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This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the Depart-
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tractors, subcontractors, or their employees, makes any warranty,
express or implied, or assumes any legal liability or responsibility for
the accuracy, completeness or usefulness of any information, appa-
ratus, product or process disclosed, or represents that its use would
not infringe privately owned rights.
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ABSTRACT
A linear accelerator, which inecreases the energy protons from a 4 Mev Van de
Graaffiﬁjector, to a final energy of 32,0 + o1 Mev, has been constructed. The
accelerator consists of a cavity 40 'feet long and 39 inches in diameter, excited at

resonance in a longitudinal electric mode with a radio-frequency power of about 2.5

x 108 watts peak at 202.5 me. Acceleration is made possible by the introduction of

‘46 axial "drift tubes" into the cavity, which is designed such that the particles

traverse the distance between the cemters of successive tubes in oné cycle of the r.f.
power. The protons are 1pngiﬁudinaliy stable as in the synchrotrén, and are stabillized
transvérsely‘by the action of converging f;elds produced by focusing gridso The
electrical cavity is consfrgcted like an invefted airplane fuselage and is supported

in a vacuum tank. Power is supplied by 25 high powered oscillators fed from a pulse
generator of the artificial transmission line type. Output currents are 4 x 1077
ampere average, and 1 {A péak. The beam has a diameter of 3 mm and an angular

divergence of 10~% radiens.
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BERKELEY PROTON LINEAR ACCELERATOR
by Luis W. Alvarez, Hugh Bradner, Hayden Gordon,
' Wolfgeng K. H. Panofsky, Chaim Richman, John R. Woodyard

- November 30, 1948

I. INTRODUCTION ' ¢

(1) Historical Summary - There was general agreement emong physicists before

1)

the war that radio frequency linear accelerators of the SlognfLawrence type were
-of historical interest only. This feeling arose largely becéﬁse the eyclotron was
found to be sﬁch & reliable devise, with beam intensities far beyond the most
optimistic hopes of its originators. At the same time, it was realized that to meke
8 competitive linear ;ccelerator for protons or deuterons would require faﬁghigher
power than was fhen available at very short wavelengths. Although r.f. linear
accelerators are responsible for our present knowledge of the production of X-rays
by high'speed heavy ions, they have played no part in increasing our knowledge of
the nucleus, '(Kinseyz) reports that high speed Li ions impinging on hydrogenous
material give the well-known alpha-particles first observed by Cockcroft and Walton.)
Interest in linear accelerators was revived toward the end of the war for
several reasons. Pressing military need had led to the development of vacuum ﬁubes
capable of producing megawatts of pulsed r.f. power down to the microwave range.
The main technical bars to the construction of linear accelerators for electrons
and light nuclei were thuéiremovedo
But there would probably have been no great post-war interest in linear
accelerators if the availability of the tools had been the only factor involved.
It had been apparent for some time that there was an upper energy limit for
particles accelerated by a cyclotron. The 184" cylcotron was originally designed

with the purpose of extending that limit as far as possible, but the goal was only

aboﬁt 100 Mev deuterons, even though & dee voltage in the neighborhood of 1.5 x 108

was to be used,
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Since no significant theoretical limit is apparent for linear éccelerators, it
was felt that they should be reinvestigéted as a means Qf reaching energies in excess
of IOQ Mev; Similar reésoning was applied to the electron case, where the betétron
was known to have an energy limit only a féw times greater than the cyclotron. No
electron linear accelerators had been built befoge the war, but a description of the
type now under construction in a number of 1abor;tories wes given in 1841 by D. H.
Sloanng) Such accelerators have been %reated in detail by several authorsgé) and
as they present quite different problems, they will not be discussed in this .
article on proton accelerators.

The situation as outlinéd above was drastically altered in 1945 by the

introduction of the synchrotron concept°5) In principle this removed the

cyclotron upper limit, and raised it considerabiy in the betétron case to about
1,000 Méve Clearly the linear accelerator must have had some other apparent
adventage to have remained in the picture. Although recent studies have shown
that the original arguments for undertaking the construction of a éroton linear
accelerator were not basic, the state of fﬁe;ért g% that time did not allow them
to be contradicted in a convincing manner.

The argument was essentially as follows: The cost of a relativistic magnetiec
accelerator varies roughly as the cube of the energy, so long as the basic design
is merely scaled in its linear dimension, proportional to the energy. On the other
hand, the cost of a linear accelerator varies directly as_the first power of the
energy. If these cost vs. energy curves are plotted on i@garithmic paper, they
will clearly be straight lines with slopes three and one. There will always be an
intersection of the two lines and for energies greater than the “cross-over"
energy, the cost of a linear machine will be less than that of the circular machine.
S8ince the cost of éither machine is quite high in this region, it was felt that even
though a linear accelerator might be more complex than a synchro-cyclotron, the

design decision might have to be made on economic grounds.

The new consideration which has altered our thinking in this matter is that
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beyond a certain energy, the magnetic machines can be changed in basic design.

Inéﬁead of accelerating with constant field and changing radius, these two conditions

_are reversed. The important change is that a ring megnet can then be used. This

ring-shaped magnetic machine, which is really a proton ssrnchrotron9 was proposed by
Oliphent in 1944, before .the work of Veksler and McMillan, but it was generally
felt until recently; in this country, that although Oliphant®s plan was most
attractive in many ways, so many unsolved and serious problems were involved in its
practical realization that other alternative methods of attaining high energy
protons should be explored. Within thé past year, critical examination of the
whole question by two groups in this country has shown that without question; all
the problems are solvable. Therefore, both the Radiation Laboratory and the
Brockhaven National Laboratory are starting to ;onstruct'such machines.

To see how this factor alters the economic conclusions originally reached,
it cen be shown that just as the "magnetic cost line" is about to cross the "linear

cost line,” the former drops to a‘much lower cost vaiue for the same energy, and
then rises again %ith slope equal to three;v The arguments of dimensional analysis
are still theoretically sound; there will still be & crossover at higleremergids,
But long before this point is reached, the cos% of either machine is so high that
both are excluded in economic grounds.

In the fall of 1945, we started the design of a "pilot model®™ proton linear
éccelerator to explére the possibilities of the method. No plans were made for
extending the length of the machine beyond the original 40 feet, but it was assumed
that this questioﬁlwould be ekplored after successful operation of the first
section. If at that time it appeared wise to continue on to higher energies, such
a decision couldvthen be made. In view of the present status of the proton
synchfotron plans, it is obvious that no majorvextension should now be attemptedo
But it should be pointed out that at the presént time, we know Qf no technical
reason which makes this extension impossible or even difficult.

For the moment, then, we are concentrating on using the 40 foot accelerator as
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a research tool. An intensive study of proton-proton scattering is now under way,
usin% the highly collimated, small diameter (3 mm) beam of 32 Mev protons, which is
conveniently available outside the accelerator tank.

The pnoton accelerator.is thus at present being used in this laboratory not as
a means to reach extremely: high energles, but as & research tool, similar to the
electrostatic machines at lower energies, which permits experiments to be carried
out in which precise collimékion of-beam: low background and energy homogeneity are
desirable.

