ greater than two, the surfaces are smailer than it could be found
from this approximation,

6 - Application

We shall now study a 200 MeV beam in a proton linse. For parameters
defined in reference (2) that is £ =2%100 %/m, X =0.75m and an
acceleration section length of 8 m, one finds §# = 1, 4, One still has to
make choice of a reference phase such that a1l the particles might be
contained inside the stability area. The 200 MeV beam has, in the
{ AE, ¢ ) phase space,an area of 75, 6¥103 V. vrd, In order to get a
simpler image, one might admit that the adapied beam is a circle in
the (W, q?) space, in that cose

AP- Ag g{ﬁ;g__é\g:}?&): . Hence AW = g 1pq

The Figure No, 1 gives the cross section of the heam. For @I_ = 609,
the stability limit area is still 10 times greater than the beam area. This
might be necessary to take care of phase and amplitude errors of electric
field. The value of § decreases for increasing ensrgies, it is then possible
either 1o keep constant the length of the section and to increage the
efficiency or to increase the section length by increasing the number of
identical sections; for example, The following table gives the length I, and
its corresponding value of 0, as a fuoction of energy,
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Energy L

BeV m 1)
0.2 B 1.42
0.4 6 0. 80
0.4 12 1,60
1.0 12 0.66
1.0 24 1,32
2.0 24 0.863
2,0 48 1.25
3.0 48 0,78

These lengths stillfit the quadrupcle doublet radial focusing require-
ments. One might think of starting with a 50 MeV beam and 3 m long
sections, & being 2 108 V/mand & = 1.5m, ¢ would then still be

=1, 5.

7 - Conclusion

It ig possible to use constant phage velocity scceleration sections in
o linac if the number of synchrotron oscillations per section is smaller than
0.3. With this condition, it is possible fo obtain a large enough area of
stability and an efficiency of about 0. 9 for & proton linac of energy between
200 MeV and 3 BeV.

References

(1) SMITH,I.. - Stepped phase velocity linacs
Conference on linear acceleraters for high energies.
Brookhaven August 1962

(2) SHERSBY-HARVIE,R.B.R. - Tentative proposal for a 3 Gev Linac
injector - CERN AR/Int. SG/63-18 - 24th October 1963
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FOCUSING OF AN ALVAREZ LINAC BY USE-CF MAGNETIC
QUADRUPOLES ORIENTED AT 45°

D, T, Tran
CBF - Compagnie générale de télégraphié Sans Fil
Cenire De Physique Electronique Et Corpusculaire
Domaine de Corbeville ORSAY (S. &, 0.)

(Presented by M. G.. Guilbaud) .

Introduction

Strong focusing as used currently in Proton Linacs is made by quadru-
poles in the N.S.N. S, or N, N, &, S.farrangement,

According to some authors (1}, (2), {3}, the acceptance of the system
can be increased if the axig of the successive guadrupoles are oriented
some angle, different from 90°, We have tried to analyze the situstion
when successive quadrupoles are at a 489 angle one from next,

We have taken the quadrupoles to be thin lenses, and assumed that
the "rf". defocusing is also that of a cylindricel thin lens, located at the
middle of the gap.

oiability

Fig. 1 shows the equivalent mesh, starting at the middle of an R, F,
gap. dand 2g are the respective convergence and divergence of the quadry-
poles and rf, gap, R represents the rotation of the lens,

{1) Krienen, . CERN - SC. 57-28 (195%).
(2)  Morpurge, M. CERN - 5C. 141 Bis (1957).

{3) Septier, A, Advances in Elecironics and Electron Physics,
Academic Presgs - Vol, XIV - 1951,
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The trangfer mairix of vector

(1) Vo= |y

ig, for a diverging lens,

2 (2) [d]

1
il
e
[y
| IS
—
-}
—_d

where

1 0

(3% D =4 - du , where ~w?= [1]
0 -1

For an accelerating gap:

N -==—=1' - e
1 0 0 0 [1] [0]
0 1 0 0

o fe] -
2g 0 1 0 2G [1]
0 +2 0 1
e 8 -

where

G

e [1]

gince the rf . is defocusing both in the x and y directions.
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The zero field gap is represented by

1 0 A
0 1 0
ERO R D
0 0 0
where
g 0
( 6) L =
o R

1

o)

if half a cell length is taken as the unit length,

The rotation comes to:

" cos& ginet

_ -sinag coset
(" R =
0 0
0 0

in our case

(8 R =

0
0
cos sin o
-ginot CoBCL
0 0
0 0
1 1
-1 1
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we write this

Vi o]

———

L

&
B

_
=4
3

I}

-
‘,—V‘_\
: -
—
S

(;ll) J =(ﬁ}2 =<.0 1) andﬁ2==<1 0> = - [1]

-1 0 0 1

IT AY and A" are the iransfer mairices of the mesh halves, the

. matrix is

A = Ane At

where

"o o e 0o WGl
VAR CIAVIEI NN EY N FY R Y
( o] /7 )([0} [_,]) ( a [{{)

A' ig ebtained from A’ by changing the sign of d.

(12}

This notation allows us to multiply 4 x 4 matrices ag if they were
2x2,



(13)

{14)

(15)

(16)

(17

314

Let us note also that since matrices ,\/:I- , [1] and G are
commutative, we can write,

A!
A
So,
A {09

If

<i

(90°)

Al (00)L o‘\/j',
A (@ /0 A0 = /0.

(90°)

1

(az-b2+08)[1] ZC(a[l] + bw )

ZB(aEI]—bTr) (a2=b2+c:8) [1]

|
(224+¢3) T -b° [1] ~abw +abwTic(2a T +blw tw 3))
{
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4+8g-2d2-2g4°

a2 -bZ+cd 2 ¢ {a + b) 0 0
2 8 (a - b) a? - b2+ ¢S 0 0
(18)
0 0 a2 -2 1 cd 2 ¢ (a - b)
0 0 28(a+b) a2~b2+03
a (909 -
- b (a + b) bc afat+h)+c8 ¢ (2a + b)
- 81 +b(a-b) 8 (2a - b) ala-b)+cd
(19)
- (a {a-b) + ¢ ) - ¢ {2a - b) b{a - b) -be
- 8(2a+b) - [a(a%-b)%—cg] Sh ~ b {a + b)
where
(& - 1+8g-2d2+8g2-4a2g- 24242
b = 2d(g+ 1)
(20} 3

4g+12g2H2d2—'6gd2+8g3=3g2d2=-2g3d2,
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In the classical focusing arrangement, X and y motions are
uncoupled, and have the same trace:

(20 big)  Tx=Ty=2(a?-b2+c B )"
And the stability condition is:
(21) |22-6H -1] < 1
Tn our case, the characteristic equation is:
(22) A(ri- Q(9o®) =0
And this gives
(23) M rap? (A8 en) +[4(2 a2 - p2)2-16a + 2] x2+1=0,

It is a 4th degree reciprocal equation, the roots of which are iwo
inverse groups:

(24) YRS A, Xy

3 2 E]

If we write:

(25) A, = ei‘u”l

we get

1)

~ b2+ 2 Ja2(1+b2“a2)

cptog o/ a2(1+p?-a?

Cos pq
{26)

Cos m2
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The stability conditiong write then:

1-5n > 0
(27)
1+b2-22. 5

422 (1+p2 - 4,2 < (1 - p2y2

Relations (21) and (27) allow to draw the curves of fig. 2. The
stability region of classical case is between curves 1 and 2, whereag
for our case, it is between 1 and 4, T+ is much narrower,

From the point of view of stability, our arrangement is dig-
advantageous.

Acceptance

Let us consider the case when the four eigen-values Ay are
different (in the clagsieal casge, they mske two identical couples),

Let
X3
(28) Vi = [ xy
Yy
vy

be the ith eigen-vector,

A trajectory can he expressed as

X
o
(29) v o= x! = Zﬁi Vi i=1,2,3,4
1
¥y
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when A; depend only on the initial conditions:

(30)

where

(31}

ﬂ

4

-~

. W 2 - wo
Al - (Xy ) .Az - .A.l -
W (1;2)
A - W (X:Ys4:) A _ A* _
3 -—— 4 3
W (3;4)
X X y Yi
W {xy;1} = + t \
x! Xll yl Yl
X5 X] Yi Yj
WEj) = \ + ‘
I 1
Xi Xj Y'Y Y'j

are the clagsical Wronskians, and

(32)

S

this yields

(33)

¥,

1

X

LY

0

0 -1 0 0

1 0 0 0

W {xy:1)
W (1;2)

W (xy;3)

W (3:4)
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IXE Max )

(34)

IYE max
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2 Max ( X [xq] + |A3HX3,)

2Max( A [ ¥1] + [As | |Y3|)

The eigen-values X; and Y, are determined as follows: let
X1, X9, X3, X4, and yq , Y2+ Y3 . ¥4 be four different particular
solutions, which can be determined from adequate initig] conditions
and by using the matrix of mesh { (aj5) . '

We can write:

(35)

Y'i

Which yields, if

%10

x'10

710

Y'10

X990 = @ %30 = ¢ £40 = 0

x'90 = 1 X'30 = 0 %40 =

¥20 = ¢ Y30 =1 Y40 = 0

Y20 = g ¥'30 = ¢ Y'40 = 1
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and since

'_I
I
-
I,

out in

four homogeneous equations:

i1
(36) Oz - Al T | =0 171,234

‘This gives the characierisiic equation (23) and coefficients 35 .
So, from {34), we can determine the maximum amplitude of a traje ctory
corregponding o given initial conditions. Inversely, gince the preblem is
linesr, ons can determine,at each point of the megh, the bounding suriace
of initial conditions which vields irajectories which do noi deviate from the
axig by more than the hole radius. The volume hounded by this hyper-
surface i8 the syslem accepiance. According to Liouville's theorem, this
velume deforms buiisofa conatant value. As the motion is Hamiltonian,
and, due to the symmetry of the system, this volume is an hyperellipsoid.

Resulis

We shall consider points A, B, ¢, and D on fig. 2. A, B, Care
stable hoth in the classical arrangement and in our arrangement, D is sta-
ble only in the classical one. [ is cloge to the line of maximom sccepiance
of the classical system, A is close fo the line of maximum acceptance of ours.

"o make the comparison, we have drawn the intersection of the hyper-
volume with the phase planes { x, ¥’ )y and (v, y'). These are sliipses
{fig. 3, 4, 8, 6, T, 8), the area of which is the acceptance of the system in

szid phaee plave. We have chossn that the particles do not deviate from the
exig by more than 10 mm,
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From (19), one obtains, for the classical case:

cos = 2 (a2 - h2) -

B=2c(a+b) = c (a -+ b)
Sin v/ (a2 - b2) [1 -{a2~b2)]

Since we have chosen that the mesh starts where B is maximum,

-
_ 2 ‘ﬁ‘ag ,\/(32 - b?) 1 - ({ad - p2 21

2
Ag= T
L I.c(a+ b
BT

In the table, we compare resuits obtained, by use of an TRM 7080
computer of Saclay, for a classical arrangement Ac,and the helicoidal
arrangement Ay,

Table I(*)

Point A Point B Foint C Paint D
Energie: 3,5 MeV Energie; 0, 9 MeV Energie: 0, 750 MeV HFnergie: 2 MeV
I=0,1750 d =0, 2250 d =0, 2750 d =0, 2880
g=0,0125 g =10,0250 g=0,0375 g=10,0175

A= 59710 8rag m Ac = 389,47 10 8raqa m Ao =46, 5% 107 6rag m Ag =140 w107 6rag m

A = 350 1076rad m Ay = 877 107 6pad m Ap = 729 10 6paq m

(*). These results correspond to an electric field of 1, 75 MV/m, and s synchronous phase
of - 309,
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To make a betier comparison, we should evaluate, in both cases, the
volume of the hyperellipsoiéi, In the classical case, where the x and y
motions are uncoupled, it is equal to the product of the acceptances in the
two principal planes (x, %' ) and ( y, y' ), whereas in the case of any
orthogonal sections, this volume is the upper limit of the products of the
acceptances for any two planes. This means that the acceptances listed
in Table I are lower than the acceptance of the system.

Conclusion

Tt can be seen that the proposed system leads to an acceptance gain of
2, 4 for a quadrupole strength reduced by 1, 6. fig, 2,

If one were to operate at the same points of the diagram in the two
cagses, the acceptance gain would be 6 at point A, 2,2 at point B and 1, 55 at
point C. This could be expected since A, B and C are relatively closer io the
stability limit in the clas gifical arrangement than in the helicoidal one.

The disadvantage of the proposed helicoidal system is the reduced
gtability region., To make a thorough evaluation, account ghould be taken of
the phase oscillations. Fig. 2 shows & rough evaluation of the effect of
these phase oscillations. It is smaller for higher energies.

BLEWETT: It seemed to me that this 45° rotation is just a step in the
direction of a continuous rotation which could be solvable analytically.
Have you looked at that?

GUILBAUD: We have locked; we have wondered about taking other angles
and we were afraid of the complication of i, but there might be a con-
tinpous analytical formulation of the problem.

SYMON: Kerst has looked at something like this where you have a con-
tinuous twist in connection with the design of a probe for plasmas. One
interesting thing, if you have continuous twigt, is that you no longer have
aliernating gradient equations but you can transform to a twigting co-
ordinate system and reduce the equations to equations with constant co-
efficients.

GUILBAUD: Thal's interesting; has that work been published?
SYWMON: I don't think so as yet, but it probably will be.

WALKINSHAW: John Bell did a similar transformation many years ago.
That was published. It had exactly the same equations.
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TENG: When you compare the acceplances, are you comparing the
acceptances for the claggical ctase and this case at the same point?

GUILBAUD: Yes, at the entrance,

TENG: The point A, for instance, is rather cloge to the edge of the
stability band for the clasgical case. I am wondering if you move the
point A to the middle of the clasgical Stability band, how will they
compare ? . '

LAPOSTOLLE: You cannot go into the middle of the classical band
‘because here it ig unstable.

TENG: It's unstable for thig cage but not for the classical cage,

GUILBAUD: No, ihe acceptance was computed in both cases for the
same point. But on Fig. 7 we can compare points A and D. D ig in
the middle of the clagsical case, and then for 2 MeV the acceptance wag
140 7 107° radian meters, and A for 3.5 MeV was 29 in the classical
case. Now in our case, it was 350, go you see it ig still better than D,
but only by a factor of 2. 2 but for weaker quadrupole strengths,

LAPOSTOLLE: Well, I might add something. 1 think that all thege
figures of acceptance are lower values in fact, since the product of
any iwo normal cross sections is always lower than the hypervolume,

GLUCKSTERN: Is the classical cage to which you compared a north-
. 8outh north-south or a north-norith south-gouth ?

GUILBAUD: North-north south-gouth,

LAPOSTOLLE: Let me gay that in priusciple, what you gain in acceptance,
you may have to pay for by tighter tolerances.
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APPLICATION OF CALCULATED FIELDS TO THE
STUDY OF PARTICLE DYNAMICS

D. A, Swenson
Midwestern Universities Research Association

We have used a computer program by the name of PARMILA to
study certain aspects of the phase and radial motion of particles in linear
accelerators. Until recently, we have used expressions for the transit
time factor and the radial impulse at the gap, which were derived from
the simplest approximation of the field in the gap, that is, a field which
is uniform across the geometrical length of the gap, and zero in the drift
tube bore.

We have a great deal of information available to us on the aciual
distribution of fields in the entire linac cell in the form of output from
our MESSYMESH program. It is possible to reduce these calculated field
disiributions to a few coefficients which reflect more precisély the effect
of these fields on the particle motion.

1 should say that this work was done primarily by Fred Mills and
Don Young at a time when 1 was absent from the laboratory. More recently,
i have gone over this work, and I have incorporated it into the PARMILA
program. '

Let =§ (r,=, 1) be the electric field vecior at radius r, longitudinal
position z, and time t. The fields through which the pariicles travel,
that is the fields near the axig of the linac, can be expressed in terms of
the axial component of the electric field on the axis, £ (0, z, 1), At this
point we take the time dependence to be ginusoidal and we define E, {(z)
so that -

%(O,z,t) = E, (z) cos (wt + @) .

It is instructive to compare the actual field distribution B/ {z} with
the simple uniform distributions of field. Figures 1, 2, 3, and 4 facilitate
thig comparison for {ypical linac geometries at 50, 100, 150, and 200
MeV. Both curves in each figure are scaled so that

1.
%, f B, {z) dz is unity.
o
Maxwell's equation, in gaussian units, for cylindrical coordinates
in a charge-free space, with the further regtriction that By = B, = E9 =0,
yield the following set of nontrivial equalions.
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dE, O , 984
0z r C gt
Or
1.9 2
. an (r B,) + 5 0 (2)
0B 0E X
e 1 (3)
gz ¢ gt
r ar  © Ot )

We now assume that we know the fields on the axis of the linac
[:i. e., &‘z (0, =z, 1:)] , and we attempt to get a satisfactory expression for
the fields off the axis in terms of é"z {0,z,t). We employ an iterative
procedure to get the nth opder field in terms of the n - 151 order solu-
tion. This procedure yields the following expressions for 82 {r,z,1t),
£.(r,z,t) and By (r,z,t). '

- 2 2 0
£ (r,z,t) = & (0,z,1) - r” @ £, (0,2z,1)
7. pA 4 @Zz

2
a1 a% £ (0,z,t) ) 5)
c2 _ @tz
+ terms in r4 and higher
i a% (0,7,1)
E_J(‘ (1"‘, Z, t) = - § aZ +
RS #E, 0,20 3 2§D 6
16 dz dzz 02 @tz
+ terms in r5 and higher
. @ & (0,2,%)
B sz, 1) = -
R gt
3 s [(0%€, 020 L % g o)
- —— : - : {7}
16 c 0t 652 CZ 61:2

+ terms in r2 and higher .
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We now proceed to use these field
the radial impulse imparted to a
cell,

8 10 evaluate the energy gain and
particle on traversing a particular linac

The energy gain AR is

AE = &£ as - f(e‘;zdz+£;dr)
path path o

which can be written, with the fields above, as

L2 9% &, (0,2,1)
AL = & 0,z,1) dz - — f - -
z 4 oz .
L P E 020 dE (0,21
L - dz_fg 2 ar (®)
¢ at 0z

Before evaluating thege integrals,
: define the cavity length L and the avera

f dz = 1,
cell

we make a few definitions. We
ge axial electric field E, by

and

fEZ(z)dz = E, L,

We define the origin of z by requiring

fEZ(z)Sinzrz dz = 0,

We define the transii time T by the relation

L2 W= B .
fEZ (z) cos [ dz = E, I, T
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and we define an. S factor by

2T
szZ(z)sin LZ dz = EOL2S.