(2) General Design Characteristics - The general design characteristics

pertaining to linear accelerators has recently been discussed in detail by Slateros)

In particular, Slater ?oinfs out that the attainable voltage V of a linear
accelerator of length Q. being fed at a peak power P is given by:

- K PL/2 g 1/ -1/4 - (1)
where A is the free-spaceIWavelength. The constant K depends on the detailed
- geometrical arrangeﬁent and%%ﬁnmerical values for the Berkeley accelerator will be
discussed later. & linear'ggcelerator contains essentially different types of
equipment whose cost is proﬁortlonal either to: _(a) 1ength;(b) peak power, (o)
average power, (d) energy per pulseov All these factors affect the’choicé of
wavelength, length of the machlne@‘and duty cycle of operation. The pulse length
- mustfhé of the order of:

foCQA;C A3/2 (2)

of a resonant accelerator ¥

in order to permit full build-up of fields; in terms of energy/pulse U, Eg. (1)

therefore becomes:

Kkl ulz g1/2 Al

The wevelength dependence éf power requirement for a given voltage is therefore
small (A,l/é) but the wavelength dependence of energy per pulse, on which the cost
of the pulse equipment depends9 is large (A 2). From the latter point of view
particularly, it is therefore desirable to chéose a small wavelength, This desire
has ‘o be compromised iﬁtoi&he physical design of the cavity structure as compared

to the expected beam diameter. In this design, a wavelength of A ¥ 150 cm has
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been chosen, partially because of the availability of equipment and partially

because of the large geoﬁetrical apertures pefmissible. Bven if no equipment

limitations existed, wavelengths shorter than 75 cm avpear to be unsuited to this

type of accelérator, owiﬁg to exceésively diminished aperture., Iﬁ addition, it must
be remembered that the-“éiectfical length" of the machine for a given length increases
with decreasing Wavelengﬁh and henée the ﬁo@e separations decrease and tolerances
become more stringent. ;- ;:

It might appear as if the balance between length and power would be made by
matching the cost of the length proportional items and the power (or energy)
proportional items, Actdally in this and all other machines under aesign,'as much
power per unit length is.épplied as is feasible, compatible wifh electrical
bréakdown or availabie power sources. For a machine of the type discussed here,
this limitation permits wvoltage gains only of about two to three million volts per
meter. At high energiesy higher energy gains per unit length appear feasible.

The choice of duty eycle_is dictated by considerations of power consumption,
cavity cooling, and tube power dissipation. Increase in repetitipn rate will not
increase the cost of the pulse equipment; the'pulse length is therefore chosen to
give a duration of the pulse-equal to several "build-up times"; the repetition rate
is then chosen in accordance with available poﬁer,

The injection energy in the Berkeley accelerator was chosen as 4 Mev. The reason
for this choice was twofold:: (1) 4 Mev is a reasonable voltage to attain with an
electrostatic generator and the construction of such a machine was desirable at this
laboratory as a general research tool. (2) At the time of design, it was intended to
accompliéh focusing by means of thin beryllium foils.7) lultiple scattefing in these
foilsS) made it necessary”to choose a high injection energy. It appears now feasible
to consider design at a considerably lower injection energy, possibly in the neighbor-

hood of 500 KV. The lower limit of injection energy is set by limitations of cavity

geometry and possible electron multiplication effects.

II., CAVITY DESIGH

(1) Basic Geometry = A linear accelerator for protons starting from low
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velocities (B = v/ec = .092, 4 M?v)v@jfcannot be practically constructed on the

400500605&%92

basis of 1oéded wave guide geometry as is done for electronsg4) Loading which
would reduce the phaée velocity to this low figure would lead to excessive r.f.
power loss. For this reason, loading as such is not used. Insteady'the phase
velocity is left unchanged, that is, the electric field is ewerywhere in the same
phase, and small hollochonducting "drift tubes" are provided to shield the protons
while the field is in the wrong dirécpion. Unfortunately, the drift tubes also
cause a small améunt of field perturbation Which must be taken into account in
designing the resonator.

The resonent cavity is essentiallyva long cylindrical cavity operated in the
axial electfic (0,1,0) mode, that is, the mode in which an axial electric field
without ézimuthal or transverse nodes is prodﬁced, as shown in Fig. 1. BEfficient
acceleration in such a cavity is possible only if its axial length is shorter than
fiﬂ/@ where A is the free-space wavelength corresponding to driving frequency,
which, excepting for wvery 1owvoltag;‘e,machines9 is not feasible. For this reason,
the drift tubes previously mentioned are introduced coaxially in the cylinder, as
illustrated in Fig. 2, with the distance between centerlines AB of successive drift
tubes equal to PA . If the gap g between drift tubes is short compared to @7\/?,
the voltage gain of the particle will be equal to the r.f. voltaée developed across
the gap. Note that the particle spends one r.f., period in each drift tube plus
space and that each drift tube is charged oppositely at each end, bubt each drift
tube is excited in phase. In the long wavelength Sloan-Lewrence acceleratorl)

(Fig. 3) the drift tubes are alternately plus and minus and each drift tube plus

space is only BA long.
2

The general field geometry in the "unit cell™ ABBA is very nearly the geometry
of a doubly re-entrant symmetrical cavity excited in the lowest mode such as is
used in klystron resonators, T.R. boxes, etc. The entire accelerator can therefore

be considered as being a juxtaposition of such cells repeatedly excited in such a

phase that the current flowing on opposite sides of the joining faces AB (see Figs.
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2 and 4) cancels. Such a picture would be exact if each successive cell were

'idehtical to the p:evious one; however, due to the progressive change in §

eorféspoﬁding to the gain in energy, the field distribution of the actual

ééde}éiator will not be exacfly that corresponding to the distribution if the walls

leB ﬁ¢ré actually present. For purposes of design, however, experimental and

. f§eg;ética1'data based ég single cell structure models are entirely adequate.

::fhe joining of the unit cells is ‘possible if each cell is accurately tuned to
'fﬁé;Same frequency. The folerance of the tuning of the individual cell will be
diseussed later. Published design figuresg) on the resonant frequency of this type

' géometry is not of sufficient range to be used here, and also the details of the
-v.ﬁéchénical support structure of the drift tubes and similaq deviations from iceal

geoﬁetry made it necessary to derive the data pertaining to the resonant frequency

‘of the unit cell from models. The resultant datalo) are shown in Fig. 5, using the

 n9tation as indicated in Figs. 2 and 4. The data are plotted in terms of dimension~

vﬂlesé'ratios'to ﬁermiﬁ>easy scaling. These data can be fitted by the empirical
equatiOn

&= (-.877) + (1.63) D + (1,006) & + (3.58) & (4)
L A A A

in fhe range of application used here.

:: It is clear that as fhe energy, and hence B and I/ﬁ\increases,‘the diameter d
_of ﬁh; drift tubes decreases; this decrease will eventually lead to a point where
tﬁe de$ign becomes impracﬁical due to insufficieht beam aperture and excessive
curv%ture at the end of the drift tubes with consequent high surface yields; For
thisvreason, the dismeter D of the outer cavity must be chosen small enough to
conform to this limitation for the highest values of P; if chosen too small the
dfift tubes on the low P end will become too large in diameter with consequent

’_ihé?ease iﬁ losses. In the 40' linear accelerator described here it was possible
té cgmpromise between these two extremes by the choice D/)\ = ,66. (Note that an
uﬁlpéggd cyiindrioal cavity is resonant at D/@\ = .766),

(2) Voltage Gain and Input Power - The voltage gain per unit cell is determined
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by three factors: (a) geometry, (b) power input, (c) phase of particle transit.

Let N be the crest value of the magnetic flux circulating in the unit cell.*

It can then be shown easily that the voltage gain in the unit cell is then given by

sinw -
V=w>N cos ﬂr _% (5)%=*

we
L

if the electric field is assumed to be uniform across the gap; here ﬂ is the
transit phase angle relative to the phase of a particle crossing the centér of the
gap at the time of maximum voltage. On the other hand, wlN is given in terms of
the power losses in the walls (and beam loading, here usually negligible) by &
relation of the form

V= wl = 2P (6)
where 23, the shuntuimpedance/hnit cell, is determined by the geometry and‘the skin
depth of the cavity wall materiél. For a continuing structure Zy is proportional
to the length; e.g. for a cylindrical, unloaded cavity of lengfh JL excited in the

axial electric (0,1,0)'mode, the shunt impedénce is given by (neglecting end-

logses):
=«%911J'E= 5L= 51 ' 7
Z, e = 185 £ = 18 &) Q ohms ' (7)
where a = A /2.6l is the radius and 6 = 2 is the skin depth of the walls of

Wio
conducting 6, and where Q5 = a/% is the conventional Q-value of the cylindrical

infinite cavity. To judge the merits of comparative drift tube structures and %o
estimate the voltage gain as a function of power inéut, it is therefore necessary
to evaluate the shunt impedance per unit length (21/8 ) of the loaded cavity
relative to the similar éuantity for the unloaded cylindrical structure as given
above. This evaluation was done semi-émpirically by mapping the magnetic field B
across an azimuthal plane of the cavity by means of an exploring loop as shown in
* Since the magnetic field is everywhere in phase in the mode used here, N can be
defined uniquely as the surface integral of the crest value of the magnetic
induction.

#% JKS units are used throughout.
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Fig, 6, The shunt-impedances Z, and the Q are then obtained by numerical evaluation

of the integrals:

BdA \2 BdA \2 ,
2 = [t 8N (JField) Lo 8T (f}?ield) (8)
J Ko A fBsz Ko A fBZdA
J Surface ' J Burface

ﬁz:rcm
Field '
qQ = o Field (9)
Ao
Surface

Typical resultant values* of Q and Z;, tabulated relatively to the ﬁnloaded'cavity

values, are given below. (Table I).

Proton Energy (Mev) B=L/A Zl/,Q ohms/meter Zc')/l ohms /meter Q Q0

50 .315 41 x 108 37.5 x 108 106,000 (| 117,000

Frequency = 148. m.c.
Table I
The resultantlvalues of 2y, Zo’ Q and Qo réquire an additional correction factor of
approximately 1/(1 + a/ﬂ[) to correct féf.end losses in the cavity. ‘Note that the
shunt impedance/ unit length of the 1oaded cavity as calculated from field plots is
actually slightly larger than that of the unléaded cavity, although the difference
is probably within the accuracy of the measurementso_

The loss values arrived at by the flux plotting method are obviously lower
limits, since losses in the drift tube support structure, pumping slots, Joints,
etc., are not taken into accoung. Howefer, a simple measurement of the
experimenﬁal Q of the cavity will give a measurement of the true shunt impedance
also, since Z and Q afe ;educed in the same ratio. The resultant values, arrived
at by experimental measurement of Q are‘given in Table II, computed for the entire
accelerator,

o ——————

* Experimental values are probably accurate to + 10 percent.
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Q Z(ohms) ' Power for V = 28 Mev* (watts)
From flux plot 106,000 457 x 108 1,40 x 108
Exp. from § : :
measurement 78,000 31% x 106 2,06 x 106
Table I1I

(3) Modes of a Long Cavity - In designing ﬁhe accelerator cavity from data

pertaining to the unit cells, a definite assumption has to be made pertaining to
the voltage gain/béll. In order to join the cells without partition, the wall
currenté, and therefore the wall magentic fiéld, must be continuous. Since, as
shown by megnetic flux ploté, the ratio of total flux per unit length (and
therefore voltage'gain/ﬁnip/iength) to the magnetic field at the edge varies by

- only 20 percent from the injection end to the output end of the accelerator, (the
ratio being higher at the high voitage end) it was decided to design the accelerator
for constant voltage gain/unit length, which results in a 20 percent "taper" of
magnetic field ‘along the cavity walls., The constancy of the voltage gain/hnit
length 'is of eoﬁrse also desirable in order to equalize éhe surface gradient along
the accelerator and reduce tendency to spark.

;n‘order to assure equality of the mean‘eleotric field in a coupled struciure
involving 47 individual resonators, the individual resonators must have very
accurately the same resonant frequency. This can only partially be assured by the
model "unit cell” measurements referred to above, since: (a) the extension from
unit cells t§ the long gccelefator of varying units:is not exact, and (b) slight
mechanical changes from the model geometry will interfere with exact transfer of
the data, and (c) the accuracy (approximately .05 percent) of the model frequency
measurements is not quite sufficient. For thié reason it is necessary to adjust
the final field distribution to its value requirea for acceleration by corrections
| applied to the cavity as alwholee

The behavior of the cavity can best be described by means of its mode

i . e L
* Taking @ = 309, g/L = .25 (see eq. 5)
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* Fig. 7 Mode Spectrum of Linear Accelerator Javity . & . - -

n=l 202.89 mc.

e

202.55 mc.
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spectrum. The mode used here is on the edge of the pass band of the cavity used as

wave guide, and therefore the mode separation varies quedratically as the limit is

approached. Specifically, for an unloaded cavity, the spectrum is given by

2‘ N
wn = Wy Yl + ¢ 20 (10)

WL
where W, is the angular frequency of the lowest‘mode° The low end of the spectrum
applying to the 40' accelerator cavity:is plotted in Fig. 7. Owing to the small

.mode separation (.17 percént) near the limit, two problems have to be considered:
(a) the possiﬁility of "mode jumping" t; an adjacent mode, and (b) the tolerances
in geometry required to assure that tﬁe lowest mode has the desired shape. These
two problems appear at first sight to be independent, but it will be shown shortly
that they are different aspects of the same limitation., The first problem is
solvable by proper disposition of the exciting oscillators or by careful tuning and
will be discussed later. The second problem can be analyzed by a simple
perturbation calculation in which we assume that the actual field distribution
excited in a single mode can be expanded in terms of the modes of a cavity whose
mode distribution is the desired one,* hereafter called the "ideal" cavity.

Let us consider the variation of the field as a function of the axial
coordinate 2 only. This is justified provided we are considering modes differing
in the number of longitudiﬂal nodes and which are of low order only, which will not
overlap with radial and azimuthal modes.

Let £(Z) be the actual field diétribution corresponding to the frequency w,
of the cavity excited in its m"™® mode. Let £,(Z) be the distribution of an ideal
cavity corresponding to the mode spectrum w, . The f obeys the differential
equation

* Such an expansion is always possible since the normal modes in & cavity form a
complete orthogonal set of functions.
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T(2) + w2 2(2) + W@l £(z) = 0 (11)
The f, obeys eq. 11 for constant w = ®W,. In the actual case w will be a slowly
varying function of Z also, since not all unit cells are accurately adjusted to the

same frequency. Therefore we put:

w?(2) = w i+ e £ (2) (12)

and

£(z) = ZAn fn(‘Z) (13)

where

Am>'>Ar forr £m
Substituting in (11); dropping higher order terms, noting that £ ,(Z) = —uuifn(Z),

£,(2) = janfn(Z), and using the orthogonality of the modes, we obtain:

._A‘lunz + (,szA,n + Amwmz gn + J’Umz Q-l An = 0 n %m (14)

° An — ‘ gn (15)