I will outline the evaluation of the first integral on the right-hand
side of Eq. (8) to illuminate the meaning of the terms ¢t and. S.

-[E%(O,z,t) dz = fEZ (z) cos (wt + @) dz

where t = %—_ . Let %T = V—l (1 +ot), where V_ is the velocity of the
synchronous particle. Nosting that wt = Z‘-%Z—(l +04), we write

f&z {0,z,tydz = fEZ (z)cos(zfz+®+&%—z-g)dz

- fEZ (z) [COS (Z?Z_chos.mmsin(Z WZ+¢)sm2-ﬁ'Z@‘]dz

L L L 1
= fEZ (z)[(co.‘s2 TZ cos @ - sin Z gin @) -
2T zet 27 g 2wz ]
- _‘“‘"“”L {sin [ cos ¢ + cos [ sin @ | d=z
T ;
where we have let cos 2T K 1 and sin 2Tz 2Tz
L L L

For a symmeiric gap where E, (z) is an even function of z, iwo of the
four terms in the latter expression integrate to zero, and we are left with

f&z (0,z,t)dz = E5 L (T - 27 = S) cos @ .

The factor (T - 2% ¢ S) can be interpreted as a trangit fime factor for
particles whose velocity is different from the synchronous velocity (i.e.,
for of # 0).

When we evaluate the other two infegrals on the right-hand side of
Bq. (8), the expression for the energy gain for one linac cell is
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2 3
AE=EL{(1+ LAY )(T-=2'r7‘<><.S)cos[ﬁ~
e} Azﬁzxz
rg: Tsin@)}. (9)

To evaluate the radial impulse imparted to the particle on Crossing
a gap, we write

— v Be
Apr=f |F.] at = e (& - %) g (10)
path path r .

Using the expression for the fields given in Eqgs. {6) and (7), and eliminat-
ing third and higher orders in the variable r, we find the expression for
Ar' to be '

o EOL
Ar' - 77'2-—-—- T rein (T - 27 g) (11)
me ek By
P
where Ar! = L .
moCB?f

It is of interegt now to compared the factor T, - 27 & S, with the
transit time function for a uniform field distribution, The analytic ex-

w1, (57)
sin—g% I0 EL

s
Tu ) 7 I H_Z_:‘TE_LE._ ’
Br 0y L
can be expressed ac
2 Wy
(Ty - 2 7S T ( o ) (12)
5

where
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. TG
sl —1—
N 1
Tu T G 1 2 T a
= )
and
] 7
B 1 sin 1, e
Su = 2 9T a __‘71_(‘__} = C08 L
[S]

and ot has the same meaning as above.

First of all, we note that the radial dependence of Ed. {12} is the
same as that of the first term in Eg. (9). Secondly, it is of interest to
compare the T, and Sy obtained from the actual field distribution with
the T, and Sy derived from the uniform field digtribution. A com-
parigon is given in ihe Table I for some typical linac gecomeiries ranging
in energy from 2 to 200 MeV.

TABLE I

MESSYMESH Energy 1L G A T, Sy Ty 3y
Run Number (MeV) cm  cm o em

25003 2.16 10 2.5 1 0.7354 0.0727 0.8198 0. 0280
30243 18. 21 29 10 1 0.7726 0.0663 0,8066 0. 05486
30421 49, 80 47 16 1.5 0.7775 0.0655 0.8126 0.05356
30428 97,173 64 25 1.5 0.7101 0.0839 0.7641 0.0682
30430 148,09 76 33 2 0.6262 0.1055 0.7139 0.0811
30452 195,41 84 39 2 0 0.6786 0,0802

.5638 0.1183 -

From the Table I, one can see that the T, ig from 5 to 16% lower
than Ty, and that S, is 20 to 30% higher than 5, with e_xcep_tion of the
9 MeV results in which 5, is 150% higher than S;. The actual field dig-
tributions, shown in Figs. 1 through 4, were obtained from the lasi four
MESSYMESH runs presented in Table 1.

1 have made some exploratory runs to determine the transverse
acceptance and the phase acceptance for an eight-tank 200 MeV linac. A
brief description of the linac is given in Table IL. 1t is described in more
detail in MURA Technical Note 472 by Young and Austin. The results of
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thesge investigations, which I think are self-explanatory, are shown in
Figs. 5, 6, T, and 8.

TABLE II
Tank No. 1 2 3 4 _ 3) 6 7 3
Energy (MeV) 15 46 75 102 128 153 177 200
F, (MeV /m) 2.0 2.8 2.8 2,7 2.6 2.5 2,4 2.3
Length (m) 9.4 14.8 14.4 15.4 16.3 17.1 17.6 i8.5
Power Actual 2.2hH 4.95 4,92 4.82 4. 96 4. 96 4,95 4,79
(MW)
Total Length 123.5m
Total Power 36.6 MW

WALKINSHAW: If you ignore the change in velocity of the particle acrogs
a gap and do the analysig as you have done, then you can show that the cqr-
rect formula is E, L times ihat next term in the brackets I of some
factor of r, then the transit time factor and then cos ¢ . 1 don'tunder-
stand where the term in & 4 comes in unlegs you are agsuming that the
particle velocity was changing as it crossed the gap.

SWENSON: The factor (T - 2 7 ¢ S) is effectively a transit time factor
for particles of energy T near the synchronous energy Es" T ig the
transit time factor for the synchronous particle. 'The parameter o ig
defined in the text, but is a function of (B - Eg). et ig zero for E = Eg.

MILLS: Let me make some comments about this work. Abpout four years
ago when we became interested in linacs we began Jooking mostly for
means for computational gtudies. Our stariing point was the report by
Panofsky published in 1953. Vou can see that these formulae are ex=
tensions of those in his report.

WALKINSHAW: There is in fact & paradox in some of his formulas.

MILILS: Your specific question about the second term can be answered
the following way: In Panofsky's work, only the part of the fields that

are traveling with the particle are included. This work includes all the
other harmonics in the gap also. About two years ago, Phil Morion began
his more complete treatment of the problem which many of you have scen.

WALKINSHAW: 1 think you will f#ind that Panofsky now would accept that
thig formula is wrong.
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MILLS: I am not sure which one you mean.

WALKINSHAW: Well, I think that in calculating his transit time factor
he put in a term which was dependent on the velocity. This is probably
all right when you consider one gap, but when you change this into a dif-
ferential equation, and consider the phase osgcillations of the particle,
you find that the phase damping is different from that in a harmonic
traveling wave case. This is very curious because you are saying that
the harmonic terms are cém_sing some kind of exira phase damping. We
wondered once if this was caused by some curious alternating gradient.
Then we carried out the gap approximations, and discovered that there
are indeed other second-order terms which cancel out the first one, and
you come back to the simple approximation.

MILILS: The primary motivation here is the investigation of coupling
between the axial and iransverse motions. This is only intended to be

an expansion in the next leading terms, There is another separate
question which I think is related to what you said and that was the follow-
ing: How adiabatic is the motion? This is a question which was investi-
gated separately by Young and reporied in 1961. Indeed the phase motion
is not adiabatic in the low energy part of the linac,

WALKINSHAW; I think that the correct answer is the one that you get
when you take the harmonic component only. We are quite sure of this.
We spent a long time on this and corresponded with Panofsky. He agreed
that there was this curious effect., It ig quite complicated., What Panofsky
was doing here was 1o integraie across one gap. You have to change this
into the differential equation. If you do this by matrix techniques keeping
in all higher order terms, including velocity variation, you find the modifica-
tion to all the terms will cancel exactly the term you have on the board.
The explanation that you are tempted to look for is that the higher har-
monics, in some curioug way, are causing some coherent effect on the
linac. This is what started us off; we couldn't really see why this should
be so. 1 think you will find that if you do this properly the harmonic term
will in fact give you as accurate an answer as you want.

MILLS: I believe this is done properly in Morton's thesis. I did check
to gee the nature of the next order ferm and in fact when one totals up all
the harmonics, just those present in this ferm are there.

OHNUMA: What kind of ¥y and do you use? The y and B are changing
continuously across the gap.

SWENSON: We neglect the change of velocity across the gap and use for
¥ and B some sort of mean value,
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OINUMA: Another question. As I mentioned when I talked, this kind of
effect or this kind of calculation might be important when energy is, say,
below 50 MeV., But then I seriously doubt, aside from the academic ques-
tion, in a practical design what the real imporiance of this kind of calcula-
tion would be. This is a poini which is not completely clear, because
there are all kinds of factors coming into the beam dynamics. Unless the
effect is very serious, I do not see the particular importance in an exact
point-by-point integration.

'GLUCKSTERN: With regard to the point that Bill Walkinghaw made, I
think there is another motivation for trying 1o include some velocity
dependence in the formula. I agree with you in what you say in that, if
_ the particle is trapped, then the only thing that can matter is the wave
"'component which is traveling with the velocity of the particle. But an

. additional guantity of interest, if particles escape longitudinally, is the
" place where they sirike the bore or the irises and cause radioactivity.
To answer this question, I think one has to worry about the other wave
components., If a particle escapes from a fish, if it is near the border,
it will act as if it is stable for quite a way. And not until it gets far
enough away so that all the waves average io zero can you take it as not
having a change in energy.

WALKINSHAW: Well, I think if you truly analyze vour performance, the
higher order harmonics are iraveling ai such a vagily different phase
velocity from the particle itself that the effect averages very quickly.

GLUCKSTERN: That is as long as the particle is traveling with the bunch.

WALKINSHAW: Oh, I see. You are saying you may irap them in some
of the others.

GLUCKSTERN: No, I was referring to the fundamental wave component
only, but for a particle fraveling with almost the right velocity. When a
particle-escapes from a bucket, until it gets to a position where it does not
oscillate very much, I think that the effects of the other waves will have

to be taken into account.

WALKINSHAW: (Continuation of earlier discussion.} This paradox is a
very interesiing and amusing one really, because when we saw that the
phase damping is different from the harmonic traveling wave case, we
started to look for a physical explanation, and you can find one. The
reason is this: if you look at the energy gained going across the gap, it
will depend on the time it takes across the gap. Now if the particle is
making phase oscillations, this means that ii is taking different times
during its phase oscillation. Part of the time it ig going faster across
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the gap, in which case it gains more energy, and then when it spins
through half its oscillation, it gains legs and you feel that you have
some kind of integrated effect that could cause an increage in the rate
of damping. Now that appears to be an explanation, but is the wrong
explanation. '

SYMON: I do not understand how two different approximations can give
two different rates of damping because you can calculate the damping
independently of any approximation just from the fact that the area on an
energy time plot is rigorously constant independent of any approximations.
That means that if the formula gives you a value which disagrees with
that, it must be incorrect.

WALKINSHAW: I agree. That is where we started. We got two different
rates of damping according to two approximations and then we iried fo
find out which one is correct and we decided it was the harmonic traveling
wave approximation. '

SYMON: But you can decide which one is correct by which one gives you
the correct area in the end?

WALKINSHAW: Yes, duite so.

FEATHERSTONE: Regarding Dr. Ohnuma's question as to the value of
this sort of calculation, I am sort of on the outside here, but looking at
the figures over there, for AR, the difference between the flat and
actual case amounts to more than 10%, which for the pergon who has to
run these things means more than 20% in rf power. I think this is quite
significant.

SWENSON: I believe Dr. Ohnuma questioned the significance of the
velocity dependent term rather than the term which gives 10% effect
which you mentioned. That really results from a better calculation of
the transit time factor based on the actual fields in the gap.
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BEAM DYNAMICS CALCULATIONS FOR
ALVAREZ-TYPE LINEAR ACCELERATORS*

Marvin Rich - o
Los Alamos Scientific Laboratory, University of California
Los Alamos, New Mexico

I. Introduction

Detailed beam dynamics studies for Alvarez-type linecar accelerators
have generally been done on high speed computers using impulse-type ap-~
proximations to simulate the particle acceleration within a gap or direct
humerical integrations of the equations of motion. In this summary we
would like to describe a procedure for studying such beam dynamics which
retains most of the accuracy of the numerical integration without an exces-
sive loss of computational speed as compared to the impulse approxima-
tion method. In addition, the resgulis of some calculations for the proposed
LASL meson factory will be presented.

Briefly, the procedure which has been used consists of assuming
that the axial electric field within a gap between drift tubes is spatially
constant and zero within the drift tubes. {A more general axial field
could be used but with added complications.) This is as opposed to the
more usual procedure of using the principal harmonic of the axial field
within the gap. Using Maxwell's equations and the axial field form, the
off-axis electric and magnetic fields can be obtained as a power series in
the radial coordinate, r. This has been done through terms in r?. In
addition, one obtains radial and longitudinal impulsive terms which a par-
ticle will experience on entering or leaving a gap. Using the electro-
magnetic fields obtained in this way, an approximate solution to the rela-
tivistic equations of motion for a particle within a gap has been con-
structed. The impulses at the extremities of the gap are, of course,
easily treated,

Comparisons of accelerator calculations uging the approximate
solutions mentioned above and an accurate numerical integration of the
particle equations of motion have been made. Agreement to about four
significant figures in energy and phase {absolute phase, not phase rela-
tive to the accelerator design particle) was found afier passage of par-
ticles through 250 gaps. Similar comparigsons using an impulse approxi-
mation treatment with the same accelerator design were noticeably
poorer, particularly with respect to the final phase.

*Work performed under the auspices of the U. §. Atomic Energy
Commission.
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1I. Method of Calculation

Only an outline of the computational procedure will be given. This
may be divided into three parts:

(a) ihe form for the electromagnetic fields within a gap;
(b) the approximate solution of the particle equations of motion;

(¢} the beam dynarnics code.

A. The Gap Fields

For the purpose of the calculation it is assumed that the z-com-
ponent of the electric field has the following spatial form on the axis,
r=0:

E, (0,2) = 0 -1L/2 <7 < -gl2
-y () -gl2 Sz $ gl2 )
= 0 gf2 <z £ 1./2

where 1L, is the distance between drift tube centers as llustrated in
Fig. 1 and g is the gap length. The field may be thought of as periodie
with period L and its time dependence is taken ag cos wt.

Using the knowledge of the E, field at r = 0 and Maxwell's equa~
~tions, the off-axig fields in the gap may be obtained as a power series
in r, the first few terms of which give -

-

B, (r,z,t) = EgF (r,z) cos wt
B, (r,z,t) = ~EOG(r,z) cos wt  -g/2 €z $gl2 (2)
Bg (r,z,t) = - Eg Q@ (r,z) sin wt

-

where

F(r,z) = f(z)+~i—rzs<z)

G {r,z) = %r [3(z+g/2)f(z)— a(z=g/2)f(z)+%§_] (3)
13 .dS ()
+16r dz
Q(RZ):%r%f(zH%ﬁ;‘%S(z)

c C
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and
2

S() = - 2t@- o [Bre/nt@ - 3G -g/2)1 )]
C

If the &-functions are treated as slightly smeared S-functions,
representing the fall off of the fields within the drift tube hole, and it ig
assumed that a particle does not change its position or velocity appre-
ciably over the fall~off region, then these terms merely contribute an
impulse to a particle on entering and leaving a gap. The approximate
effect of this impulse is given below in Eq. (7). Neglecting the impulse
producing terms, the fields within a gap are

;EZ = Eof(z) [1 - —i——g}; rz:] cos wi
df (z) | 1 1w’ 3 |
E. = - Eg R [Er-ﬁ?r] Cos wtf - gl2< z<g/2, (4)
2
By = =E0§gf(2)[%r—%€%r3] sinwtd

In the following, f (z) has been taken equal to unity, giving E,_ =0 with-
in the gap. :

B.__Approximate Solution of the Equaiions of Motion

In Cartesian coordinates, the relativistic equations of motion for
a particle moving in an eleciromagnetic field of the sort given in Eqg. (3)
 are

-

ff_l._TE[E ] %
at . T m [®r V3 Bg| T

du 2

Ble

X
. 2
[EI‘ - V3 B@] - L. (5}

_—_ £ + vy %q 4
dt T m [Ez A ESEURSS Y Bg/r}

= uily = v, i=1,2, 3 (8)

where indices 1, 2, and 3 corrvespond to the %, y, and z directions,

5 :
respectively, r = q/xlz txg , and Yy 7 A/l +T2/c? . From Egs. (2),

(3), and (5) i, can be shown that the change in u; due to the impulse
occurring on entering a gap is approximately
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1 1l w 2y A
Au, = - S Byf(-g/2)x (—-——————r) cos wt
Duy = - & 11wl ) £
Ug -r—ﬂEOf(mg/Z)xz 518 uzr IR cos w
: 3
1 A o
Aug = - —Eof(— glz)%(zrzng/us sin wt
1w g WiXiTUpXp oo
+T6—-,-—-=—2— ¥ cos wt
c Us

where the coordinates, u components, and time are those corresponding
to the arrival at the gap. Similar equations with opposite signs apply on
leaving the gap. »