°o A,m (l - unZ/me) + J' Q"’r

Hence the n™!' Fourier component g, of the deviation of the resonant frequency
distribution from uniformity as a function of the axial co-ordinate can be deduced
from the Fourier components of a measured field distribution. Let the boundary
condition at 2 = 0,L be that %%% = 0. Then the f_ are given by:

fn(Z) = cOos -l%z— (16)

If the mode separation is large compared to the mode width (as in the case

here), and if Wy, refers to the lowest mode, then (15) reduces to:

CE an)

3%

A, 7%
Relations {16) and (17) can be used directly to eorrecf the cavity empirically as
follows: The longitudinal field distribution is measured with pick-up loops
feeding bolometers.along the cavity edge. The distribution is then Foufier
analyzed by conventional methods and the Fourier coefficient of the frequency

error function calculated from Eq.(i?) The frequency error function is then



£atamy Sutioeado) ut STSATERUY JsTInOd JO 900330 Bg 814

SLINN AMVY1IGNY €

——



-«

VU1 00605404

£q7AaR) Butqoeddo) utl sTsLTeBUY JaTdnog Jo &/om.ﬁwm ag *3td

- 2 0
% G'8 .
o.lllo\.\\o\Q\o\ - Io\\Avllo/QIldIAY/O/

~— SL1INN AHVYHLISHY 8§



Fa!

40 <

10 -

CA)(Z)"C&)O

-.10

-.20 |-

-.30}

0 y -

Fig.v 8c affect of Fourier Analysis in Correcting Cavity

‘.
0

o0

S0 90

e



23.3 / e
20
S s
LT w0
5 77T ] T -
‘4, —M""Tﬁ i 1 1_[\'% \j
1] b Py .
10) 1 /
' - 7 L T § l v
o - 5 0I5 20 25 30 35 40 435 50
-7 IN CM

MAGNETIC FIELD CONTOURS IN CAVITY WITH DRIFT ~ TUBES -

p = .3
PROTON ENERGY ~ 50 MEV

Fig. 9 Contour Plot of lagnetic Field in Typical Cavity Section



>

N

GO

E,- ARBITRARY UNITS —»

Fig. 10 Typical Axial Electric Field Plot Along Drift Tube Axis

~mov924l -6 —




UCRL~-236
Page 15
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synthesizedo Shims, corresponding to the calculated frequency errors, and
calculated from qucgare then introduced into each drift tube to adjust the gap.
Fig., 8 shows the effect of this procedure.

It should be noted that the sensitivity of the distribution to errors in
resbnant frequency distribution decreases with the inverse équare of the order of
the harmonic. Therefore the effect of random variations is considerably less than
systematic deviations from correct adj;stment. E.g., in order to hold the
distribution to 5 per cent of the correct value, the variation in frequency of the
individual cavities which is systematic in the 15% harmonic must be kept to less
than 2 x 10“4, or about + .0015" in drift tube length. For random varietions
(Qonsidered as ~VEZ7~7th harmonic) a tolerance of + .075" is sufficient. The
first and last drift tubes have been made ad justable by oﬁtside control in order to
permit adjustment of the 15¥ harmonic externally.

(4) Experimental Field Plots -~ A three dimensional picture of the complete
field plot as obtained by the magnetic loop method is shown in Fig. 9. Note that
the resultant fields are a mixture of fields of the co-axial type (1/} depeﬁdence
near the drift tubes) end the TMy, type [Jl(kr) dependence in the gaps).

For use oftransit time and focusing calculations, the electric field E(Z)
along the axis is needed. As will be explained later, the entrance of each drift
tube is closed with & focusing grid while the exit end is open. For this reason,
theoretical analysis of the field is difficult and an experimental procedure is
used. This procedure consists in measﬁring the frequency shift produced by placing
a small metallic object of volume A7 at verious. points in the field. The

disturbed frequency is given byll)

W =w i1 s f(Hz - E?) dv : (18)
&V ' ‘

where H° and E% are normalized to unity over the total volume of the cavity. If

the measurement is made along the axis, H = O and .
: ' ) ,_ﬁ? '
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/Ez av

we-wz=-8Y . EEST (19)

/Ezdv E2 4V
total cavity ,r;otal

An exial field plot for a typical drift tube geometry is shown in Fig. 10.
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These data were taken on a 1000 me scale model &sipg a heterodyne frequency

measuring method.

ITI. BEAM DYNAMICS

(1) General Lateral and Longitudinal Stability Considerations - Consider a
charged particle traveiing near the axis of an electric field of cylindrical
symmetry. The total radial momentum while traveling from & to b at a fixed small
distance r from the axis is given by

b .
Op, = e % E, dz | (20)

a

If the velocity is essentially constant in the range a - b, then

Ap.~. ev 2trr E, dz =_e_§,_ (21)

where Qr is the total radial electr;c flux. If V is not constant, then so-called
second order focusing effects will oceur; these, although important in d.c.
accelerators, are ﬁegligible here, since the fractional energy gain per
accelerating secﬁigg is small,

If no charge is contained within the beam, then q&.wdll be positive or
negative depending as to whether the field is increasing or decreasing while the
particle is crossing the gap; if the field is constant @r = 0; i.e., there is no
"first order" focusing. Lateral stability therefore requires an éccelerating field
which is decreasing as the accelerating gap is crossed,

This requirement is exactly opposite to the requirement of longitudinal or

phase stability.5) For phase stability, a "late" particle must meet & stronger
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field and vice versa; 1i.e., the field must be increasing. This incompatability

between phase stability and focusing is shown graéhically in Fig. 3% 1\
. It will be shown that this difficulty cennot be.overcome“by any arbitrary
re-arrangement of gaps, lenses, etc., excepting by:

a) Introducing charge into the beam

b) Using an external magnetic field

¢) Depending on the very small ;hase range of second order focusing

The general nature of this statement can be shown as follows;. The fact that
radial stability and phase stability are in general incompatible in the absence of
charge in the beam can be shown as follows:

Let E; = £(Z,%) ; (22)

.be the longitudinal field éomponent of an axially symmetrical field. The radial

i{force acting on a particle of charge e moving parallel to the 2 axis at a distance

- r from the axis with a velocity v is given by:

oor
F.=e(E, - vBQ{) ' 4T (23)
| . - .
But, sincecr° E = Q_E_Z.+ L -.é--(rEr) = 0 ' E
by r dr N e .
. ' _— Iy A v
| 47 -
we have, for small r, »
E. = -& 8Ez (24)
. and, since (y x B), = OB 1 BEr . r_92Eg we have
22 c¢® 3t 202 329%
. By = L, 2Ez | 25
=32 Bt - (25).

Let the subscript 5 denote differentiation of £(Z,t) with respect to the first
argument and y, differentiation with respect to the second.

The radial momentum gained by a particle in transit across a gap starting from

field-free space and ending in field-free space (or moving in a spatially periodic
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field across a spatial period) is given by:

P, = %IFI, az = 1 ;‘:{ff&(z,,t + 2/v)dzZ + v/cszb(z,t + 2/v)az (26)

where t is the time of passage across an arbitrary point in the field. Integrating
the first term by parts, this becomes, dropping out the integrated term due to the

above specification'on the path of integration,i

P, = +!.e_2. 1 - fsz)ffb(z,,t + 2/%)az g =v/e (27)

2v

~The longitudinal gain in momentum is
PZ = e/vff(Z,t + 2/v)dz : (28)

The phase stability condition is (later particle gains more momentum):

Sy , | ' (29)
dt -
or
ffgb(z,t +2/w)az > 0 » | (30)

The radial stability conditfon is, from (27), -
ffb(z,t +2/v)azg o - (31)

(30) and (31) are incompatible.