A relatively accurate approximate solution of the equations of mo-
tion across the gap can be obtained by assuming that the components of
velocity may be written in the form

vy (t) = v((}i) + vr(li) t+ f(i) [COS (wt+ \,.bo) - cos 0] 7
. (8)
+ g(l) [si_n (wt +.410) - sin \4/0]

where W . is the phase of the cavity field when the particle enters the
gap and the z-coordinate and time at the beginning of the gap are taken
as z = 0 and t = 0. Equafion (8) is actually part of a more general ansatz
that can be made for the velocity. The coordinates are then approximately

x; (8) = Xél) + [vg) - f(i) cos ¥ 0" g(l) sin ‘JJO ] t
(9)
+£;f(i) [sin {wt + q;o) - gin wo] - -tlju)u g(i) [cos (wt + \!.1_0) - cos QIO],
f the coordinates and velocities given in Fqgs. (8) and (9) are inserted

into Bq. (5) for the u;, using the previously described fields with
£ (z) = 1, the u; can be obtained upon integration. These values of u;

and the relation V]-) =1 /a/1 +&1T2/02 may then be used to identify the co-
efficientis Vgl), f(l
obtains

, and g(i)., When small terms are neglected, one
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vgi) = [ugi) *véi) {_T‘B °Tfl/c:2]/ 3’0 ' i=1, 2,3
f(l, 2) a(l, 2}/ A
(1,2) _ (1,2) = 2
g% = -y, vo-jﬁm/(y’oc)
= by, - v By, B
where
¥ © 1/4/1 -522/62 s and
. 2
2 ;
(i) ep S8 % fr1 1 w? 2y W _1 B () & 8) (k)
“7 Tm T T 5T {(3 Tg‘;@”‘) 0 "8'0 %o ;fgl% o |
(2) 2
(i) _ e v R w2 _
—"“Eo’é%" *0 ("2""15 o2 I’o) t=1 2
: (3) 2
i) _ e M W1 1 o 2
b= m By 3 V0 (“2"“1@“67 ro)
2
(3) sin Vo [ w ) () {1 1 o° 2 (k}z}
a; = =9E0 5 5 Zxo VO —(gmﬁﬁﬂro)z Yo (11}
C k=1 k=1
@ _
2
3) . N 1 w2
b = 2wy o ( -7 2 1‘0)
In the limit of pure phasge motion one hag
Uy = u((]a) +I% Eq “iT [Sin (ewt + \JJO) ~ gin \510]
(3) 1 : ,
vg = VO I%EOW[SIH(WH” lglo)“Sl’ﬂ \!/0] {12)

. 1 . 1
Xg 0 ~-I%Eo—w—=§;(—)381n\b0]L~§~lE0“;~i—; Eos(wt%—wo)—-cosljloj.
0 -
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C. The Beam Dynamics Code

The beam dynamics code which has been written using the above
results is essentially the same as most such codes. However, the
method for specification of the accelerator geomeiry is perhaps some-
what different from what is vsual and should be described. Here, input
values of stable phases and the g/L sequences for each tank are usged to
define an entering and an exiting phase of the'stable particle' in any gap,

say gap n, by

g, @) = Y g, - wig/hy

11

= +
"J,out () wstable “Ti"(g/L)n :
Starting at the end of the (n - 1)th gap with longitudinal velocity v, _ 1
- the length of the (n - 1) drift tube is taken as

n—l/uJ

d_1 ° (L'Uin(n)” Yout @ - 1+ 27 ) v
The length of the nth gap and the velocity v, at the end of this gap are
obtained from Eq. (12), where the time to be used is t = (Y, (n) - \d/ou_t(n))/ w
gince the field was assumed to have phase \,ﬁfin {n) when the particle entered
the gap and phase ¥ . (n} when it left. If € g is the energy gain per-
meter in the tank containing gap n, the constant K, appearing in Eq. {12)
18

DN n) = 2w eO/ [sin \@!OHJE (n) - sin win (n)} .

When the geometry of the accelerator has been determined, par-
ticles with varying initial energy, phase, and off-axis position and velocity
can be carried through the structure using Egs. (8) through (11). The
time required to cross a gap is first obtained by iterating the z = X3~
coordinate equation in the form

(3) : (3) '
ey - {80 G [sin (@ W) - sy | - & feos (Wi + W) - cos Wl }
_ -1
X [VBB) ~ f(S} cos 1!}0 - g(S-) sin yo]

uging an initial guess of £5 = (mpm - \Pout}/ w . It has been found that
two to three iterations are required for four-digit convergence. With
this time interval, the remaining particle parameters are found by sub-
atitution into the remaining equations. Transit through quadrupole
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magnets in drift tube sections is accomplished by the standard linear
approximation.

The code also contains provisions for studying random errors in
tank phase, fank or gap field amplitudes, drift tube and quadrupole mis-
alignment, and quadrupole field magnitude.

II1. Some Preliminary Resulis

Very little has been done as yet with regard to radial motion studies
using the code described above. However, fairly extensive phase motjon
calculations have been made on a number of accelerator designs.  In
these, phase-energy acceptance "fisheg' have been obiained with and with-
out various types and combinations of random alignment and field errors,
and output phase and energy spreads have been examined. A few ex-
amples of these results are given below for a geometry corresponding
to the present design of the LASL meson faciory. A definite statement
about the effect of random errors will not be made since ervor studies for
this geometry with many different sets of random inpuis have not been com-
pleted.

Figure 2 shows a comparison of the phase and energy oscillations
for a sample particle, using a numerical integration of the equations of
motion {upper graph) and using Egs. {12} {lower graph). The oscillatory
solid lines give the phase motion and the dotted lines the energy devia-
tions with respect o the stable particle. In Fig. 3 the acceptance fish
for the degign in Table I is shown {solid line) along with that when a par-
ticular set of random errors, specified in Table i, are introduced {dashed
line}. The effects of certain type errors, ag tank-to-tank phase or field
amplitude errorg, have been found to have a more drastic effect on the
acceptance region than when they are present as gap-to-gap errors. The
remaining figures show the maximum phase and energy oscillation ampli-
tudes of particles leaving the machine as a functior of input phase and
energy with and without the errors of Table 11,
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TABLE I

Specifications of the Drift Tube Portion of the L.ASI, Linear Accelerator

Tank Number 1_ 2 : 3 ' 4 - b
Initial Energy 0.75 10,75 60.35 102.0 141.5
Final Energy 10. 75 60. 35 102.0 141.5 176.5
Stable Phase - 26° - 26° - 26° - 26° - 26°
Energy gain/meter ' '
(MeV/m) 1.11 1.65 1.42 1.28 1. 16
g/L Renge . 2-.3 .19-.33  .35-.42 ,40-.44 .43-.46
Drift Space {meters) 0.30b 0.610 0.610- 0.610
TABLE 11

Maximum Field and Alignment Errors for the Sample Problem

Axial Drift Tube Displacement Error +0.001m
Field Error for Drift Tube Gaps + 2%
Tank Field Error + 2%

Tank Phasgse HEryror + 1°
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Figure 1: Schematic diagram of a drift tube section
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Figure 3: FPhase-energy acceptance region for the accelerator geometry
specified by Table . The solid curve shows the accepiance
when no errors are present and the dashed curve gives the
acceptance for the errors of Table II.
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PERFORMANCE OF THE PS LINAC -

C. S. Taylor
CERN

I.__INTRODUCTION

With the exception of a recent increase of peak current to 75. mA
the machine's characieristics remain much as reported at Dubna. = It
hag, however, revealed an appetite for deuterons.

In these notes we shall mention briefly the minor changes which
have taken place, describe some of the developments in the duoplagma-
tron and short column studies and in ingtrumentation, and conclude with
some of the practical aspects of operation.

I.__PREINJECTOR

1. RT Jon Source

Reductions in the height of the cathode protection brought increases
in the source output current, with more than 300 mA observed in the
- laboratory. Further reductions however produced instability. A normal
working current is 220 mA.

A miniature Faraday cup was used to scan the beam 30 mm from
the source outlet and indicated a roughly iriangular current density dis-

tribution.

2. Focusing and Beam Transport

The maximum current observed till now at the earth end of the
column was 220 mA, but only 140 mA reached the input of the first tank.

The emittance 'blow-up'’ factor of 2 to 3 in the lens and column is
largely responsible for this loss, and is believed to be due in part to a
time dependence. Recently we rearranged the column elecirodes for
greater acceleration at the source end with the object of reducing the lens
strength required and hence of increasing the minimum particle velocity
in the lens. This only reduced the 500 keV emittance by 10% for the same
current. ' :

It is believed that aperture limitation in the first triplet also con-
tributes to the beam logs, and so the triplet diameter will shortly be in-
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creased from 40 to 50 mm. The increase in peak current to 756 mA fol-
lowed the widening of the second triplet aperture from 40 to 50 mm and
the buncher aperture from 30 to 40 mm.

3. High Tensgion

New conirel circuits were installed towards the end of last year to
permit:

{i) Automaiic formation of the coiumn, 0-500 KV in 3 hours;
advisable after extended work on the column at atmospheric
pressure.

(i1) Manual formation to 250 ¥V and auvtomatic to 500 kV in
2 hours.

(i1i) Fast automatic voltage rise 0-500 kV in 3 minutes.
Other items of interest are:

{a) An automatic restart circuit, which tries {wice to reapply
full H. T. after breakdowns and then shuts down the H. T.
set. The breakdown rate averaged over 2-week runs varies
between 1 and 3 per day.

(b} A multi-channel pen recorder for the continuous monitor-
ing of voltage, column curreni and vacuum pressure
simultaneously. A fourth channel is available for other
parameiers as required.’

As a routine check on the state of the H. T. set, power factor is
measured twice a month, and a precision measurement ai the column
divider resistor chain is made monthly in order io detect any incipient
fault in this component. The present chain has been in operation for 2
vears without trouble.

I, ADDITIONAL 500 KEV ELEMENTS

1. Harmonic Buncher

_ A second harmonic cavity has been added to the 200 Mc/s buncher
cavity but awaits completion of the 400 Mc/s generator.
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2. Chopper

An electrostatic deflector and power supply has been built to per-
mit chopping of the 500 keV beam at the P.S. injection fréquency (3 Mc/s)
with variable mark to space ratio. This should relieve the linac if
system of charge which would lie between the synchrotron rf buckets
and would be lost anyway. This will be installed and tested shortly. -

iv. DUOPLASMATRON AND SHORT COLUMN DEVELOPMENTS

Following the plasma expansion cup developments in Leningrad,
--we have made some tests on different cup and extraction geometries.
These were encouraging and the best beam for which we have complete
figures was 450 mA at 100 kY in a pnrilse volume of 0. 59 -cm mrad, giving
a bmghtness of 130 mA cm ° sterad

Assuming that high gradients are useful in controlling beam blow-
up along the accelerating column, we have also been exploring the be-
haviour of different electrode materials in a re-entrant column arrange-
ment. Use of a conventional column for these tests {13 -#0 kV sections))
enables us to put aside the air breakdown aspect of a short column for
the time being while profiting from the range of poxentlals available for
supplying intermediate electrodes. -

The test setup consisted of the column within which two electrodes
of the new material, carefully cleaned and polished, could be separated
by a known gap. Cathode current, anode current, anode temperature, .
radiation level and voitage were monitored. The best materials were
found to be low carbon stainless steel and titanium alloy as used for
supersonic aircraft, At a pressure of 2 x 10"6 mm Hg provided by a
mercury pump and liquid nitrogen baffle, we could hold 500 kV over a
10 cm gap.

Preparations are being made for testing the combination of duo-
plasmatron and high gradient gap in the laboratory. If successful, we
plen to install it on the linac early in 1965,

V. INSTRUMENTATION

For emiitance measurements the aperture-lens-aperture method
is used where quick checks are required or where time dependence is
suspected. Formerly it held another advantage in that it also yielded
density distribution across the phase space, but the photographic emul-
sion method has now been developed to the point where the emulsion can
be calibrated and made to supply contours as well as envelopes. These
developments are described in references 3, 4.
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The method was recently adopted for measuremenis of the first
turn in the P.S., one wavelength downstream from the point of injection,
A series of 24 exposures was made for different injection conditions,

. +permitting estimates to be made of aberrations in the first P. S, wave-

length, the acceptance of this section, and the matching achieved.

VI. OPERATION

1. Machine Reliability

The scheduled P.S. time which is lost due to linac faults remains
at around 2% in spite of a fairly serious breakdown in May when 48 hours
were logt in stripping down on FTH cavity and replacing the input loop
~which had flashed across at a metal-epoxy joint.

The FTH 470 fubes themselves have averaged 7000 hours, with one
lasting for 11, 000 hours,

2. Machine Stability

The pulse-to-pulse stability remains good but the P. 8. ig rather
sensitive to mains voltage variations. The linac coniribution to this
seems fo come from the modulators which are ai present not regulating
very efficiently.

There are certain major items of equipment which one expects to
run without much attention, for example,the mercury vacuum pumps,
the F'I'H cavities, the high-power phase shifters and power dividers,
and the refrigerator compressors. After five years' running, however,
we are finding that the pumps take longer to pull a tank down, and that
breakdown occurs occasionally in the phase shifters and power dividers,
provoking flash-over elsewhere in the rf system and reducing the range
of adjustment, making the whole chain more critical of adjustment. We
have also had the complete failure of an FTH cavity already mentioned,
and recently the fajlure of a compressor,

We are therefore turning our attention ic the overhaul of these
items, one by one; this hag involved for the mercury pumps the con-
struction of a separate ventilated lab for cleaning and speed measure-
ments on a durmmy tank.

3. Setting-Up

The present rhythm of P.S. operation allows us from Sunday
through Tuesday twice a month for mainterance and repairs, source
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-changes and measurements, with machine start-up on Wednesday., 1In
the absence of faults it is sufficient fo take standard values for source,
rf and focusing,and trim around these values by succesgive approxima-
tion, progressing along the machine. The final criteria are intensity
and pulse shape at the point of injection into the synchroiron, and 50 MeV
emittance and energy spread. The emittance at 500 keV is also meas-
ured as a routine procedure.

4. Running

When the beam is handed over to the P.S. Main Control Room for
injection, certain controls are also transferred and the linac conirol
position is abandoned. A linac operator remaing ''on call’ for fault re-
pairs and readjustment, but otherwise works normally within reach of a
telephone in his laboratory or office during the day, or sleeps in the
operators! dormitory at night.

The controls transferred include the bending magnets, triplets and
the vertical steering coils in the inflector region, variable apertures
and the tank levels. The transfer of tank level controls and indications
ig questionable in principle, but the retouching of tank levels by the
M. C.R. operators seems justified with the present stability of the
modulators. :

VAN STEENBERGEN: When you saw an increase of current, did you
see increase in emittance?.

TAYILOR: K didn't make a great deal of difference; the 50 MeV emit-
tance is always around about 3 cm milliradians and it did not change very
much. :

HUBBARD: These standard operating values that you use to start up afier
shutdown, are they a set of values that do not change over along period
of time or are they just the ones you used when you turned it off before?

TAYLOR: Actually, by the control pogition we have a liftle piece of
paper with them all marked down; this has been around for a year or
go, and it is still the one we use.

WROE: You mentioned right at the beginning that you had reduced the
height of the cathode shield. Could you say how much you reduced it by
and what difference it made? '
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TAYLOR: I can't give you the exact figures, but it was the order of 1 or’
2 mm. This pushed us up to the 300 mA from the source. We had been
previously in the 200's. - : :

WROE: We iried it at one time and it did not make any differ.énce.,
BLEWETT: Do you have any evidence of x-ray emission?
TAYLOR: No,

NORDBY: I was wondering about the 3 Mc chopper. Do you have any
information on its operation? :

TAYLOR: it is a couple of parallel plates with about 10 kV acrosgs them.
We haven't used it yet. We had some trouble getting suificient power in
the driver stage.

NORDBY: Also on that photograph method, :do you have any irouble with
the surface building up potential and giving you erroneous readings?

TAYLOR: No.

OHNUMA: You mentioned about the routine measurement of the beam
shape in the transverse direction, To what extent can you use the
regults of those measurements for adjusting the focusing system between
the preinjector and the linac? : '

TAYLOR: It is almost entirely an empirical type adjustment. We do it
rather as a check on the performance of tle preinjector.

OHNUMA: Is it something you could probably control by, say, on-line
computers or anything like that?

TAYLOR: We have got for the normal method at 50 MeV this arrange-
ment of the slit, lens and a slit. This defines in the phase plane of the
firgt slit a strip like this, which is swung around through Toi by the lens
and drift sysgtern io the second slit where we further limif to a small
rectangle in the phase plane. Now what we have done recently is to
make up a new set of slits from which we can take digital information,
with the object of feeding this to a computer eventually.

VAN STEENBERGEN: Have you noticed at those high currenis any beam
intensity modulations? Have you noticed with the duoplasmatron source,
any plasma boundary instabilities?



TAYLOR: No, not yet.

VAN STEENBERGEN: At the high currents, with the duoplasmatron
‘source, one finds that the beam exiracted from the ion source shows
hash or intensity variations. Does this exist with the rf source?

TAYLOR: "Apparently not. The pulse shapes are always very clean. In
~ the early days we found in the synchrotron a 60 Mc component and it
looked as though it was beating between the rf frequency of the source,
which is 140 Mc, and the tank which is 200 Mc. But as far as hash is

- concerned, we have not observed any problem.

NORDBY: We found some hash in the Argonne duoplasmatron source and
we got rid of it by putting a small capacitor on the extractor supply.

FEATHERSTONE: I wonder if you know approximately what proportion
of the beam current you quoted from the source is protong ?

TAYLOR: Yes, it is between 90 and 95%.

FEATHERSTONE: Excellent. Also, have you a feeling as to the kind of
eleciron current that flows up the column to produce unwanted x rays at
the top? In other words, if this ig the actusl proton or pogilive current
going down the column, the person who designs the bouncer to maintain
stability on your Cockroft-Walton system has to contend with the electron
loading as well. And I haver't seen figures gquoted on what this amount

is on iypical installations.

TAYLOR: We said a little in the Dubna report, We've got a fairly big
capaciior across the generator. And I gave some resulis, I belisve
typically 4 kV drop during the pulse. Meaguremenis over g long period
show that normally we have about equal electron and proton currenis,
occasgionally rising to electron currenis twice the proton current,

VAN STEENBERGEN: I would like to add to this guestion of Feather-
stone's. At High Voltage Engineering they mentioned that they normsily
take a factor of 2 into account. If you take 100 mA proton beam down
one way, you count on a 100 mA of elecirons the other way. May I ask
at the same time, with the duoplasmatron source and the expanded
plasma, are there any figures existent yet on proton percentages ?

ANSWER: No.

VAN STEENBERGEN: One might worry here that the proton percentage
might be drastically down from the conventional duoplasmairon source.



360

GUILBAUD: Could I offer a comment that we made such a duoplasmatron
in our laboratory with expanded cup and at 40 XV we measured about

300 mA but these were protons. We had a magnetic focusing which tock
only protons on the target. I think I remember the proton percentage was
estimated to be somewhere around 75%, but I am not sure.

WADDELL: The other day when you were talking aboui the machine, you
described there that the phase between the first and the third cavities was
zero and that the second cavity turned out to have a phase difference. You
indicated at that time that you got a sharper beam, less spread at the end,
and I was wondering if you were tuned for maximum current, whether you
arrived at a similar condition without looking for the sharper energy
gpread.

ANSWER: The current in fact is determined by the level of Tank one and
the focusing and matching, and thereafter it stays pretty well constant
through the machine. You have to move the tank level a long way to drop
the current and by then you would have a completely unacceptable beam.

QUESTION: The other day you indicated that the second tank had a dif-
ferent phase than the others and that at that time you got better energy
spread operating in that mode. Is this reflecied in the overall current
acceptance ?

TAYLOR: If you put the tanks in phase, you get about the same sgort of
current, but worse energy spread.

FEATHERSTONE: I am also interested in your high voltage experiment
at 500 kV. When you say you were holding this across 10 cm, would it
represent a voltage reached after a succession of conditioning sparks
had been permitted to occur, or would this system be something that jusi
never gparked af all?

TAYLOR: This is something which you form watching the sparking. You
bring the voltage up gently, and reach a level where you get a low fre-
quency of sparking.

FEATHERSTONE: So the sparking rate esgentially drops off exponentially
and after a time it becomes a negligible matier..

TAYLOR: Yes,
MORGAN: I believe you mentioned that you had about 220 mA of current

out of the source and about 200 mA at the 500 kV level. Do you have any
idea what happens to this 20 mA difference?
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TAYLOR: We've got 300 mA maximum coming from the source and
920 mA maximum at the boitom of the column, and we think that the

difference is scraped off by the aperture limitation at the end of the

column., We have our first focusing triplet actuslly integral with the
firgt accelerating electrode of the colummn,

MORGAN: I believe you exivacted the high currvent at 28 kV; have you
tried extracting it at higher gradierts or higher potential levels?

TAYLOR: Yes, but that is about the limit of stable operation.
HUBBARD: I would like to ask Van Sieenbergen aboui the electron drain
number he quoted from High Voltage Engineering. Is that with one of
their new inclined gradient columns or is that with the old- fashmned

kind?

VAN STEENBERGEN: 1 couldn't iell.
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PERFORMANCE OF THE PLA

J. M. Dicksbn
Rutherford High Energy Laboratory

Availability

The PLA has been operating 24 hours per day since January, 1962
on a schedule of 10 days for operation and 4 days for maintenance and for
the setting up of experiments. In late summer of each year there has been
a shutdown of one to two months for major modifications, repairs and in-
stallations, 'The percentage of this scheduled operating time which has
been lost by machine faults has decreased from 30% in 1962 to 12.5% in
1964 (January to June). During the 12 months, July, 1963 to June, 1964,
the total number of hours available to the experimenters was 4638 hours
and the total number of hours scheduled for operation was 5424; an avail-
ability of 85.5%. Tigure 1 shows the monthly availability figures since
the start of regular operation in April, 1960.

Faults

Analysis of the fault log of the machine shows that the lost time
was due to rf amplifiers {grounded grid triodes) {15%), modulators {20%),
accelerating structure (15%), polarized source (10%)}, coaxial lines {7%)
and miscellanecus small items. :

The grouﬂded grid iriodes, which are continuously pumped valves
manufactured by AERE Harwell and tested and serviced by the PLA
group, operate for a total of about 30, 000 valve-hours per year.s’

The faults which cause loss of time are water leaks (in the grid),
damage to seme sgilvered mica condensers in the cathode assembly,
broken rf windows, anode-fo-grid sparking, and broken cathodes. Grid
water leaks are normally caused by the accumulation of deposits in the
fine bore stainless steel tubes of the grid. Conirol of the water con-
ductivity to less than 10 gwmho and filtering by scintered stainless steel
filters has not eliminated the trouble. The mica condenser forms part
of the cathode/grid resonant circuit, and carries about 90 amp rf.
Spark erosion of the silver reduces the capacity, puts the cavity off tune
and reduces the gain of the valve. Mica life is about 6000 hours. §Six to
ten valve changes per year are due to the above faults,

Modulator faults are often minor faulis now and have become less
frequent since the main switch valves were changed from ignitrons to
deuterium thyratrons (CV 3336). The basic circuit of the modulators is
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shown in Fig. 2. Protection against high impedance mismatch conditions
of the modulator load is provided by the "tail-biter' thyratron which is
triggered near the end of each modulator pulse. A negative voltage swing
on the delay line results and the mismatch diode {a deuterium triggered
diode) fires. Subsequently the main switch tube and tail biter are extin-
quished by the reflected wave. Low impedance mismatches are absorbed
by the mismatch diode. The CV 3336 thyratrons have run well, one for
over 10, 000 hours without a fault., Some have had partial heafer failures
and some have had gas pressure trouble. These faulis have caused very
1ittle lost time and are mostly due to preproduction difficulties with the
valve and are being cured.

Lost time on the accelerating structure has been due to some water
leaks in the drift tube and liner cooling circuits. These have all been
"pepaired' by pumping a weak solution of resin varnish through the
faulty circuit.

Coaxial line faults are nearly always due to fractures in soft
soldered joints or to accidental damage fo joints during asgembly. Peak
powers of over 1 Mw (2% duty cycle) cannot be reliably carried by
50 ohm coaxial lines of 3'' OD. The use of 4-1/2" and 6'' lines and cop~
per plating of all surfaces has improved the reliability very gignificantly.
For further descriptions of the faults, see NIRL R/55 and R/80.

RE Monitoring

The basic requirement here is to obtain for each tank a measure
of the rf accelerating field, the phase and the ""tilt." Rf amplitudes are
meagured by loops in the caviiy walls which transmit an rf signal to the
control room to a matched and biased diode detector {Fig. 3). The bias
voltage { ~ 7 V) to give a 0.2 V residual pulse is read off the dial of a
helipot. The accuracy of the measurement is + 0. 1% and the long term
stability is about 0. 2%. A measurement of the tilt of a cavity is obtzined
from several loops along ithe cavity; the calibrafion of each loop must be
obtained by comparison with a perfurbation measurement of the tilt.
This comparison has only been completed for tank 1, where a perturba-
tion measurement was performed recently. This showed that, for the
same position of the tilt tuners, the.ilt had changed greatly over the
past four years. The tilt can now be checked from time fo time {0 ook
for long term changes in the cavity. The tanks ave individually servo
tuned to maintain the cavity phase in a constant relation to the phase of
the input power. The intertank phase is conirolled manually and is
monitored by a phase bridge with thermocouple defeciors and a meier
indication (Fig. 4). This system can detect small phase changes {~ 0, 10};
but it is sensitive to changes in the shape of the rf pulses in the tanks,
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in particular to the build-up rate, which can be affected by changes of
amplifier valves or their associated coaxial line components. It is hoped
that by using diode detectors that better long term stability can be
achieved. :

RE Stabilization

It is important for many experimenters on the PLA that the cutput
heam energy of the machine should remain constant over long periods
and that it should be constant throughout each beam pulse. Slow acting
staebilization of the rf could satisfy the first requirement, but the second
is more demanding. The r{ field stabilizer shown in the block diagram,
Fig. 5, produces a nearly flai-topped rf pulse; variation along the pulse
is about 0, 1% and + 5% changes in field can be correctied by a factor of
30. Variation of the modulator mains or H. T. voltages produces a varia-
tion in the length of the flat top of the stabilized pulse. This is particular-
ly noticeable, when the Nimrod magnet is being pulsed at full power, but
it is not embarrassing operationally.

Beam Energy Monitor

Beam energy measurements by the time of flight method, by
momentium and by range measurement have all been used io observe the
dependence of beam energy on machine parameters. The range measure-
ment method has the advantage of requiring relatively simple appartus
and in the arrangement used it imposes gnly one restriction on the beam,
that it should have a peak current of 10 ° to 1079 A, The beam energy
monitor is located ahout 6 feet from the end of tank 3 and can be moved
in an out of the beam by remote control,

Figure 6 shows the principal parts of the device. Ion chambers A
and B form a differential ion chamber with a common collector which is
connected to a vibrating reed electrometer. The thin degrader is equiv-
alent in thickness to two standard deviations of the nearly Gaussian range
distribution. The relative thicknesses of A and B is such that the larger
number of protons passing through A is compensated by the greater ioniza-
tion loss per proton in B, to produce equal currenis in A and B when the
mean range of the protong ig coincident with the center of the thin de-
grader. The thick degrader is removed for measurements at 30 MeV.
‘The variable wedge degrader is motor driven and arranged to give a
digital read-out of its position. The ion current as a function of the
wedge position (results for a prototype with a dial reading only} is
shown in Fig. 7, The zero cross-over point can be repeatedly found to
be better than the equivalent of + 10 keV for 30 and 50 MeV beams; its
position is insensitive to changes in the ion chamber voltages under the
recommended operating conditions.
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This energy monitor needs to be calibrated at one energy near

50 MeV and one near 30 MeV. The incremental energy calibration can
be obtained from range energy tables and the mechanical movement of
the wedge degrader; it has also been checked against time of flight
energy measurements. The monitor measures the mean energy of the
beam and it is insensitive to the energy spectrum provided it is not too
wide (less than 1 MeV)., The most important advantages of this instru-
ment is that it is always available for measuring the beam energy, what-
ever experimentis scheduledand its calibration rermains unchanged since
it depends only on one measurement of degrader thickness. '

Beam loss in Tanks 2 and 3

When the PLA was first operated, there was practically 100%
transmission of beam current from the end of tank 1 {10 McV) to the out-
put of tank 3 (50 MeV)., Recent measurements showed that the transmis-
sion had deteriorated to about 60%. Part of this loss was found to be due
to a fault in the quadrupole current wiring in tank 2 which had increased
the current in one of the gquadrupoles by 40%. When this fault was
cleared, the transmission increased to about 75%. Further measure-
ments of quadrupole currents showed that there was a rms deviation
from a 1/ quadrupole gradient law of 7%, which would produce an
rmg increase in beam spot size of 3 mm radius. This fault alone would
not account for the beam losg, but it is also known that the mechanical
alignment of the quadrupoles is not perfect and this will cause a radial
ogcillation of the beam, which now appears to be sufficient to cause the
beam to be intercepted by the drift tubes. After a run at 1 A mean
beam current for a few hours, radicactivity of the drift tubes can be
detected by a ¥ -ray monitor outside ithe vacuum envelope. Two peaks,
at approximately a half-wave radial oscillation interval, are found, one
of 2 mr/hr near the output end of tank 2 and one of 10 mr/hr in tank 3.

The majority of the neutron radiation, measured ouiside the
shielding walls of the machine, is due to this beam loss, since the
irradiated material here is copper, while all beam degraders,
collimators and beam stoppers in the experimental areas are carbon,
Experiments on the relative neutron yields from various materials are
planned, which will give useful data for the control of radiation from
machines of around 50 MeV.

SHAYLOR: I was interested to see that you are using a simple shunt
type modulator to regulate rf amplitudes. Are you happy that jusi
regulating the drive in the way you are doing keeps the whole of one tank
flat to 0. 1%? Don't you think that you may be regulating the rf level at
the point where the detector is, but not elsewhere in the tank ?
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DICKSON: I haven't seen any trouble like this, no. I have not looked at
this very carefully, but we have got some evidence on this because the
pickup for the stabilizer is at one part of the tank (I think in the middle),
-and the pickup for some other monitoring is in another part of the tank.
They both flatten together.

SLUYTERS: We have done also at CERN these radiation measurements
along the tank, but we have not found these bumps. Everything was very
equal all along the tanks. '

PRIEST: You have a nice servo mechanism there which keeps the pulse
flat. 1 would like to know more about what it tells you. I think you are
talking about the last part of the pulse after the beam is injected into the
machine. And this corresponds with what Taylor was talking about.
Have you got a measure of the extra amount of power that you have to
put in when the beam is furned on?

DICKSON: Very little in our case. We are only running with at the most
a peak current of around 200 #A. Beam loading doesn't worry us.

TENG: Do you have any experience similar to CERN that you can reduce
the energy spread by detuning the phase of the second tank.

DICKSON: Can we leave that till Carne gives his paper? We have not
measured the absolute phase between tanks.

HUBBARD: Can you not affect beam loss asg you have indicated by adjust-
ing the quadrupole magnet strengths?

DICKSON: I hope we can. We have not tried this yet. The adjustment
is not so easy since the adjusting resistors are in boxes right underneaih
the tanks and there are a whole lot of things built in front of them all the
way along. It is a slow and tedious business, but it probably has been
done by now, since there was a shutdown last week. I hope that it has
been fixed.

PERRY: Do you contribute any significance to the second peak?
DICKSON: No.

FEATHERSTONE: I was interested in your experience on blocking the
water passageway within one of your vacuum tubes. This is an experi-
ence we share in our resnatrong. In our case, it turned out to be largely
copper compounds which apparently had been removed from other parts
of the system, and we are now undertaking a program of deoxygenating
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and filtering and hope fo prevent recurrences of this sort. We have also
been irying to go to a higher purity of water. Are these the measures
that seem appropriate in view of your experience? F}.I‘St of all, wasg it
copper that plugged up the passages in your case?

DICKSON: There is some copper in the water circuits. We used not to
have very much but in the last three months it has been building up. We
don't know why but we had this blockage of the grid tubes before that.
One of the main components ig silica in ‘thlS blockage. 1 think there are
all sorts of other components.

QUESTION: What was the conductivity of the water.

DICKSON: 10 micrombhos,



372

BEAM ENERGY MEASUREMENTS ON THE -
RUTHERFORD LABORATORY P.L.A,

K. Batchelor, A. Carne, J. M. chkson, D J Warner -
Rutherford High Energy Laboratory

1. Introduction

The results to be described are from measurements made using
the time-of-flight method described prev10usly, and are a continuation
of the work reported at other accelerator conferences. 2,3 Ag a result
of recent observations some of the work reported previously needs some
qualification. In particular, the 10 MeV and 30 MeV spectra have pre-
viously been affected by the residual power in Tanks 2 and 3 which re-
sults from the drive power feeding through the grounded grid triode am-
plifiers into these cavities even though the E.H.T. is removed from the
amplifiers. Also early comparigon between theory and practice from
the 10 MeV beam has been invalidated by the fact that the {ield law in
Tank 1 was distorted from its original value, which was used in the com-
puter program. These effects are discussed below.

11, Effect of Residual Power on the Beam

Figure 1 shows the layout of the rf gystem of the P. L. A., for
reference. The effect on the 10 MeV beam of varying the amplitude of
residual power in Tanks 2 and 3 respeciively, with these tanks main-
tained at the correct resonant frequency, is shown in Figs. 2a and 2b.
The level of residual power was varied by means of the variable attenu-
ators Att 2, Att 3 in the power dividing network. The effect of varying
phase was found by setiing the attenuators at their normal operating
values, and detuning each tank in turn. The resulting spectra are shown
in Figs. 2c and 2d for detuning of Tank 2 and Tank 3 regpectively. It
can be seen that the residual power affects the spectrum shape and posi-
tion quite considerably. For normal seftings of attenuators and fre-
quency tuners the residual voltages were 6. 4% of operating value in
Tank 2, and 8.8% in Tank 3 (see Fig. 2). An amplitude reduction by a
factor 0.7 (to give 'half power point' amplitude) produced a doubling of
the beam energy spread at FWHH, and a small shift of mean energy
~50 keV by each tank. A detuning of + (/2 Q)= + 459 (to give the same
reduction in amplitude, but now plus a phasa Shlft) produced a change in
beam ener gy y spread at FWHH by a factor 3 (+ 45 ), 0.6 (- 45°) by Tank 2,
and 3 (+ 45°), 0.5 (- 45°) by Tank 3, and a shifi of mean energy of
+ 20 keV (+ 45°) by Tank 2, and - 40 keV (+45°), - 120 keV (- 45°) by
Tank 3.
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Figures 3a and 3b show the effect of residual power in Tank 3 on the
the 30 MeV beam. For normal settings of the attenuator and frequency
tuner of Tank 3, the residual voltage was 10% of operating value. An
amplitude reduction by 0.7 produced little or no effect on the 30 MeV
beam energy spread, but a shift of 120 keV. Detuning by + 45° produced
marglnal changes in ener%y spread, and a shift of mean energy ~ 350 keV
(+ 45°) and + 50 keV (- 45

It is now normal operating procedure to-reduce the resgidual power
to a minimum in nonoperating cavities, this being achieved by detuning
the tanks and insertion of maximum attenuation in the drive lines to the
grounded grid triodes. '

III. Measurements on Tan_k 1

" Due 16 the discovery of the effect of residual power on the specira
it was decided that some of the early work on the 10 MeV beam should
be repeated to try to improve the agreement between theory and practice
which, at this energy, had not been good. Figure 4 shows some typical
spectra for different injection energies and rf field levels, the tilt funers
being set at their assumed ''flat field" setting {(tilt 50-50). Computed
spectra and phage acceptance did not agree well with measured values.
Also the transparency of the tank was down by a facior b on its original
value. It was therefore decided to remeagure the axial field in Tank 1
to see if this could be the cause of the disagreement. The field law
meagured for ''tilt 50-50" is plotted in Fig. 5 and is compared with the
field law measyured when the cavity field wags sel up seven years ago
(i.e., the field law used for computer calculationg). It can be seen that
gross distortion of the field has occurred, probably due to a change of
dimensgions caused by temperature cycling and periodic dismantling over
the past seven years.