The only assumptions involved in this proof which are not general are: (1)
that the velocity across the gap is constant, which neglects the effect of so-
called second order fo;psing; (2) that there is no charge in the beam. The
second assumption can be viéiated by focusing by means of grids, foils, space
charges,lg) etc.

In the case ofAhighly relativistic conditions, such as in electron
acceleration;ét even moderately high'énergies, this situation still pertains, but
only to such a small degree that the beem diverges only logarithmicelly.

(2) Focusing Oscillation in Grid-focused Accelerator - At non-reletivistic

velocities focusing compatible with phaée—stability is therefore possible only if

charge is introduced in the beam.* If we introduce & grid or foil across the

* The use of a doc, focusing field is not practical here.

«
i
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entrance end of a drift tube (see Fig. 12) then the beam would cut across radisl flux

even in the static case, and first order focusing would result. In the general case

we have, integrating from Eq.(27), using & sinusoidal time variation:

,A%_= (1 - 5?) @ cos (%5 ¢ d) &, (.28.) . gfzrff Sin(?% + 9) Eo(z)dz’ o (32)
‘g.fzz

in the notation of Fig. 13, where 12"-%- is the time’: of transit across the center of the
4] .
gap, relative to the time the crest of the field is reached.
These integrals can be evaluated numerically, using the field plots obtained by

the frequency shift method described in Section II. In general, it is sufficient to

take the field to have the constant value E, across the gap; this gives:

_Bpr . (1 - 52) 2Ea oos (1[3 - SZf) (53)
2Be L .

r

The energy gain per gap is

g/2

AU =e E, dz;%cosﬂsin%&" (34)

-g/2

Let us number the drift tubes with number n = O,l;Z, starting from zero velocity.

Then:
d d d ' .
Apr‘:--'En:_(\-L'l)*&L(}Lh) (35)
dn dn at 2" dn dn

where @ is the mass of the particle. Hence, non-relativistically,

-G S B (.L(g_, ) - 36
r dn? 2;3”?140‘08 L 4 | (6)

where mM is the mean voltage/wave 1ength in the accelerator measured in rest energy

units of the accelerateé particle. Also, non-relativistically, from Eq. (34)

El._(_l_p. czﬁz) '-‘JBA_GEQ. cos p’sin%g_ '

dn \2 v
4f (A-G—EQL) cos & sin &
dn welg L
sin qyg
p=mfoos f —L—)n (37)
we
L

% Note that ,2,( € 0 for phase stability.
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' Note that the velocity increase per'drift tube is coqstant; while theﬂenefgy gain is

propo}tional to the length of the drift tube. Therefore the differential equation for

focusing oscillations is:

2 ) .
&r K .  (38)

where

Hence focusing is stable with a period of

N, = 2% (22 - (40)
" |

which increases as the fourth root of the energy, and an amplitude which increases as
nl/4 corresponding to the eighth root of the energy.#

The 40' linear accelerator has only one or two internal foci if protons are
injected from a focal point of an electrostatic accelerator. A typical particle
trajectory for g/i = .25, is shown in Fig. 14, computed from Eq. (a1),

# = -10°,-20°,-30°
Note that the focusing force veanishes at an equilibrium phase angle of:

RS (1 - %5-> (42)

In the 40° linear accelerator this corresponds to a limiting phase angle of 45°.

It is of course not necessary to have a radial restoring force so large as to
oroduce several nodes in the length of the accelerator. The only requirements are:
(1) %o limit the meximum radial excursions after injection, and (2) to locate a node

close to the output of the accelerator. Fig. 14 shows that focusing is actually

# This variation corresponds rigorously to the asymptotic solution of Eq. (38) only.
In the 40' accelerator, this assumption is not yet valid since only a small number
(1 or 2) focusing oscillations occur in the accelerator. The precise solution of Iq.

(38) is
| ‘ r =y oo d&E]) e 2V ]) (41)

with A and B adjusted to fit the injsction conditions.

[V,



§ dep pue Ux yjfue geeday Jo uoTytutyed ST *BTd

Uyoéu

g

|

o
i

U




UCRL-2386
Page 21

OUilo0O6U0USS5 | 8
somewhat stronger than required. The focusing can be weakened by: (1) leaving out a
certaiﬁ number of grids, and (2) weakening the field at the grids by recessing them
slightly into the drift tube. The first solution, although leading to an apparént gein
in transmission, is & poor one, since the gridless gaps give actually a defocusing
impulse rather than a weakly focusing one. The re§ult is that the critical phase

angle of radiél stability is no longer given by Bg. (41), but by

tan (—ﬂ) = f cot L& (43)
2 - f L

if only a fraction f of grids is present. For instance, if 1/3 of all grids are
omitted, the limiting phase angle of stable operation is reduced to 26.6°. It is
therefore advantageous to reduce the focusing by recessing the grids or by similar
means ; thié will weaken the field at the grid and will therefore permit a moré open
grid without excessive field at the grid wires. Recessing will decrease the effective
limiting aperture of the device owing to fringing of some of the field lines outward
toward the rim of the grid.

The exact location of the node is very difficult to predict in practice owing %o
the fact that the equilibrium phase angle is usually unknown and may be variable
throughout the machine, depending on the degree of éerfection to which the field
.adjustments have been achieved.

(3) Phase Stability - We will now study the phase stability of the linear
th

accelerator a little more closely. To do this let us consider the n repeat length
which we measure from the middle of oﬁe drift tube to the middle of the next. Let its
length be x,, and let the 1ength of the gap be g, as shown in Fig. 15. In this
machine, g ::l/4 X, We can in a study of the question of phase stability speak of
the proton crossing center of the gap at a certain phase g of the r.f..field. This
phase @ for ﬁhe machine to be phase stable, is in the shaded region of Fig. 13.. We
again define ¢7L)as the time after the crest of the field at which the proton crosses
the center of the gap, i.e., ¢<<,O for pﬁase stability. Yet the maéhine is so

designed that the proton crosses each gap at a phase ﬂg. If the maximum energy gain

(i.e. gain at z»ro phase) per unit length is Wy, then the design value of the energy
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th gap is W, ° cos ﬁg * x,. The kinetic energy that the proton has after

gain in the n
crossing the n® gap is denoted by W°n+1 and its velocity is ﬁon+l' We have therefore
for a proton which is out of phase from the design value ¢; at the n®R gap by the

emount ¢£:

Mg = Wy = W, -« cos (;jo + ?{n) x, (44)
for all n, where x, = ﬁ“—.tl.z_i._&l * We will now study the phase oscillations that the

proton undergoes as it moves through con;ecutive gaps. Let us write

Wy = WO + WL (45)
where Who will represent the energy that the proton has after crossing the nth gap if
it had always been in phase. Whl is then the amount of excess energy the proton has
over the "in phase" proton energy. Similarly we have

Bn = Bx® *+ ful (46)

We have first of all from (M) and (45)

W, +% - =‘W A (cosf(ﬂg +~¢£)'— cos ﬂ;) Bn° (47)
Secondly, we have, if we neglect second order terms in B':
¥ 1 2 ) 1
Equating (47, to (48) and introducing differentials instead of differences, we have
9—-(5n0 5n1) = ﬁkﬁ&. 003(¢5 + ¢£) ~ ©Os8 ¢B Pn® (49)
dn Mc?

It follows furthermore from the phase advance due to deviation from the design velocity

that: 1
%@:.,2« Bn” | (50)
n .

Pn°
and from design of the accelerator:

5no =

S

A cos gy ° n | (51)

%1

W
If these are nofk substituted into our differential equation we have

] )
ﬂh g’ = = 21 |cos (g; * g%) - c?s Q&J /@os ﬁ; (52)

dn dn

This is the final differential equation describing the phase oscillation in the linear
accelerator.

Suppose now that the phase oscillations are small, i.e., ¢n<( 1. Then the
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equation takes on the following form:

4 (nz g;ﬁ) 4 a2ng, = 0 (53)

dn

where)a2 = -2TF tan ﬂ;. This equation is a form of a Besszel equation and it possesses
the asymptotic solution g; :’53'5/4,sin (ganl/é ? 3y (54)
where A and & are constants determined by the initial conditions. We see thereforer
that the‘phase oscillations are damped ou% as n'3/4 or as W's/é. Furthermore theAnumber
of drift tubes required for one oscillation goes up to nl/2 or wl/ﬁ. Using our design
numbers, one easily calcuiates that & proton undergoing small phase oscillations about
ﬁg = 30° would undergo == 2 complete phase oscillations in going down the 40'
accelerator. ‘ , |
For large oscillations about equilibrium a precise solution of Eq. (52) would be

~ necessary which in general is difficult. We can, however, answer the important question
of the amplitude of ¢£ which is permitted if the machine is operated at a design phase

angle fy. BEq. (52) can be written in the form:

§~.[V3/2'22£]+ %Z.(cos g, - lk- sin g, tan Z5) =0 (55)

av dv

where ¥ = n®. This is the same as the equation éf'motion of a particle of mass

proportional to 113/2 and under the influence of a potential function:

V= ‘,ﬁh + sin ¢£ + cos ¢£ tan ﬂ; + constant (56)
If the protons are injected at the deéign energy, which is very closely.possible,.then
the range of stable phése angles is essentially defined by the stable range of the
poﬁgntial energy functions (Eq. (56)). This function is plotted in Fig. 16 for
equilibrium phase-angles of ¢5 = =109, -20°, and -30% Note that the acceptable phase
angle is slightly larger than 3¢;, since even protons entering at positive ﬁ (ie.early
protons) up to ﬁ = ﬁ; will be stable. Also note that the limit of stébility is reached
at approximately

= 28, | (57)

and that the depth of the potential well wvarics as ﬁ;so
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IV. MECHANICAL DESIGN

(1) Tank - The resonant cavity of the accelerator is housed in & vacuum tank 40
feet 6 1/2 + l/é:inches long end 48.1/2 i!l/lfi£ghes diameter (inside.dimensionsdic ,
mede of welded 1/2 inch boiler plate, with flat steel ends 1 1/@ inches thick. The
tank is divided léngitudinally 4 inches above center, and the top lid is hinged at

four points along the north side to permit the 1id to be openad. for access., Provi=

[

sions for vacuum seal of ﬁhe 1id are described in Section IV-(3) of this repbrt,
Opening of the 1id is accomplished by a2 pair of hydraulic cylinders mounted near the
middle of the 1id, and anchored to the pump manifold which is a protuberance from the
‘bottom half of the tank, on the north side.  The entire tenk is supported on twoe pads,
each 1/4 of the way from an end of the tank., The gast end pad rests on a 2-Toot long,
2~ingh diameter steel bar which can roll east—west.on a steel plate that in turn is
fastened %o the concrete floor. The west end pad rests on two similar bars which give
some rotational stability to the tank. The 2-foot long bars are sufficient to keep
the tank from félling over, but additional stahility against rotation is provided by
resting the pump menifold on the floor. The tank is thus mounted so that it can expand
freely with temperature changes.

The resonant cavity is alsc mounted sco that it is free to expand and contract
mﬁth.tempar&ﬁufé changes. independently of the steel tank. In the southeast and
scuthwest corners of the tank, groove pads with the groove pointed east-west are
mounted at the height of the middle of the liner. In the north center of the tank
there is a similar pad with its groove oriented north-south. The liner is not
gufficiently rigid to be éupported at just these“three points, so 15 spring loaded
pads with hardened flat greund surface are equaliy spaced arcund the sides of the tank
to distribute the support points. On the liner there are 3/8 inch bélés with hardened
steel balls soldered to the ends so that the resonant cavity is supported at 18 points,
of which threé @on&ﬁrain its position and motion. This elaborate mounting was
installed after it was noticed -that the steel vacuum tank warped in places as much as

1/2 inch when the 1id was raised and lowered. Methods of accommodating for this warp
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in the sttachments between liner and tank, i.e., r.f, transmission lines, water cooling
iines, and end tuning motors, are indicated elsewhere in this report.

The tank, opened by the hydraulic lifts, is shown in Fig, 17.

(2) Liner Design .- With the decision to separate the mechanical and electrical
functions of the linear accelerator resonsnt cavity came the need for the design of an
acocurate, rigid, and light weight tubular lining for the vacuum tenk. This "liner"
became a-structure basically similar to a &onocoque airplane fuselage of frame,
stringer and sheet construction save that the sheet surfaces were on the inside., Sincse
it was desired to avoid circumferential joints in the sheet surfaces, and since the.
sross section was constant, it became practicable te rell copper strip stoek into
panels cf the length of the liner, with flangés and gorrugations to serve as longitu-

dinal stringers., By using die-formed circumferential frames with a polygonal inside

cross section, the longitudinal panels could bte flat and the necessary dimer~ional

P

tolerances could be more easily maintained. The cross section of the liner 4s situated
in the tank is diagrammed in Fig. 18.

The specifications were consequently set for a liner of dodecagon cross section of
38 1/8 inch dimension across flats, 480 inch length and split longitudinally into two
unequal parts, of 150° and 210°, to permit support of the lower part along the hori-
zontal centerlines. Proviéions for cooling of the liner and support and cooling of
the drift tubes were to be made. To permit access for accurate adjustment and align-
ment of the drift tubes it would be necessary to provide for a uniformly spaced
separation of the lower and upper parts of the liner by means of integral extensions
of the upper part of the frames which could be rested upon the corresponding lower ~
part by moving the upper part longitudinally by the thickness of the circumferential
frame. Provisions for handling the complete liner assembly, as well as the upper part,
separately, and for clamping the two parts rigidly together were alsc needed.

To permit measurement of the resonant frequencies.of the cavity both wiéh and
" without drift tubes it was decided to procure a 45-inch-long prototype of the liner.

The prototype was to be partially hand made, including forming of the copper panels on
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a power brake with maple dies. This would also enable the design details to be tested
before completion of the production tooling. |

Since the liner had become essentially an aireraft type of structure, arrangements
were made to obtain the services of the Douglas Aircraft Company for the preparation
of shop drawings and fabrication of the prototype_ang production liners. This
‘arrangement proved eminently sétisfactory in both tﬁe quality of the finished product

3

and the expedition with which the job was completed.