The actual measured field law has been used in the computer pro-
gram to give comparison with some of the measured data of Fig. 4, and
the computed spectira are given in Fig. 6. The experimental specira of
Fig. 4 do not show the same fine structure as the computed specira, due
to "smoothing out' by jitter in rf level and phase, and injection energy.
But, with this proviso, comparison of corresponding specira (A, B, C,
etc. ) now shows quite good agreement.

The field law has been regtored to the proper value shown in
Fig. 5. The transparency of Tank 1 has returned to its original value
(i.e. 1/50). Resulis for the new field setting are not yet available.
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IV. Setting of Tankg 2 and 3

Before correcting the field law for Tank 1 measurements on the
30 MeV and 50 MeV beams were made to determine good operating levels
of Tanks 2 and 3 for minimum energy spread in the beam. For the
30 MeV beam it is possible to run Tank 2 at an rf field level which gives
an integral number of phase oscillation half wavelengths along the tank,
and hence a flat energy vs. input phase region for the linear phase oscil-
lation range of @g + 15°, Additionally it is required that the beam energy
spectrum should be narrow. Figure 7 shows the variation of output
energy with input phage: in particular, the rf level 735 is nearest to
the required condition. The effect of input phase on oufpul energy for
the chosen rf level in Tank 2 (735) is plotted in Fig. 8, showing a rough-
ly congtant energy over the phase range, with little change in energy
spread.

In Tank 3 it is not desirable to operate at a level corresponding to
an integral number of phase oscillation half wavelengths, since the Ag /2
level is too near threshold for acceleration, and the 2 Ag/2 level is such
that sparking would occur in the tank. Thus Tank 2 is operated at a diifer-
ent level {765} to give nearly integral number of phase oscillation half
wavelengths between the input of Tank 2 and the output of Tank 3. The
resulting 30 MeV spectira as a function of input phase to Tank 2 are
shown in Fig. 9; the b0 MeV specira versus input phase to Tank 3 is
shown in Fig. 10. Finally Fig. 11 shows the energy specira as a function
of rf level in Tank 3.

V. Tank Tolerances

From the above results it ig possible to make estimates of the sta-
bility of the output beam in terms of mean energy and energy spread as
functions of machine parameters. Also use hasg been made of the Beam
Energy Monitor described by Hanna and Hodges4 to complete some of the
resulis not determined by time-of-flight methods. This monitor, which
utilizes a combination of degrading wedges for range determination, and
a split ion chamber ag a detector system, is very useful for determining
mean energy, and can measure shifts of the order of b keV. A set of
measurements with this monitor takes only a few minutes compared with
several hours by time-of-flight methods. In the future the energy monitor
will be used as a survey instrument to determine machine conditions
worthy of further investigation by the longer method.

The following tables summarize the effect of injection energies, rf
field levels and intertank phases on the ouiput energies of the P. L. A., for
the settings specified in Section IV.
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Tolerances on Various Machine Parameters Affecting

the Qutput Energies of the P, L., A,

{a) Injection Energy

Change of Injection Change in Mean
Energy QOutput Energy Energy Measured
%o kV MeV keV by
10 Not measured yet
30 Not meagured yvet
+1 +5 50 -12 (-0, 024%) B.E.M
-1 -5 50 +12 (+0.024)
(b) RF Levels
Change in RT ‘Acc.[Output Energy | Change in Mean | Measured
%o RF MeV Energy by
' keV
" 1 +1 +b. 5 10 -30 (-0, 3%). T.o. 1
ank -1 -5.5 10 +30 (+0, 3%)
+1 +b. 5 30 -25 (-0. 08%) T.o.F.
-1 -b. b 30 +25 (+0. 08%)
20
50 Not yvet meagured
+1 +8 30 +80 (+0, 27%) B.E. M
Lank 2 4 -8 30 -80 {-0, 27%)
50 Not yet measured
+1 +9 50 0 B.E.M,
Tank 3 | 4 | -9 50 -50 (-0. 1%)
(c} Intertank Phasges
Change in Qutput Energy | Change in Mean Measured
Intertank MeV Energy by
Phase. keV
Degrees
o
Tanks 1/2 10 30 24 (0. 08%) B. E. M.
10 50 18 (0. 036%) T.o.F,
Tanks 2/3 1° 50 45 (0. 09%)
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Conclusgions

The change of energy and energy spread in a beam drifted through
a cavity containing some residual rf power has been shown to be such
as to causge concern if a precise ouiput spectrum is required.

Agreement between computation and experiment at 10 MeV has been
improved, after finding the actual field law in Tank 1. This field law has
now been set to its correct value, and it is intended to check the field laws
in Tanks 2 and 3 in the near future.

The settings and tolerances given for the P. L. A. represent the siate
of the art at the presenf time. Detailed work is continuing, by the use of
the Beam Energy Monitor and time-of-flight apparatus, to determine more
closely the optimum operating conditions.

Acknowledgements

The authors wish to acknowledge the help of Messrs. A. P. Banford,
D. H. Carpenter, E. M. Moti, and S. Webb during these measurements,
and members of the P. L. A. Operaiing Staff.

TENG: Do you understand all these?

CARNE: Well, certainly the agreement between axial motion computations
and the experiment is quite good. This is particularly true in the caze of
tanks two and three, where we have used a large signal calculation, . that is,
a 32 step-by-step integration per cell. The agreement in tank one is now
guite good and we think we can improve the gituation. We think in terms

of phase oscillation wavelengths, and the picture ties up fairly well,

TENG: The shifts you are talking about are very large, 50 kV in 50 MeV.

CARNE: Sure that's alarming, but these figures in fact agree with equa-
tions given by Lloyd Smith some time ago in L.3-3. These give quite
tight tolerances.

WHEELER: When you change the level in a cavity by say 1%, did you
change ithe phase between the cavities 1o compensate for the change in

the position of the bucket?

CARNE: No.,
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LAPOSTOLLE: When you spoke about the inference of residual field in
tanks two and three on measuremenis done at 10 MeV, do you think that
even the field induced by the beam could affect such measurements ?

CARNE: There could be some effect, but as John Dickson said earlier,
we have a peak current of the order of 200 ﬂA, so that fields induced by
the beam are of the order of a factor 1000 down on the residyal fieldg in
the cavities, where there are still a few kilowatte of rf power.

TAYLOR: I will just mention that we have had exacily the same effect, _
Unless we drop the field to zero, we find that the measurements are
turned about all over the place and we have a high current too,
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73S INJECTOR OBSERVATIONS

Philip V. Livdahl
Argonne National Laboratory

In considering the design of multicavity, high current linacs, the
effects of beam loading on the cavity gradient are matters of greater
concern as the beam currenis become increasingly large. Presented in
this discussion will be observations of these effects made on the ZGS,
50 MeV injector, Also some comments will be made on observations of
group velocity and cavity phase acceptance.

Beam Loading

The 50 MeV beam from the ZGS injector is bent into the synchrotron
through a 107° achromatic magnet system. At the center of the second
bending magnet of the system there is a focus at the same point where the
energy dispersion is greatest. 1 Therefore, by arranging to have a narrow
(0. 010") vertical slit (i.e., a slit which confines the beam to a vertical
line) which can be positioned at any point in the transverse plane across
the center of this magnet, it is possible to make analysis of the dE ribu-

i
tion of energies in the beam. The dispersion at this position is F__}E =4.6%

per inch. Since the absolute value of the fields in the magnets have not
been precisely determined, only relative observations can be made.

In using this slit for orbit measurements in the synchrotron under
conditions of limited energy spread in the injected beam, it had been noted
that there was a distinct variation of energy with time during the pulse
under conditions of large beam loading as shown in Fig. 1.

This observation led to investigation of the variation of the mean
energy and energy spread with rf gradient in the cavity. Figure 2is a
typical energy distribution as determined by sweeping the slit under a
given set of conditions. The results of these measurements of the energy
digtributions at various rf levels are shown in Fig. 3.

By observation of the high energy and low energy exiremes of the
digtriubtions (see Pig. 1) measured at each rf level, one can ohserve the
variation of total energy spread with cavity gradieni, This variation is
shown in Fig. 4.

The operating conditions of the entire linac system were maintained
congtant while taking the data represented in Figs. 3 and 4; that is, there
were no changes of preaccelerator conditions or focusing magnets made to
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Beam pulse through slit on
High Energy side of energy
distribution.

Ream pulse through stit on
Low Energy side of energy
distribution. -

Expanded rf pulse under heavy
beam loading condition.

2%, of rf gradient/cm,

100 g sec/cm.

Fig, 1 Time Variation of Beam Energy Under
Condition of Large Beam Loading

2 8
x
- |
==
|
£0 o \
£
©a
=% ®
22
he 4

-
»
4
ui
0.

2 \\
&
t \\ah-

-.18 -.10 -.08 ¢ +.05 +.10 +.15
ACROMATIC SLIT POSITION (INCHES)

FIGURE 2 —ENERGY DISTRIBUTION AS OBSERVED
BY SWEEPING ACROMATIC SLIT



386

adjust the injection matching conditions at the various rf levels. However,
the cavity rf level was adjusted for each measurement so that there was no
beam loading present.

We do not as yet understand the reasons that thé mean energy and
energy spread vary as observed, but will continue experiments to deter-

mine the reasons for this behavior.

Beam Loading Compengation

The ZGS injector rf Systemz’ 3 wag designed with a series, hard
tube modulator for regulation of the plate voltage to the ouiput stage of the
driven amplifier. Thig provides a means for delivering a variable amount
of power to the linac cavity during the rf pulse for (,aV1ty voltage stabiliza-
tion and beam loading compensation.

Ideally, the compensation is provided by a feedback system which
regulates the power amplifier output for a constant rf caviiy voltage
through a closed loop servo system. Unforiunately, the servo loop of
this system must include the final amplifier stage of the rf system and
the characteristics of this stage are variable depending on tuning of the
ri circuits. For this reason, the servo loop on the ZGS injector, as of
this time, has been closed only urder test conditions and not under operat-
ing conditions where its effects could be evaluated. This is not to imply
that there is anything impossible about the task of establishing closed loop
operation but rather that the tfuning conditions of the power amplifier and
the matching power amplifier to the cavity must be established as fixed
conditions for the closed loop system to be satisfactory. This condition
is being approached but has not yet been reached on the ZGS injector.

Beam loading is now compensated by an open: loop system shown in
the block diagram of Tig. 5. The operation of this open loop system is
shown in the scope pictures of Figs., 6.1 through 6. 8.

Measurements of pulse compensation voltages required for a cavity
envelope which is flai during the time of the beam pulse with 50 mA of
50 MeV beam indicate that this should be within the capability of the system
when such beam currents become available from the ZGS preinjector,

Questions had been raiged from time to time of the ability of the
beam loading compensation system to correct all parts of the cavity
properly for beam loading. Figure 7.1 shows the cavity envelope near
the low energy end, center and high energy end of the cavity under condi-~
tion of heavy beam loading and Fig. 7.2 shows the same outpul loops under
operation with the open loop correction of Fig. 5. These scope pictures



387

mlg
F
™~
N
/ |
vas

LA

/

2.2 2,25 2.3 2.36 45 2.5 2.55 2.6 2,65

2.4 2.
RF LEVEL (VOLTS)
FIGURE 3 — VARIATION OF MEAN ENERGY WITH RF GRADIENT

1000

.~ .

T00 /

L

'/

TOTAL ENERGY SPREAD {KEV)

500

2.2 2.3 2.4 2.5 2.6
RF LEVEL (voLTS)

FIGURE 4 - VARIATION OF TOTAL ENERGY SPREAD
WITH RF LEVEL



Beam Pulse
from T
Toroidal
Beam Mon.

Schridt
Trigger
Cireuit

388

+ 50 kV
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Oufput

5 Mc

Oscillator

Fig. 5 Beam Loading Compensalion Pulse Block agram

Fig. 6.1 No Beam through Cavity
No Compensation Pulse

Fig. 6.2 No Beam through Cavity with
Compensation Pulge

Top Trace

Rectified cavity rf voltage.
.05 vfem - zero suppresged,
{2.4 v is accel. gradient.)

Bottom Trace

Power amp. plate valtage.
10 kvfem.,
Sweep - 50 p gecfcem,

Top Trace

Rectified cavity rf voliage,
.05 v/cm - zerc suppressed.
(2.4 v is accel. gradient.)

Bottom Trace

Power amp. plate voltage,
10 kv/em.
Sweep - 50 p secfem.
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indicate that the cavity envelope is compensated everywhere, minor
differences in the corrected waveform are due io the fact that they are
not taken on the same pulse and there is some pulse-io-pulse variation
when operating with the open loop system.

Group Velocity in the Linac Cavity

The group velocity, or rate of transfer of rf energy from the
coupling loop to the extreme ends of the cavity, was observed in the
following way. Using adual beam scope, the output of the monitoring
loops at the high and low energy ends of the cavity were compared at
the time of initial cavity build-up with the rectified r{ signal from an
identical loop dt the center of the cavity. (In this linac the rf feed loop
is located at the center of the cavity. ) S

Figures 8.1 and 8.2 show the build-up of rf at the initial rise of
the pulse, Figure 8.1 compares the center of the cavity {upper trace)
with the low energy end. It is noted that the build-up of the field in the
center of the cavity is very small until the rf energy has been propagated
to the ends of the cavity where the initial build-up is much more rapid.
The length of cavity between the two loops is 17.3 meters and the delay
to start of build-up at the low energy loop is 9 pseconds, giving a group
velocity of 1.9 meters/ p second,

No explanation for the appareunt initial negative slope of the center
loop has been found; changing detectors, cables, etc., has not shown the
reason to lie in the detection equipment.

Figure 8.2 compares similar waveforms at the high energy end.
The length of cavity between loops is 15.7 meters and the delay of build-
up to the high energy loop is 3 wseconds. This results in a group velogity
in this end of the cavity of 5.2 meters/ psecond.

These observations raise the question of whether or not these
numbers are characteristic of an unfilled cavity or if they do indeed
remain the same in a cavity which is already excited. To observe this,
the compensating pulse was applied to the power amplifier plate voltage
after accelerating gradient in the cavity has been achieved and similar
observations are then made of the changing rf level in the cavity due to
the increased drive power. Figures 9.1 and 9.2 show the same loops as
in Figs. 8.1 and 8.2 under excited cavity conditions using high gain,
zero suppression plug-in units with delayed sweep. :

These pictures indicate a delay of at most 2 wseconds at the low
energy end and about 1 pwsecond at the high energy end which would
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indicate group velocities which are greater by about a factor of 5
(8.6 meters/ psecond) at the low energy end and 3 (15.7 meters/p second)
at the high energy end under the condition where the cavity is excited.

Linac Phase Accepiance

Phase acceptance measurements are made as the ratio of the peak
beam current entering the bore of the firgt drift tube, as measured by a
ahielded toroid which measures only those particles which enter the bore
of the first drift tube, to the peak beam current accelerated through the
linac (as measured by either stopping the beam or by a toroid), The
expected phased acceptance without buncher at ghe design synchronous
phase angle and accelerating gradient is k3600 or 22.6%. This phase
acceptance, or transmission efficiency, is observed at an ri level of
2.35 volis (see Fig. 1) and the threshold for acceleration is 2. 15 volts.
Raising the rf level beyond 2.45 volts has not ever been observed to
raise the transmission efficiency withoui buncher beyond: 25%. One would
expect it to continue to rise as the gradient is increased, provided appro-
priate compengation of quadrupole focusing fields were made. Eiforis to
achieve this have not been successful.

Measurements of phase acceptance as a function of preaccelerator
injection energy have confirmed thoge measurements made at BNL. % Use
of the first harmonic buncher has yvielded {ransmisgsion efficiencies as high
at 65% (68% is the design expectation} but 55% to 60% is the usual day-to-day
operating condition.

These phase acceptance meagurements make no correction for proton
percentage. In the ZGS system the two sets of triplet quadrupole matching
lenses serve to separate such a large percentage of the molecular hydrogen
and other heavy ions which are produced in the ion source that only a
negligible amount of these ions are injected into the linac.

Conclusions

These observations show that very precise »f level control is
necessary to meet the design requirements of a multicavity system to
maintain the required injection energy as the beam progresses from
gection to section. In connection with the use of this particular linac as
the injector for the ZGS, the data shows that by an appropriate program-
ming of the rf level, it may be possible to use the changing energy
characterigtic to an advantage by providing an increasing injection energy
with pulse length.
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Beam loading control with long pulse length at high beam current is
certainly feasible but all of the engineering problemsg on our particular
machine are not as yet solved.

SHAYLOR: Ipresume you are using a Tekironics 555 Scope for the
double display work.

LIVDAHI,: That is correct.

SHAYLOR: Until recently I was at Birmingham (England) and there we
have very great difficuliies with earth loops, due to certain peculiarities
of our synchrotron. The 555 is particularly difficult to use in this respect
since you can't selectively earth both sigpal inputs simultaneously unless
you are using differential input amplifiers. So now one question is: Are
you using differential input plug-ins ? If not, what is the voliage you have
at your probes so0 as to give us a feel for your pickup problems. Another
guestion ig, have you tried testing with the offending loop that goes
negative short circuited, but still earthed in the normal way? I am look-
ing for cross talk or trouble between the amplifiers. I am deeply sus-
picious of the negative-going curve, and if in fact the kick-off point is

not where it starts to go negative but where it staris to go positive, then
the time schedules of all these things are going to be significantly different.