(3) Liner Construction - The longitudinal copper panels were rolled from an ,032

inch thiek by 13 inch wide by 60 foot long copper strip to have a flange turned up at
each edge and to have a semicircular channel in the center to receive a 5/@ inch
gopper ceolingwwafer tube. ;The channel was raiséd above the.surface in order that the
inside surface of the finished panel would remain essentially flato Since only soft
copper strip was available for the rolling it was necessary to stretch the strips on a
hydraulic stretch bench both before and after the rolling as well as after the cooling
tube was soft soldered into its channel %o work harden and flatten the copper. The
cooling tube was also stretched to straighten it as it was supplied in 50 foot coils.
After the panels were given the finel stretching, sets of slots for pump-out openings
were cut through the panels in suéh a pattern that slots Wefe arrayed between alter-.
nate sets of frames in alternate p@ﬁels in five of the lower panels in the geﬁeral
area of the vacuum manifold. A total of 40 slots one-half inch wide by 12 inches long
were used, with the slots strapped every four inchéso Thirty=three circumferential
frames were made in two parts from .072 inch 24 ST aluminum alloy. The flanging of
the frames was done in a hydfopress by the Douglas Guerin process. The internal
flange, to which the coppér attached, was made of short lengths of extruded angle
riveted to the frame in a separate sub-assembly Jjig. This enabled the dimensions of
the inside of the liner to be held within the specified uniformity tolerance of .005
jnches. Clearance cutouts for the cooling tubes and drift tube supports were provided

land reinforced where necessary by attached angles. The frames were finished with an

aircraft zinc chromate primer.
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The liner eﬁd plates were hydropress formed from .045 inch thick hard copper. A
typical end plate was designed for the lower part of the liner with integral flanges
on all edges. This same 210° plate was then hand trimmed to 150° and provided with
riveted flanges for the upper part of the liner. Additional spare sets of end plates
were obtained‘for use at the Radiation Laboratory as movable diaphragms for measure-
ment of the frequencies of each section of the liner during installation of the drift
tubes. These diaphragms were provided wi%h phosphor bronze spring contacts around
their periphery and reinforced with an aluminum frame sc that they could be moved
along the liner as the measurements progressed.

Support rails for the drift tubes ran from end to end of the liner through cutouts
in the frémesu These rails were interrupted every}éo inches to allow for differential
thermal expansion. Openings for the drift tube stems could then be cut though the
copper panel at any point without interference with frame position. These openings, as
well as those for transmission 1 ines, probes, and other purposes, were subsequently
cut with chassis punches. Support of the drift tube was accomplished by two clamp
plates that were placed on éach side of the salient flange of the angles that formed
the rail. (Fig. 19)

Three inch diameter holes are punched in the end and the side of the liner,

opposite glass viewing ports in the vacuum tank., This enables one to observe sparking

and other related phenomena in the liner.

1

Vertical aluminum braces are attached between the -end of the liner and the “end

tuner® structure, to provide rigidity to fhe tuner. An end tuner consists of a drift
tube extending into the resonant cavity from the end of the liner, with length conw‘
trollable by a worm gear which is driven by a flexible shaft leading to a motor
outside the vacuum tank. Electrical contact is made between this drift tube and the
end of the liner by means/qf a tight fitting slotted collar of silver~plated steel,
fitting around the drift tube, and bolted to the liner. The west end (entrance) tuner
drift tube is 4,750 inches diamebter, and adjustable in length from 2 inches to 4

inches. The east end tuner drift tube is 2.750 inches diameter and 4 inghes to 7
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inches long. HNominal settings are 2,97 inches and 5,60 inches respectively.

The liner was supported by means of leveling screws at nine uniformly spaced
stations along each side of the liner. An intercostal member between pairs of frames
wasvprovided'wiﬁh a plate_pype self.lockihg nut through which the leveling screw
passed. These intercostals;were formed by flanging .091 inch 24 ST aluminum alloy
sheét. The leveling screws were provided with sphé;ical ends which rested in turn
upon the spring supported_pads of the mafn tank as previously described.

The spacing legs to permit the upper part of the liner to be supported at a fixed
distance from the lower part, within a tolerance of .005 inch, as was required when
ad justments were béing made; were formed from aluminum alloy sheet as a chammel and
riveted to the upper part of the circumferential frame. Holes were provided in.the
flaﬁges at the open end ofveach circumferential frame and each spacing leg for the
installation of dowels in the upper part to mate withvholes in the lowef part for both
the case where the liner was closed and when in position on thevspacing legs.

Assembly of all of tﬁévcomponent parts was accomplished in a jig approximately 20
feet long which located the copper panels and the circumferential frames in the proper
positions. Aluminum alléxf%ivets were inserted fgom the inside.through the copper
panels and frame flanges éﬁé head;d én the outsid; of the fiange, These rivets were
brazierhed aircraft riveté.that were dipped in zine chromate paste before installa-
tion. 2inc chromate pastgipas a;§é used between the faying surfaces of the frames and
copper panels. This past;iﬁinimizés electrolytic action between the aluminum and copper
due to atmosphéric moistuféjalthough it was felt that this condition K would not be
gserious since the liner g%%érally }emained in the vacuum tank. The extended ends of
the copper panels were teﬁébraéiiy supperted on ; wooden framework during the assembly
of the first 20-foot sect@énn When this was completed the liner was moved along the
assémbly jig for a progreésive assembly of the succeeding frames. An-overlap was
maintained to permit accuréte indexing of parts and the overhang of the assembled

portion was also supported on a wooden frame. This assembly procedure was accomplished

with each part of the liner turned with its open side downward and the workmen working
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from the inside towards the outside. After the iéwer part of the liner was completed
it was rolled over on felt pads on the floor and the upper part of the liner was then
placed on the lower., Attachment of the upper and lower parts both in service and for
shipment from the factory to the laboratory was accomplished Ey means of Cleco fasteners
through holes in the flanges of the mating surfaces. of both the copper panels and end
plates at a spacing of 5 inches. In service the gaps between the panel flanges were
checked by feeler gages and maintained agtless than .020 inch to reduce high frequency
leakage. Flanges on the aluminum frames were also temporarily clamped together during
shipment.

Handling of the two parts of the liner and of the completedliner was accomplished
at the factory by means of a fixture consisting.of.a 40 foot long steel tube with
clips for attaching ties which were then in turn fastened to each circumferential
freme of the liner. This fixture was replaced by a pair of lightweight steel tube
frames fabricated at the Radiation Laboratory when it became necessary to handle the
liner in service. These lightweight frames each attached to four points on the liner

circumferential frames at stations ten feet apart and symmetrically placed with
respect to the en&s and éenterlines. These attachment points were provided on both
the upper and lower parts of the liner so that the upper part could be lifted off the
lower when the latter was installed in the tank to permit access to the drift tubes.
By attaching the lifting fixtures to the attachment points onjthe lower part of the
liner the entire liner could be lifted from the tank. Fig. 20 shows the completed
liner supported‘by these fixtures.

Bach lightweight fiktpre was supported by an overhead crane through a manﬁally
operated worm gear hoist., It was found by servicé experience that electric hoists and
spur gear hoists were unsatisfactorily rough in operation since it was necessary to
start and stop the lifler motion smoothly and to be able to lower it by minute incre-
ments when placiﬁg it upon the supports.

A shipping fixture was made in the form of an enclosing rectangular frame fabri-

cated by welding from heévy steel angles. Removable transverse members on the top of
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this frame permitted the liner to be lowered vertically through the frame to where it
rested on padded supports and was clamped in place with additional padded supports

placed against the-top of the liner.