LIVDAHL: In answer to your first question, differential plug-in units were
not used. As a matter of fact, type Z, zero suppression plug-in units
were ugsed. I am not sure what type of units were used for the initial build-

up.
CASTOR: They were the type Z used without the slide back.

LIVDAHL: In connection with the cabling to the loops, neither loop is
grounded anywhere in the system. There is a teflon shield around the
loop where it penetrates into the cavitjr go that there are no ac or
grounding problems, It is a floating system all the way to the scope.

SHAYILOR: The type Z unit, the slide-back unit, has in fact a lot of hook
diodes on its input, and I thirk that feeding =z bit of the 200 Mc rf into it
may produce some interesting effects.

ROWE: I would like to make a couple of remarks on this--an old user of
Tektronics Scopes--I never noticed this particular difficulty with the type
Z plug-in, but the CA plug-in has an obnoxious habit of ringing af very
high frequency, far beyond the response of the scope proper. This seems
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to be associated with the input attenuvator and the firgt stage of the ampli-
fier. And you can get some truly magnificent results under some condi-
tion; I was thinking along the same lines this gentleman was and I was
wondering if maybe that might be the trouble. We got around some of
these problems once by buying intentionally a poor scope.

LIVDAHL: Nevertheless, 1 believe that where you saw this negative-
going trace was the point at which the pedestal was placed on the plate -
voltage waveform. For this reason I dida't worry about this because

that was not what I was attempiing to look at. The fact that the top trace
came up at a delayed time relative to the lower trace and that we knew

that this was synchronized within less than a microsecond with the pedestal
on the waveform just did not seem like there was any reason fo worry too
much about the negative undershoot. o

SHAYLOR: You were not trying to interpret anything from the point where
the top trace rose above the base line?

LIVDAMIL,: That is correct. All of the numbers that I gave you were
from this point to this point.

KEANE: I might have a different explanation on this same fopic. 1 think
I have seen the same thing and I think it is moding. We have scalloping
on our waveform. I am going to talk about this next, but essentially
because you have a varisnce from probe to probe, I feel it is not the
scope itself but rather fthe existing modes in the tank.

PRIEST: If that is the case, what Shaylor suggested would prove it, would
it not; if you short circuit the loop or rotate it so that it doesn't couple,
this negative thing will disappear whether it is a mode or not, if it is an
rf effect, it will disappear, but if it is some kind of an exiraneous spuri-
ous effect, it won't digsappear. At least if would be a check.

LEISS: We are probably pushing this a litile bif too much. However, it
is quite possgible that it actually represenis one of the things which we
have calculated in the extreme transit behavior of the machine. This is
the following. You probably have before your main pulse, for example
through the grid drive, a small amount of rf in the cavity. Now when you
turn the pulse on, you get some very initeresting transients and phase
oscillations. What you detect in your diode is the total field vector, which
can have oscillations on it and these ogcillations have actually been ob-
served. I would suspect that this is actually a real phenomena that one
can predict in the extreme transient behavior on this machine ag you

start filling it.
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LIVDAHL: I just cannot believe this, Jim, because this is 'nothing but
the rectified output of an rf envelope and this says that this loop has got
to be taking power out of the cavity.

LEISS: Well, the point is that if you have a small amount of rf in there,
which I suspect you do, because your grid drive is probably on before
the plate voltage, then you have an offset zero and it really has not gone
negative; it has just gone down cloger to irue zero.

LIVDAHL: Yes, the drive does come on about 10 microseconds before
the plate pulse and I do not know that we have looked for this.

I.EISS: There is another interesting example you can predict and which
has been observed on a lot of machines. When you turn the rf off, in-
stead of the detected rf signal going down it initially has a rise. This

is again precisely the same thing. °‘This is the phase oscillation that is in-
duced when you make a suddén change in the ri level of the cavity.

JAMESON: I might comment on this last statement. We did some meas-
urements on a cell iris-loaded siructure in which we puil in a square
wave input and locked at the build-up with a sampling scope. We fook
the pictures and measgured the 63% rise time, and these indicated that
the structure filled from the back end first. We also saw the transient
that you spoke of at pulse turn-off, This effect was greater the further
away you got from the drive. Now, these measuremenis that we did
were done at signal generator power levels and I have some reservations
about the techniques as far as quantitative results are concerned. One
thing was that we were coupling out more than we should have been with
the measurement loops. However, the observed results were qualitatively
exacily as predicted by the equivalent circuit theorem.

VAN STEENBERGEN:; May I make one comment on the cloging of the loop?
Mr. Otis, together with John Keane, has worked on the ri stabilizaiion
loop at Brookhaven. So far he has succeeded in closing the loop and keep-
ing a stable system for the cut-off frequencies up to 20 kc and loop gains
up to 5. When he exceeded these limils of cul-off frequency and loop

gain, he saw sirong excitation of extramoding of the tank. We just could
not work with a loop stabilization system which had a wider frequency

band which means that if there were to be any corrections, they had to

be of a very slow variety in our particularly long tank.

FEATHERSTONE; I think everybody here who is interested in rf systems
would like a status report on life and performance of 7835's.
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LIVDAHL: Iknew that question would be asked, so I looked at'the clock
last week. At the present time our mode of operation is to start up at
midnight on Wednesday night and run through the following Friday
morning, a period of 25 shifts, with operation on the succeeding days as
we need for maintenance, obgervation, development, etc. At this rate
we build up a maximum of 500 hours per month, so we really do not have
an awful lot of data on it yet. However, last November 21, we put a 7835
in the power amplifier; it has been in there since. 'The power amplifier
has not been apart in that time and we have operated for 4, 400 hours in
that time and the tube hadalitile over a 100 hours on it before that.” The
other two tubes that we own have 2, 000 and 2, 200 hours on.them. There
is no reason to believe that any of the three tubes -have changed characier-
" istics in that time. ' B
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EXPERIMENTS ON RF FIELD PATTERNS IN THE BNL LINAC

J. T. Keane :
Brookhaven National Laboratory

The major portion of this presentation will be concerned with the
scallops observed on the rf probe patterns of the linac tank., Questions
concerning this phenomena were brought up last year at Yale during
Phil Livdahl's talk on the ZGS injector linac. It is contended that the
cause of these scallops is due to excitation of higher order modal reso-
nances, Figure 1 shows the scallops observed on the rf tank pattern.
Note that this disturbance dies out as steady-state conditions are reached.

TANK VOLTAGE PATTERN UN-DISTORTED

Figure 1

Before giving experimental proof of the cause of these scallops it
seems appropriate fo review ithe modes ithat can exist in a linac tank,

The wave types for a circular guide and their cutoff wavelengths
are shown in Table I. It is seen that if as in a linac tank the diameter
of the guide is adjusted for a cutoff frequency of 200 Mc in the TMyq
mode (d = 1.15 meters), the TE;; mode is the only remaining mode
above cutoff. As will be shown the frequency of resonance of the linsac
tank operating in the TE{; mode is 153 Mc. Since thig is much lower
than the excitaiion frequency of 200 Mec, this mode will provide litile
trouble.
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Wave Type Cutoff Wavelength Cutotff Frequency if
* , d = 1.15m
TEq4 1.71 diameter {(d) 153 Megacycles (Mc}
TEOl 0.82d 320 Mc
TEqq 1.03 d 255 Mc
TMll 0.824d 320 Mc

TABLE I. Modes in Circular Waveguides

NOTE: TM, and TE,, modes impossible since zero tangential elec-
tric field at conducting walls requires 1 0.

For the TE,;, mode where p ig the number of variationg in the
longitudinal direction the resonant wavelength is as shown below

) 2 — 02 9 o (1.708) since £ >> p

' 2 2 1/2 =
py {1
Ka) +(1. 706a> ]

A Z21.706d = 1,708 (1.15) = 1,98 meters

., all resonanceg = f 2153 megacycleg where £, = 33,5 meters,
the length of present linac tank

il

radius of tank
diameter of tank .

a
d

H

Thus the majority of the TEllp mode resonances for a long tank
will be near 153 Mec. ' '

The only remaining resonant modes needing consideration are the
higher order TMOlp modes. Their regonant frequencies are given as
follows,

For -TMO = 5 _' z 3

1§

a 0. 575 meters
B = 33.5 meters

p
2
o= 1.5 [1=(9—2%—95 )] - 1.5[1~(g;———9=75 )]
33. 5
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Note: Resonant wavelength for higher order modes approach that
of TMy,, as f increases.

, 2 _
Af = f ;Q%_ = 200 x 10° (03—‘;—55—3) (—1-1—5) where Af

is cycles above the resonant frequency of
TMg10 mode.

Af = p2 {(66.2 x 103) cycles

TM’Oll: p =1 = Af = 86 kilocycles (kc}
TMOlz: p = 2 ’.g‘ ﬂf = 264: kC
TMg13: P = 3 % Af = 6 megacycles (Mc)

It is thus seen that the TMgqq and TMg;, modes can be excited
very readily in a linac structure. Of course, their strength will be highly
dependent on the location of the coupling loop into the tank. If a single
magnetic loop is used, its location can be unfavorable to either the TM 12
mode or the TMy,, mode but not both (see Fig. 2}. Since BNL's loop
provides magnetic coupling at a point centrally located along the tank
lengih, ' :

(a) weak coupling to the TMg11 mode will result since this is a
point of minimum ""H" field for this mode; :

(b) strong coupling to the TM(y1 9 mode will result since this is g
point of maximum "H'" field for this mode.

Having reviewed the possible modes that can exist in a linac tank
we can get on with the results of modal studies on BNL's tank. The
capability of a linac struciure to support a TMyqq and TMg,, mode was
vertified by changing the excitation frequency and looking for the charac-
teristic modal configurations of the TMpq3 and TMyyo waves slong the
length of the tank. These patterns were asceriained by use of 34 calibra-
tion loops located along the tank lengih. Essentially they measure the
magnetic field strengths at the tank walls.

The resgults of the tegt are given in Table II below.
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Mode Frequency Maximum Observed f . Cale. I
Field Strength
Relative Reading
TMg1g 201, 066 Mc 5,17 0 )
TMg11 201,095 Mc 5 29 ke 66 kc
TMg19 201. 178 Mec 1,65 112 ke 264 ke

TABLE 1I. Observed Modes in BNL Linac (see Fig..2)

Since this linac is excited by a single magnetic loop centrally
located, the results agree with theory. As was expected the field strength
wag strong for the TMgq9 mode but weak for the TMyqq mode. I is
noted, however, that the resonant frequencies of the TMpyq and TMgqo
.,modes were closer to that of the TMg1g mode than expected. This ap-

parent deviation from theoretical findings is easily explained. The exist-
ence of varying length drift tubes and ball funers should alter resulis
expected from an unperturbed cylindrical guide analysis.

Figure 3 shows plots of the relative ""H'" field sieady-state strength
along the lengih of the tank for the normal TMgqg, the TMgqq and TMpqq
modes. Note that as expected the "H'' field for the TMgy1g mode has a
minimum at Probe 10 and Probe 26, also that the field strength of the
TMgqq mode is smaller than that of the other two.

Essentially the initial ststement that the scallops on the rf patterns
were due to moding is proved by the data just presented.

With the tank excited at ifs normal frequency the following observa-
tions were made.

1,

At Probes 10 and 26 where the tangential magnetic field of the
TMgq9 field pattern was minimum, the scalloping on the TMgqq
excited rf patiern was not present.

The relative magnitude of the scalloping on the TMgqg rf
pattern increased along the tank length in the same manner as
the magnetic field intensity of the TMy;, patiern.

The frequency of the scallops agreed closely to the diiference
frequency between the TMpyg and TMjyy, resonances.

Ags the steady-state tank response to TMg;g mode excitation
is reached, the scalloping dies out.
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From the above statements it is concluded that during the build-up
time of the tank the TMgi9 resonant mode is excited.  Due to two dif-
ferent frequency sources present the measuring loops detect a modulating
signal whose frequency is equal to the difference frequency of the two '
sources (TMg g + TMgq5). - :

It is well known that the Fourier power spectrum of an rf pulsed
signal has [requency components around the center frequency. These
frequency components serve ag the source of the TMg;9 excitation during
the build-up period and tend fo die out once steady-state conditions are
reached. Since BNL's method of coupling is favorable to the TMyqo
mode, the gcallops are observed.

At this point we took a closer look at the probe patterns that did not
have the noticeable gcallopg, namely Probeg 10 and 26, It was noted that
there was a slight modulation at 30 ke which indicated that the TMpq4
mode was algo excited but to a much lesger extent than the TM012°

Since this time, A. Otis of BNL has done work on an rf level
stabilization loop, In his first attempts at cloging a loop he had oscil-
lations. Again the frequency of ogcillation was the difference frequency
of the {TMyq¢ and TMOlZ) modes away from the TMgg mode.

Now that the existence of these modes has been verified, what does
it mean? Certainly ii will prove cumbersome to a closed loop system
being controlled by a linac tank signal. Again since the tank is more
susceptiible to these undesired oscillations during fransient periods, what
effect will it have on beam compensation schemes? Both thege modes
have radial "E'" field components that would prove detrimental to the
beam. The big question which unfortunately I cannot angwer is how sirong
can these defocusing fields be when 50 or 100 ma beams are passing
through linac tanks? Hopefully they are weak enough to neglect. One
way to lessen the effecis of these resgsonances would be to keep the iank
length down. Previously I showed a resocnarice equation that indicated
that the frequency of these undesired oscillations moved further away
from the TMgqg mode resonance as tank length decreased. This would
tend to decrease the power present in the side bands.

The scalloping just described is always present on BNL linac probes.
We are blessed with another type of scalloping, however, that acts some-
thing like a phanfom, It crops up suddenly and leaves just as suddenly.
Fortunately it only stays for very short periods. The magnitude of these
scallops are much larger than the ones just described. The scalloping
frequency and distribution along the tank lengih indicates it is a TMg1q
modal excitation. Apparently it is caused by particles coming from the
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Cockcroft-Walton generator. This is concluded by the fact that it can
normally be eliminated by

1. Turning on beam chopper, or
2. Closing the valve at the linac tank entrance, or
3. Putting in a {lag between the Cockcrofi-Walton and linac tank.

We have done studieg during one of its short stays rebenﬂy and
-found that

1. It is independent of the buncher--the rf feedback loop from the
tank was taken off and it still existed.

2. It is very sensitive to the Cockcrofi-Walton voltage. It
disappeared when the voltage is below 737 kV.

w2

It is relatively insensitive to the linac tank rf power level.
When the power is brought well below accelerating levels, it is
unaffected--but if the level is brought above tank level, its
magnitude starts to decline,

4., T1iis very sensitive to gas pressure. 'The tank is more prone
to these scallops when the gas pressure is decreased.

Unfortunately this is as much as we know about these scallops and
we will have to wait for its further reappearance before more data is
accumnulated.

DICKSON: On our closed loop stabilizer, I did not say that we had never
seen scallops. We do see gcallops at times but we can geti rid of them

and there seem to betwo things that affect themn. One is that if one tunes
the tank so that it appears fo be exactly on tune, I think this gives acallop-
ing. If one tunes slightly off maximum, then the scalloping can be reduced
to practically zero. The other thing that affects the scalloping is the lengih
of coaxial line between the final amplifier and the tank. If one changes this
line length, then the impedance presented to the tank by the amplifier
changes and this has some effect on the scalloping as well. So we play with
these two things and can get rid of the scalloping. We had not related the
scalloping to the modes of the cavity in the way you have.

KBEANE: We tried to move the resonant frequency of the higher modes.
They are quite sensitive to ball tuners, eic. Anything in the line will

tend to change the frequency to a greater extent than it changes the normal
frequency.
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TAYLOR: Can I just confuse the issue? When they are on tune, we see
no scalloping and when we move off, we see g beating which corresponds
to the beating between the drive frequency and the tank resonant frequency.

WADDELL: I would like to merely comment that this modal business, of
course, was something that is seen in the original machine. That is, we
have the original Alvarez accelerator and it differs from all the others
that you are talking about in that it is a self-excited oscillator; and so
during the tune-up procedure the operator has to egsentially adjust the
pre-exciters so that one is on the proper mode. It is possible to tune up
the machine on the wrong mode and probably Earl White could speak on
thig, but what we do is instead of presenting a rectified waveform in the
control room, we actually present the rf and then it is quite simple for
the operator to look at this pattern and to simply tell what modes are
being generated as the pre-exciter is being tuned.

KEANE: I would like to make one comment on this--these scallopings
are very slight, small in amplitude; indeed if you detune, I can take my
whole pattern and I have gigantic scallopings, but these scallopings do
not attenuate., REssentially what I am saying is that these scallopings are
more pronounced during the transient time and they die out once steady-
state conditions are reached. Definitely if you detune, you get off fre-
quency and you will get more violent scallopings,

JAMESON: Nagle and Knapp have pointed out the equivalent circuit
theory that we are fond of at Los Alamos. I have extended this theory
to a transient analysis, and I am going to talk sbout it tomorrow. It
points out in a rigorous fashion how these scallops occur., U ig the
beating between the drive and the modes in the pass band, all of which
are excited during transienis. This beating dies out in the steady state.
I have some runs also that show the behavior that you get when you drive
off frequency where you get large transient bumps and then s settling
back down to a steady state on which there are regular ''scallopsg"
produced by beating between the drive and the nearest mode frequency,
It all comes out quite nicely in terms of the equivalent circuit theory,

BLEWETT: Something that bothers me aboul these higher order modes
is the fact that,as John showed in his pictures, they all have radial com-
ponents. Why aren't these shorted out by the drift tube stem? Our drift
tube has got two stems at right angles to each other. T was wondering
what sort of mode pattern you get if you had say four drift tube siemg
going out in all directions, or what these actual mode patierns look like
in the present case.
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KEANE: Iwill note one thing. The @ of the TMyqq seemed to be much
lower than that of the normal tank. The rise tirme looked to be in the
order of 120 microsecondg in the pattern. '

LAMB: We did an experiment some years ago which is relevant fo this
problem. It was cleaner because there weren'tany drift tubes--it was a
cylindrical tank--it was resonant at around 200 Mc and into this tank we
introduced the burst of electrons. The tank was surrounded by a solenoid
and these electrons were just shot into the tank, and they had many
Fourier components in their front. We did not detect any frequencies
lower than the fundamental frequency, but we detected essentially every
frequency from there on up and of course it varied where the probe was
located as he poinied oui. There were different ones in diiferent placeg--
TH's, TM's, and very high order modes, In order to guppress these
modes so we could carry on with our experiments and see some electrical
signal in this tank, we did the things that Jobn jusi suggested. We tried
to short certain modes out by putting conductors across the fank, and this
would de@ this particular one, but the conductors would then look like an
end wall to some other mode.

PERRY: 1 think there is no guestion that these modes do exigt, In the
tune-up stage of our machine we exciied quite a number of these with a
lock-on ogciliator,
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AUTOMATIC CONTROL AND STABILIZATION OF THE ORSAY LINAC

P. Brunet, L. Burnod and I,. Lheritier
Ecole Normale Supericure - Orsay, France

Before speaking about automatic control, I would like to show briefly
the present status of the Orsay linac. In this initial design the electron
linac itself was-built by the CSF Company. Since the end of 198 1, the
laboratory of the Orsay linac has the machine in charge for operating and
improvements. '

There are now four experimental areas (Fig, 1) available for physics
experiments; oneat 250 MeV in use gince 1960, one at 500 MeV and one ot
1 GeVin use since January, 1962, and the last one at 1,3 GeV is just
firished now, including the deflecting system. Another experimental area
18 ready fo receive the 500 MeV electron-positron storage ring, but the
storage wing itself will be ready in 1965. The positrons will be extracted
from a radiator located at the 700 MeV electron energy level and then ac-
celerated from a few MeV to 250 MeV before injection. The electrons will
be accelerated from another gun by the last part of the linac and injected
in the ring at the same point as the positrons are,

We alrecady accelerated a positron beam extracted at 200 MeV elec-
tron energy level, For a 700 Me¥V positron beam, the ratio of the posi‘tron4
intensity in 3% energy spread to the electron intensity on the target is 10 =,

Now there is another proposal to extend the electron energy from
1.3 to 2.8 GeV, by doubling the length of the machine, and to increase
the duty factor by a factor of 3, from 50 pps to 150 pps. In this case,
the new part of the machine will he built at the front of the bresent linac,
the shielding of the 1.3 GeV experimental arca being sufficient for a
3 Ge¥ beam.

Operating a multisection electron linac for physics experiments
requires a high stability for both beam current and energy.

it is quite easy to obtain 50% of the beam current in a 1% energy
spread, if the transient beam loading is compensated for by early injec-
tion or changing the modulator timing,

However, it is difficult to maintain these adjustments over a long
period of time, and in addition, the setup time is long unless automatic
controls are incorporated.
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~ The influence of variations in the main machine parameters such as
High Voltage, Frequency, Temperaiure, eic., are well known.,

1t ig my intention here to speak only about som_e'of the systems which
have improved the Orsey accelerator and some systems which will be in-

corporated in the machine extension from 1.3 to 2.8 GeV.

i, Klystrons ‘High Voltage

in the initial design, the klysirons and modulators were supplied
from a single ac power supply controlled by an induction regulator with
a stability of ¥ 1%. Such a long term stability may be sufficient if the
operator can control the long term energy fluctuation, However, with a
short term stability of the same magnitude, every fluctuation in the power
lines is transmittéd to the klystron high voltage resuliing in beam energy
variations of the same order. With & narrow energy gspectrum and energy
defining slits, excessive variations in the analyzed beam current result.
Furthermore, for the induction regulator which was ugsed, the response to
the power lines transients is very slow, of the order of one second, whiclh
means thai the short term stability was much worse than 1%.

n order to overcome this short fterm ingtability, we are now using
a motor generator set with an ac voltage regulator of + 1%. We now get
a short term stability better than 0. 1% due to the large inertia of the set.
Such a system can keep approximately 2 x 1077 electrons [pulse within a
2% energy spread for several hours with current variations lesge than
+ 5%. The long term stability can be further improved by controliing
the aJ_,_j;ern.ator oufput not from the ac ouiput voltage but rather from the
charging voltage of the pulse-forming network, This means we can also
adjust the klystrons high voltage by the inductor of the alternator.

1i, Phaging

An auntomatic phasing system is already installed on five sections,
or 300 MeV, of the present accelerator and it is yet working but it is
under test too. :

The rf phase of the seciion input signal is compared to the beam
phase obtained from a low Q cavity excited by the beam (Fig. 2}, The
electronic length of the rf comparison circuit ig set up 80 that 2 null on
the phase detector is obialped for the optimum vf phase {Fig. 3}, This
optimum rf phase is determined by means of abeam energy measure-
mernt apd fixed by s phase shifter. The phase detector is a magic T
with two linear vf diodes (or one diode and a phase wobbling system}.
The two diode voltages are stretchied to a do voltage and compared in a
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differential dec amplifier which controls the phase of the rf klystronm in-

put.

A transmission cavity in one arm of the rf comparison circuit,

temperature locked to the section,compensates for small frequency and
temperature variations.

With such a system we can control the phase within + 3° with a

range of beam intensity from 20 to 80 mA and a 3 db klystron power
range (10 to 20 MW). However, we do not know yet the behavior of the
system over a long period of time, let us say for more than one month,
without a new energy calibration.

It seems feasgible that such a long term stability can be obtained

with the following improvements.

(a) Increasing the phase stability of the rf comparison system by
choosing rigid and short transmission lines. :

(b) Broadening the range of operation fo a 10 fo 1 varjation in the
beam current and 6 db for the klysiron power.

(¢) Achieving a more simple and accurate phase calibration for
example, by adjusting the set: Section + Cavity + R{ Com-
parison Circuit in a separate room set up for this purpose.

The disadvantages of the system are:

(a) A complete system is required yet for each section (cavities,
rf comparison circuit, electronic).

(b) We must trust the phase stability of the rf phase comparison
gystem.

The advantages are:

{a) It does not require a special accelerator triggering system
nor sectionsg with ouiput couplerg, i.e., it can be adapted on
the present machine.

{b} It is a continuously operaiing gystem.

Assuming the rf driver frequency is stable, there are still two

other control sysiems which must be incorporated if stabie and reliable
operation of the linac is to be obtained. These are temperature and
beam position controls.

I,

Temperature

The rf power level in each seclion is controlled by means of the

klystron high voltage and is set to give the optimum performance of
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section and klystron. Preliminary measurements on the heat transfer
between the sections and the water indicated that the temperature
gradient between the copper and water is not independent of the power.
Thig means that the cooling of each section has to be independently ad-
justed. This can be achieved by controlling the rf phase between the
input and output of the section. :

This comparison can be seen to be extiremely sensitive, sgince
AP = ovwT - DO

where

R

is the coefficient of linear expansion of copper
is 2w x frequency

is the filling time of the sectlon

A6 is the temperature change

~ €

For example, with

w = 2WMX3IX 109
T = 1078 geconds
o = 1,6 x 10~

Ap = 17 degreeg/degree C.

1V. Beam Posgition Control

For a high power beam, it is very imporiant to keep the beam on
the axis. A steering system which is really independent of energy and
stray magnetic fields appears difficult to build. However, for a single
beam operation it should be possible to use an error signal derived from
a beam position monitor to control steering dipoles and keep the beam on
axis: after phasing a given sector, the beam can be steered and the posir
tion monitored. This seqguence of evenlts ig then carried out on each sug-
cessive sector.

Despite the multiplicity of parameters affecting the beam dynamics,
it should be possible 1o degign in such a way an automatic beam steering
system,

In this stage we still prefer to put local control loops, betier than
a central computer, and o increase the stability of the componenis.
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In conclusion, at Orsay the bresent philosop_hy,is_ always to
manually control the accelerator with the exception of the automatic
systems which I have described,

BLEWETT: Could you give“a:n eétimate of the ultimate that you could
achieve in the control of phase?

BURNOD: - With the electronics which we have now, because we use a
mechanical phase shifter, we think that T 3_0‘ is a limit we caﬁnot improve,
If we use a ferrite phase shifter instead of a mechanical one, we can have
a continuous variation of the phase and a betier s'hort;-t_erm stability, but
of course using such a ferrite device we will lose in long-term sfté.bility
due to the ferrite and its power supply.

JAMESON: What kind of shori-term phase stability are you talking
-about? . - o ' , ' L

BURNOD: Oh, the phase stability is now + 3° over sevéral hours.

There is no problem for the -short-term stability using a mechanical
phase shifter,

FEATHERSTONE: Must you control the temperature of the transmission
lines which bring the Phase information to your control devices ? .

BURNOD: It ig not done yet, but-we musgt do it
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PROGRESS IN HIGH INTENSITY ION SOURCE AND
ACCELERATOR COLUMN DEVELOPMENT.

A, van Steenbergen
Brookhaven National L.aboratory

Recent work on ion sources has shown a gradual increase of proton
beam intensities obtainable from preinjector gysiems. In general, to-
gether with an increase in beam intengity an increase of the beam emit-
tance was observed. Up to the gpace-charge limit in the BNL AGS, this
will becofne most likely the determining factor in AGS beam intensity.
This will be egpecially so when multiple turn injection will be used at
the AGS, which is scheduled to be completed during the nexi monih.

Further, preinjector intensities for ihe proposed BNL 500 MeV
linac injector will be of the order of 500 mA in order to obtain linac beam
intensities of .at least 100 mA.

Only recently have ion sources been developed capable of total
beam outputs of this order of magnitude and being suitable at the same
time for use in conjunction with particle accelerators because of emit-
tance characteristics. For completeness sake a short enumeration of
these sources follows: :

1) PIG Ion Source. Here a plasma is obtained by means of a gas
digcharge in a simple'two clectrode structure. Secondary electron emis-
sion to sustain the discharge is obtained by means of ion impact on the
cold cathodes. FElectron oscillation between the two cathodes is main-
tained for high ionization efficiency by means of the anode-cathode elec-
trical field and an axial magnetic field.

92) Rf Jon Source. An electrodeless ("magnetically" excited) dis-
charge, by means of a radio-frequency field is obtained in a ceramic or
pyrex source "pot." An exira electrode in the plasma chamber is used
to establish a field in a ceramic channel for ion extraction from the plasma
boundary located within the source pot.

3) Duoplasmatron Source. A hot cathode {emission layer coated
cathode or a tungsten eathode) is used for the production of electrons for
gas ionization in a three-electrode structure, With a conical geomeliry
of the extra electrode between cathode and anode some plasma compres-
sion is obtained. Further compaction, between the extra elecirode and
ithe anode is accomplished by means of magneiic mirror fields around the
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interspace of these electrodes. For higher output currents, a specially
shaped aperture button makes it possible to obtain ion emission from a .
larger area than the source aperture opening (small plasma cup).

4) Lamb-Lofgren Source.” This gource is a version of the "magnetic"
ion source, i.e., a hot cathode discharge type source with plasma concen-
tration by means of an axial magnetic field. Here, instead.of a single
aperture hole, a multiple of aperiures is used to let the plasma expand -
in a large cylindrical plasma expansion cup. With the extraction field a
concave plasma sheath is formed within the relatively large plasma expan -
sion cup. C

5) "Modified" Duoplasmatron Ion Source {(Solnyshkov, et al). A
large plagma expansion cup is attached to the basic duoplasmatron source
and ion extraction takes place from a shaped plasma boundary sheath,

6) '"Modified" PIG Source (Gabovich, et al). This is the basic PIG
source with hot cathode and large plasma expansgion cup,

In order to establish some criteria by which to compare thesge
various ion sources, it is useful to define source brightness and related
beam emittance again. The momentum normalized beam emittance, ag
related to the two-dimensional phase space projection is given by,

P (x, ot ) dx dex.
V:Q-X ff WX X=;@XE

where v is the emittance invariant and F {(x, ot_) represents the two-
dimensional transverse phase space boundary f6r a proton beam, deter-
mined at a particular energy.

The source "brighiness" may now be defined asg:
Y

B = L

2 2
wov

'*1'-011 extraction from a large plasma boundary and plasma boundary
shaping ("plasma boundary focusing') by means of grids or extraction
fields, as applied in the "modified" duoplasmatron source and "modified"
PIG source were first incorporated in this particular ion source degign.
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which specifies the particles per unit time density in fopr-dimensgional
phase space, assuming a simplified E, t distribution. This defini--
tion is identical to the statement that the source brighiness is the particle
flux (currvent density) per unit solid angle.

Referring now to the conventional duoplasmatron source, the rf
source and the PIG gource, these sources showed generally the behavior
that the emittance increased linearly with the output beam current. This
was observed at BNL for the PIG source and conventional duoplasmatron
. gource and similarly at CERN for the rf source. Thig behavior is

expressed as: :

v = _..1-..
and consequently,
2
B = S s
i

with ® a constant. *

+ was rather disturbing to observe that the four-dimengional phase
gpace density decreased with extraction of higher beam intensities from
the ion source. Regarding this, it is useful to consider the optimum ex-
pected ion source emitiance versus output beam intensity.

The minimum emittance is determined by the transverse velocity
components existing at the plasma boundary from which beam exiraction
takes place. The magnitude of the transverse components is determinad
by the plasma temperaiure. .

Taking the simplest case of a plane plasma boundary and homogene-
ous particle density filling of the glaSma of N ions per unit volume, then
for ion extraction from an area a“ one finds for the emitiance

2Byam ¥y | 2av

7By moc e

v = wByapxlp, -

Using & simple cut-off of the Maxwell-Boltzmarnn momenium distribution
and assuming plasma equilibrium, i.e., T = T,, one finds

*The brightness as defined here refers to four-dimensgional phase gpace
only, the time structure of the beam may change the 8 and B values.



417

1/2
kT, /
N B
x = mo

Here §X is the x component of the mean velocity of the ions near the
plasma boundary. :

Further, the total beam extracted from the plasma boundary for a
space~charge limited beam may be obtained from the diffusion equation:.

_ .2
I 2"~ Ne 7

or simil aﬂy

| kT, y1/4] -1
a = 11/2 [NI/Z el/2 ( ml) ]

(@]

“Actually, because of limitations in beam extraction due to space-charge
effects, a more practical expression for a would be given by Langmuir's
equation:

-1/2

127 %%, 5o Vexir 3/2

[ g )
9 mg g

Comparison of the two expressions indicates that a practical upper limit
exists for N. For higher values of N and a given extraction field and
- geometry the plasma boundary takes on such a shape that unacceptable
optical conditions resgult, Therefore, for any practical system, the maxi-
mum value of N may not be determined by the ion source capabilities only,
but, especia.'[]iy with recent iori source developments, by limitationsg in
(Vextr. 3/2/g 2

For the present argument the first expressgion for a will be used,
Substitution of a and vields:

WBO'I/Z

with B, a constant,

1/2

[orv -2 (55) ]

oC
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e _ I
and by definition B = -———5—75 , therefore

™ v
Nec

B = By = — :
0 4 kTiz 1/2
IIlOC

Contrary to experimentally observed behavior, theoretically the source
brightness would be independent of output current, as it should be.

The foregoing approach may be enforced by substituting some
practical values for T and N in the .expression for B,. An expanded
plasma from a pulsed high-intensity PIG source with hot cathode was
studied by Gabovich et al. ~ Here, a plagsma expansion system, similar
to that used by A. I. Solnyshk;ov5 for the duoplasmatron ion source, was
used, g‘yplcal values for N and T in the expanded plasma are 10 /c:.m3

and 10° PK, respectively. This substituted yiel ds for B,

By 1.2 x 1010 —ma___

cIm mramd_:2

This value is indicated in Fig. 1. Also given here are values for B and

v derived from Soluyshkov's regults obtained with a modified duoplasmatron
source. Through these points lines have been drawn in the log-log emit-
tance current plot of "suggested' ouiput current dependence of the modified
duoplasmatron source., At the present time this is only supported by the
asgumption that with extraction from a relatively large plasma boundary
area the theoretical expected current dependence of v and B may be
approached.

The B value as calculated is of the same order of magnitude as
the approxlmate B value obtained from Solnyshkov's experimental resulis.

The experimental observed behavior of v and B as a function of 1
for the conventional duoplasmatron source, rf source and PIG source is
algo given in this figure. TFurther the range of some recent resulis for
v and B with the modified duoplasmatron source as obiained by B. Vosicki
at CERN and L. Oleksiuk at BNL are also indicated. These resulis will
be discussed in detail by L. Oleksiuk.

The foregoing approach suggests immediately that it is desirable to
keep the plasma temperature low in order to obtain high B valuesg and
low v values. It also explains the reason for the encouraging resulis
obtained with the sources with large plasma expansgion.
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2
Area F (x, B
v = By Arca B b, i) BYE; B = ) tor B definition,
- P
see texi.
mA
2 .42
V {cm-mrad) B, (calc.) cm” ra
10 _1010
B (B} ) BLeningrad
[— T m . = - - =
suggested optimum ;
|— current dependence /
9
T e —1
L ‘e VCERN
— [y
'
Present duoplagmairon, P.L G, ;' VBNL
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L v /\7
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Fig. 1. ION SOURCE CHARACTERISTICS
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It is evident that the ion sources using plasma expansion and plasma
boundary focusing may substantially improve present ion source {PIG, rf
and duoplasmatron) brighiness figures. With these sources, beam intensi-
ties of the order of 500 mA are readily obtained. It is in a sense secondary
how the expanded plasma is established, as long as the appropriate plasma
temperature and density may be obtained. Therefore, in a first approach
several of the above mentioned ion sources will be suitable. Some perti-
nent parameters of these sources have been collected from the literature
and from BNL experience. These are given in Table I. The figures given
are meant for comparison only and all values given should be considered
to be approximate only. There should be no clear cut choice between the
modified PIG souce, the Lamb-Tofgren ""magnetic" source and the modified
duoplasmatron source. However, with the duoplasmatron a high density
primary plasma is obtained in a rather efficient way. This source is there-
fore more guitable to produce an expanded plasma without aciually enlarg-
ing the ion source aperture to any appreciable extent, which should be
avoided to the extent possible because of neuiral gas flow into the accel-
eration celumn.

Some thought has been given to the most desirable shape of the
plasma boundary in the modified duoplasmairon source. This is illustrated
in an oversimplified way in Fig. 2. The possibility of posilive aberration
and also space-charge blow-up with a consequent equivalent negative aber-
ration in the proton beam should be avoided to reduce effective phase space
dilution. Presently, the first case illusirated, i.e., that of an essentially
flat boundary is being considered as a desirable configuration together
with a high gradient column approach as will be further detailed below.

In Fig. 2 is also indicated the possible reason for the experimental-
ly observed emittance-current behavior in the conventional duoplasmatron
source (v = C1 I instead of v = Cy 11/2 ag expecied). As illustrated the
measured emittance would be '

v 2 Byaed, ,
, . 12 ,
From elementary elect{?zﬁ optics o= Cg I , further, Langmuir's

equation gives a = Cy I , consequently v = 1/# 8 .

Even though the source brightness values obtained with the Solnyshkov
gource are promising one might say that developments are not so far ad-
vanced yet that one could speak of an operational source at present. Some
problems are mentioned:
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a. With the large plasma boundary extraction use is made of
plasma boundary focusing, i.e., the beam optics will depend on the
boundary shape. This in turn depends gensitively on extraction field,
its distribution and plasma density. Slight variations in source param-
eters are expected o affect beam optics substantially. In this connection
also the nonuniform plasma density is a problem resulting in complex
emittance patterns. For plasma boundary shaping a shaped grid might
be used. This is shown in Fig. 3 together with a version of the modified
duoplasmatron source. If a grid is used on the extraction electrode '
scattering of protons due to the fine structure of the local fields might -
prove to be causing effective dilution of phage space. This is presenily
being studied at BNL. :

b. Plasma oscillations and boundary instabilities. With the con-
ventional duoplasmatron source, beam intensity modulations with fre-
quencies up to 30 Mc/s and even higher have been observed with the wide
band frequency system of the AGS. At times, beam intensity modulations
of nearly 75% have been observed, while under optimum conditions this
was still of the order of 5% to 10%.

c. TFurther measurements are needed on proton percentage from
an expanded, lower temperature, plagsma with the Solnyshkov source.

With conventional Cockcroft-Walton acceleration columns the “
voltage gradienis are such that a relatively large diameter column
aperture is needed in order to be able to transfer of the order of 400 mA
total beam. Also, with a larger diameter beam, problems connected
with aberrations would be more serious.

An alternative is to try to improve the accelerator column gradient.
Further, with the possibility of extracting beams from large plasma
boundary diameters and actually also the desirability of doing so in con-
nection with beam emittance and source brightness, it becomes attractiive
to consider again the ""Pierce'' approach of beam formation. In the small
beam diameter case, an unpractical high voltage gradient is required to
support the "roctilinear: beams; this because of the higher current den -
gitieg involved, i.e., 1 Alcmz, With current densities of the order
of 0.1 A/em® the required fields approach practical values again.
Various text books on electron optics detail the '"Pierce’ approach. Here
only the resulting formulas will be given:
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For a "rectilinear'™ flow with cylindrical boundaries the axial
potential distribution is given by

_ 4/3
U, o = A;Z
with '
1/3 2
m v /2 A, > end A, = 5.7 10° /3
A = _p—me -

For a plasma boundary of 1 inch diameter and 500 mA total current one
obtains j, = 0.1 Afem?® and :
4 _4/3

UZ’0= 1.5 10 Z/ .
The potential distribution outside the beam boundary has to match thig
distribution at the beam boundary. This has been obtained analytically
and can be approached for practical electrode shapes with an elecirolytic
tank. The axial distribution together with the required fields as a func-
tion of axial location are given in Fig. 4. In this case the extraction
electrode held at 50 kV is matched at the proper location and given the
proper shape. Consequently 700 kV wiil be held across a gap of approxi-
mately 16.5 cm. The maximum axial field indicated is = 50 kV/em.
Similarly some parameters for the spherical case, i.e., a beam cone
cut out of the inner space between two spheres has been explored. Again
a plasma boundary diameter of 1 inch and tofal beam of 500 mA have been
assumed. The axial potential distribution is given by

_p sin
1 = 2.4 1078

op U

2 0
2
2 Z, 0
3 (X 2
with = (R/R plasma houn daril' a known functlon The results,
matched again 1o the extraction electrode, are also shown in Fig. 4.
The field has been limited to 10 MV /m, resulting in a slight deviation

from the required potential distribution above 650 kV. This is not
thought to be serious.

As a first approach the ''rectilinear' beam with cylindrical beam
boundaries have been considered. An electrode system enforcing the
required potential distribution has been designed and at present, first

*This would constitute a beam emittance of zero value, which does noi
occur in practice. Nevertheless the approach is useful.
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approach equipotential measurements have been done with a semi-
automatic equipotential plotter. An electrolytic tank of 30" x 24" and
the plotier have been buili by Mr. A. Soukas, who also did some of the
measurements, an example of which is given in Fig. 5, '

The finally synthegized electrode structure will be mounted in a

high gradient large diameter column structure, as shown in Fig. 6.

This is a double walled structure with the possibility of conditioned and
cooled gas mixture flow in the interspace for cooling of the voltage divid-
ing resistors and improved voltage rating. The toial length of the column
is about 40 inches for 750 kV. A test section is presently being built up
to evaluate some of the design approaches in more detail.” The over-all
preinjector arrangement as envisaged at present is shown in Fig. 7.

LAPOSTOLLE: I would like to agk you two gquestions. First, what type
of aberration do you consider due to space charge? 1Is that due to non-
uniform density or to the potential drop inside the beam?

VAN STEENBERGEN: I have talked in terms of equivalent negative
aberration, because the space-charge effects, even in a homogeneous
beam with potential drop inside the beam, tend to distort the two-
dimensional phase-space boundary in a sense opposite to that due to
spherical aberration. I assume that boundary distortion due to space-
charge in a nonhomogeneous beam would tend to be more gerious and
lead to more equivalent negative aberration.

LAPOSTOLLE: Now, ] have the second questfion, which was about your
high gradient column design where you try to have a field distribution
which fits the space-charge law in some way. That of course only applies
for a given current density.

VAN STEENBERGEN: The equipotential digiribution at the boundary is
correct for one value of current densgity only. Therefore, at present
the preliminary design is for a particular total current, i.e., 500 mA
only; it is not expected to suit typically a 50 mA total beam.

MORGAN: In your high gradient column design, did you worry about
regions of electron oscillation in the stray field of the solenoid leng
which is right beneath the column? We found this to be real critical in
the design of our column.

VAN STEENBERGEN: We did not consider this yet.
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TAYLOR: Have you plotted trajectories through on a computer? And
if so, I want to ask you what sort of program you use and how you
included the space charge?

VAN STEENBERGEN: We hope to start using the Kirstein program but
have not done so yet. I recognize completely that the equipotential tank
leads to a first approximation only.

-WROE: Would you say a bit more agout those 1({51 temperaturef you
quoted? I notice you wrote down 10 OK and 10" “ jons per cm”, Is this
-a measured value?

VAN STEENBERGEN: This was a measured value by Gabovich with an
expansion cup attached to a hot cathode P.I.G. source.
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RECENT DEVELOPMENTS IN RF PROTON SOURCES

H. Wroe
Rutherford High Energy Laboratory

1. Introduction

An rf ion source of the Schneider typel was originally developed
for Nimrod, but it suffered severely from internal breakdown when
delivering intense beams with a pulse length of 1 millisecond. The on-
set of breakdown marked the end of the useful life of the source which
was often short-and unpredictable. The breakdown problem was never
solved in spite of intense effort and eventually the Schneider source was
abandoned in favor of an arrangement similar to that described by
Thonemann and Harrison. 2 7This source has been reliable in operation
on Nimrod and some of its characteristics are given below.

2. Description of Nimrod RI Source

The source is shown in Fig. 1. It is mounted on a mild steel base
plate, 1, which carries the invar cathode, 2, on an accurate register.
The source pot 7 is made from a piece of standard 1" bore QVF pyrex
pipe line with one end sealed, and ground parallel to the lower end. The
pot is mounted on the dural extraction plate, 4, which is insulated from
the cathode by the pyrex ring, 6. A pyrex digc, b, almost completely
covers the top surface of the extraction plate so as to reduce the area of
metal exposed fo the plasma to a minimum. Extraction of ions is
achieved by pulsing the extraction plate {and therefore the plasma also)
{o a positive potential. To prevent discharges between the source pot and
rf coil, which is "earthy', the insulating envelope, 10, is pumped up with
compressed air to about 30 1bs/in2, This also prevents breakdown irom
the extraction plate to the base plate over the outside of the ring, 6, at
high extraction voltage.

The rf circuit consists simply of a 50 £} coaxial line stretcher
and stub connected directly to the coil, as shown in Fig. 2. The lengths
of the line stretcher and the short circuited stub shown in Fig. 2 are
typical values. When a 50§} power meter is connected in place of the
tuner and source, a maximum pulse power of 20 kW can be obfained.
The frequency is 125 Mc/s.

Hydrogen is fed into the source through a hole in the bhase plate via
a nickel leak. 3
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The vacuum seals on the source itself are 1/32" diameter indium
wire compressed to a thickness of 0.004". Considerable pressure is
required and this is achieved by a sirong insulated screw, 13, on top of
the outer envelope. A pressure pad with a spherical upper surface fakes
up slight misalignment between the screw and source pot.

Two permanent magnets provide a roughly transverse magnetic field
of about 50 gauss which greatly increases the ion density in the plasma,
for a given rf power input.

The dimensions of the extraction gap used at present on Nimrod
are shown in Fig. 3. Alignment of the extraction plate and cathode is
critical. It will be seen that the insulating pyrex ring is well shielded
from the beam and plasma and this is considered to be an important con-
tribution to the high breakdown voltages achieved in operation.

Figure 4 is a photograph of a source asgembly and Fig. b is a view
of the source in position on the Nimrod preinjector.

3. Performance of the Source on a Laboratory Rig

3.1 Source Preggure

A special source pot was made up with a Pirani gauge head mounted
on top. The variation of source pressure with the nickel leak current is
shown in Fig. 6. The pressure readingg are corrected for hydrogen.
Normal operating pressure is about 10" ° Torr and the power consumption
of the nickel leak at this level is 36 watts.

3.2 Output Current

A reliable current measuring device has been developed, which
combines electrical and calorimetric methods, as shown in Fig. 7. The
principle of the calorimeter is the same as that of Harrison.

A collector cup, made in 2 mil copper foil to reduce its thermal
capacity, is mounted on a doubie "stem'' of copper strip 3/8" wide and
0. 020 thick. A transverse magnetic field of about 200 gauss is applied
to the cup, by permanent magnets, to suppress secondary electrons and
a michrome wire heating coil is wound on it for calibration purposes.
Thermistors are used for temperature measurement. Figure 8 shows a
general view of the device. Both the calorimeter and the bridge circuit
used to measure the resistance of the thermistors are well screened as
shown in Fig. 10,
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Curves of output current against extraction voltage for two differ-
ent canal lengths are shown in Fig., 9. The rf power level was adjusted
to give a maximum output current at each value of extraction voltage. 'The
difference between the calorimetric and electrical measurements is
probably due to the neutral content of the beam, i.e. the total ion current
crossing the plasma boundary under given conditions is the same for each
canal length but the number of charge exchange events occurring in the
beam is greater for the longer canal. Thus the charged component of the
beam is smaller for the longer canal. The dotted part of the calorimetric
curve in Fig. 9 is in error due to direct pickup of rf power by the therm-
istors--this result was obtained before the sCreening arrangements were
fitted.

3.3 Multiwire Target

Preliminary experiments have been carried out using a technique
for rapid measurement of beam properties such as diameter, current
density distribution or emittance. The device is a target consisting of
25 tungsten wires, 0.2 mm diameter, spaced 2 mm apart and insulated
from each other, each wire being connected to a condenser. When ex-
posed to a beam, the charge collected by each wire produces a proportion-
al voltage on its condenser. The latter are then "scanned" by a mechan-
ical commutator which discharges each in turn through a resistor. Thus,
a series of spikes is produced, the height of each one bPreportional to the
charge collected by the wire in the first place,

This is illustrated in Fig. 11 where the target was used to measure
the diameter of the heam at various axial distances from the source. The
target itself is shown in Fig, 12,

Permanent magnets are built into the target to provide a magnetic
field for suppression of secondary electrons, but they are not very ef-
fective and there is evidence that the Space charge in the beam ig at least
partially neutralized by secondary electrons. Thus the dotted curve in
Fig. 11 igs not a real beam profile. The four positions of the target
probably gave rise to four different beams, though the source conditions
were the same.

It is hoped to extend this technique to the measurement of emittance.

3.4 Source Emittance Meagurements

Some measurements of emittance of the beam immediately below
the source have been made using the slotted plate and CoOpy paper method. 5
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The slits used were 1/4 mm wide, spaced 2 mm apart, in a 1/2 mm thick
dural plate and they were built into a gstandard collector cup as shown in
Fig. 13. The beam current was first measured with the plate and copy
paper withdrawn, then they were pushed into the beam and the exposure
made. A typical image is shown in Fig. 14 and preliminary plots of emit-
tance are shown in Figs. 15 and 16, Both the area of the diagrams and
the details of the images are closely similar to those obtained by Taligren
with a Schneider type source. There seems to be a dense central region
to each image which may well correspond to a large fraction of the beam.

Less dense markings, atlarger values of divergence are often com-
pletely separated from the main "gpectrum.' The explanation of these
effects is not yet clear, but they are not peculiar to the Schneider type
gource. They may well be common to all high intensgity rf sources.

4. Source Performance on Nimrod

The source has proved reliable and consistent on Nimrod during a
period of over a year. The present normal beam current is about 38 mA,
At this level the useful life of the source is not yet known but a unit has
been in service on Nimrod for four months of routine operation without
detectable deterioration. The period of operation, to the time of wriling,
ig about 1000 hours ''beam-on' time.

The curve of output current against extraction voltage is shown in
Fig. 17. The beam curreni was meagured at 600 kV using the beam
monitor system and the values shown were optimized at each value of
extraction voltage.

Figure 18 shows an emittance diagram of a 40 mA beam which was
obtained by using two 4-jaw apertures in the low energy drift space of the
Nimrod injector ag shown in Fig. 19. 'The apertures were set to 1 mm
wide vertical slits. The diagram shows the digtribution of current in
phase space. There is evidence that the "gide arms'' on the diagram are
due to the molecular ion component of the beam which was separated out
by the quadrupole.

5. Future Developments

The present objective is to discover the upper limit of the per-
formance of the source. Improved rf screening {with higher rf power
inputs) is being incorporated and compressed sulphur hexafluoride is
being substituted for compressed air so as to improve the external in-
sulation. It is hoped to increase the extraction voliage to 50 kV.
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LAPOSTOLLE: I would like to make a comment and ask you a question
about the various parts in the emittance diagrams you have shown or,
-in other terms, the existence of several beams. First, I would like to
say that what you observed in the rf source exists in many sources; it
is for instance the same in the PIG source. Now I would like to agk,

what is your explanation ?

WROE: Well, I haven't got one of course. There are so many things it
could be. For instance, thig technique gives you the integrated beam
which strikes the film. You cannot distinguish any changes with time, .
Now we have evidence that changes of emittance occur during a pulse. .
If you examine waveforms of beam pulses through a set of e_mitta_.née -
measuring slits, they are hardly ever square and flat topped, though
the waveform of the whole beam is. It looks as if beam is shifting about
in phase space.

LAPOSTOLLE: You then think that it might come from different parts
of the pulge ? '

WROE: Yes. We are going to look at this sort of thing in more detail
on the source itself. This measurement ] have just told you about was
done at 600 kV. I really cannot offer any serious explanation yet,

HUBBARD: With respect to this wire target you use for measuring
emittance, how do you handle the secondary electrons from the wireg ?

WROE: What we intended to do is just put the magnetic field along the
wires. Thereisa field on this present target, a weak magnetic field.

It doesn't seem to do very much good. What we are thinking of now is to
make a target in the form of a stack of thin plates with insulation between
and a fairly strong magnetic field along the plates. If the field falls off
rapidly enough asg you move away from the target, then it will not affect
the trajeciories of the ions, The idea is to cause an electron liberated
from a plate to be returned to that plate and not a nearby plate,

SHAYLOR: I wondered if you could do anything successful in that line
by putting a poiential on the wires you are not using adjacent to the wires
you are using ?

WROE: I do not like electrostatic means of suppression you see, and we
have got experience of incredible things that secondary electrons seem

able to' do in a field of this sort, I don't like it at all,

SHAYLOR: But you are quite happy with magnetic techniques?



446

WROE: Yes.

VAN STEENBERGEN: You have measured only current distribution, pet
emittance? -

WROE: That is right.

HUBBARD: You measured the current distribution after a slit?
WROE: The idea of the wire target was simply to substitute it for the
photocopy paper, so that you have a gerieg of glits and you get out of
the wire target a series of profiles in a single pulse, which you can
interpret in terms of divergence angle, That is the idea.
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