(4) Drift Tube Construction and Support -~ The drift tubes were basically a

cylinder of variant length and diameter suppo;ted by a single stem perpendicular to
the liner axis at the center line of each drift tube. The drift tube diemeter varied
from 4 3/4 inches to 2 3/4 inches, the fifst eleven driftrtubes being constant at

4 3/4 and the remaining 35 drift tubes diminishing to 2 3/4 in steps of approximately
sixby-thousends of an inch. The drift tubs lengths varied from sbout 4 3/8 for the fir
first drift tube to 11 inbﬁes for the last drift tube. The drift tube body was made of.
a copper tube with the end at the beam exi? made from & copper blate hard Soldered into
the tube and with ; threaded ring in the opposite end. Into this threaded ring

serewed a cap which in turn received a grid hoidero The exit end of the drift tube

had e re-entrant opening formed by a brass tail tube about 3 inches in length and
varying from 1 inch inside diameter to 1 1/2 inches inside diameter for the range of
drift tube sizes. All external edges were uniformly rounded with a radius of 3/8

inch. The external dimensions were obtained by machiuning. the entire surface of the
drig% tube to a tolerance on diameter and length of plus or minus two one-thousandths
of an inch. The threaded cap was originally designed to be screwed into the drift

tube body after the grid holder had been inserted from the inside. On the initial

runs serious sparking was found to have occurred across the contact surface between

the drift tube Gép and body even though special effort had been teken to insure high

contact pressures at this point. Thus it became necessary to solder the drift tube

" cap to the body with a low temperature eutectic alloy and to redesign the grid holder

so that it gould be inserted froﬁ the front of éhe drift tube. The threaded construc- -
tion, however, did permit final adjustment of drift tube length tc be made after
vdltage distribution measurements were completed.

The drift tube stems were made of one inch diameter brass tubing soft soldered

3

into a reamed boss on the transvérse center line of the drift tube. Through this stem
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was passed a quarter inch diameter copper tube that mede a loop around the inside of
the drift tube body to which it was soft soldered and then returned through the stem
for circulation of cooling water. It was subsequeﬁtly found necessary to silver plate
the drift tube body and stem to reduce r.f. losses in the brass stem and tail tube.
The drift tube stem was closed by a plug which carried a threaded extensiono. The
drift tube components are diagrammed in Fig. 21.

The drift tubes ﬁere supported (see ﬁige 19) by & pair of plates which clamped on
the salient flanges of the drift tube support rails supported by the liner frames.

One of these clamp plates had a large clearance hole while the other was provided with
a seat for a spheriecal washer and with four tapped holes uniformly spaced about the
seat. The threaded extension of the drift tube stem passed through & cross of steel,
heat treated to a spring temper, thence throﬁgh & hemispherical washer and was termi-
nated with a nut. With the hemispherical washer resting in the seat provided in the
clamp plate and with four cap screws through the threaded holes bearing against the
arms of the cross, the drift tube was held firmly in position and could be adjusted
along the three coordinate axés by means of the two pairs of screws on opposite sides
of the stem and by means of the nut on the threaded extension.

(5) Liner and Drift Tube Cooling - A semi-circular distribution manifold was:
soldered to the end plates of the liner on both top and bottom parts. From this
manifold radial tubes led to fittings on the ends of the 40 foot tubes soldered to
each liner panel; +thus, the panels were cooled by water flowing though these long
tubes in parallel in circuits that came through the tank at one end, through the
distribution menifold, along the panels into the collection manifold and out through a
discharge lead at the opposite end of the tank. Separate circuits were maintained for
the upper and lower parts of the liner.

The drift tubes were also cooled in parallel by a third water cooling circuit.
Two tubes were supported in openings in the liner frames with one tube serving as
supply header and the other as collection header. These tubes had nipples hard

soldered to them edjacent to each drift tube into which the 1/4 inch copper tube
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passing through the drift tube stems were soldered. By introducing the water at one
end of the tank and removing it from the other the cooling water pressure drop through
each parallel flow peth was maintained the same. Checks upon the opsration of the
parallel flow system were made by pubtting hot water through the lines and feeling -

all the tubes to see that they were receiving their quota of water and that no obstruc-
tions existed in the individuél circuits. l

(6) Grids - As was shown in Section III of this paper, phase focusing and phase
stability éan only be achieved in the machine by introducing charge within the beam;
€ogo, by arranging the entrance end of drift tubes so that electric field lines
terminate within the beam. This was first done by putting 3 x 10”5.inch thick beryl-
lium foils across the entrance of each drift tube. However, sparking in the tank

)
destroyed them, and grids were used instead. There is, of course, greater field
concentration on grids tﬁan on flet foils. Tec a first approximaticn, if one considers
g grid to be merely a foil with many holes punched out, the field is increased hy a
factor equal: té-the ratio, of the:tetal area tg kbe.anescgccupied by conductors, since
‘the . same nmﬁber,Qf‘bineﬁhqfaﬁdnceoegd on'the'ccnductOr,_bdt on & smaller area.

The ratio of aperture to field strength eén‘be improved by using a slat grid of
structure similar %o § klystron grid instead of a.perforated plate, since some of the
field line will terminate on the flat sides of the slats., Fig. 22 show; several.grid
shapes which have been used and also.the beryllium foils.

Grids were fabricated from .002 x 1/16 inch tungsten ribbon. A 95° bend was put
in short sections of this strip by means of modified vise-grip pliers. Brass rings
mounted on & carbon mandrel were slit .uby a multiblade saw to a depth of 72 mils.
The bent strips were put into these slots and hard soldered around the rim which was
then given & finishing lathe cut. The grids were polished *o approximéte the theoret-
ical shape by immersing in 2 molar NaOH and passing 5_ampso 8.6, for 5 seconds between
the finished.grid and a tungsten rod. They were next soldered with pure tin into

copper holders which hid the brass ring, and could be screwed intc the entrance end of

the drift tubss. Grids were given a thorough visual inspection through 30x stereo-
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scopic microscope, and sharp points were removed, Then %hey were tested by photo-
metering the transmission of & beam of parallel light from & tungsten strip filament
lamp. The optical path was: pin hole over strip filament lamp, collimating lens,
grid, focusing lens, ,0l0 inch diameter pinhole, photronic cell. It is interesting %o
note that this was a "good geometry"# experiment, so, that an aperture of, say, 90
percent the total opening gave a photocell reading of 80 percent.

The final test of the grids was made %y investigating their behavior in vacuum
under d.c, field egual to the r.f. field of the linear accelerator. If the cold
emission was less than 50 |we after the grids had been given up to 5 minutes run=in
time, they were accepted. The final grid in its mounting is shown in Fig. 23,

In practice, we do not believe that the etching: procedure was necessary. We
tested several grids electrically which had not been etched, and could not find any
significanf difference from the normal ones.

The 15 cyéle r.f. pulses produce fields of 107 volts/meter between the drift tubes,
or 4 gm/bmz on the drift tube ends. This puiseélforce was sufficient to loosen the
grid holders, so set screws were used to lock them into the drift tubes.

(7) Drift Tube A;iggmégﬁ - In order to align the drift tubes in the tank, the top
half of the liner wes Placed on its legs on the bottom half which was in position in
the vdouum tank (Fig¢%§4), Then after aligning roughly so that a beam of light would
pass clear through all‘drifﬁ tubes, cross-hairs were inserted in both ends of each of
the end tuners. The tuners and the liner were next adjusted so that they were in line
and horizontal, as seen through & 24x precision engineer's level. Accuracy of meas-
urement at the far (west) eqﬁ of the liner was + 50 miléﬁ end at the near end it wﬁs
* 10 mils., Cross-hairs Wére then put in the entrance and exit end of No. 1 (the west
end ) drift tube, and brought into coincidence with the tuner cross-hairs by the drift
tube support adjustments. A level was used to check that the drift tube stem was
perpendicular to the liner axis, and the axial position of the drift fube center was
checked by steel scale measurement to the end of the liner. A similar procedure was

used to align No. 2 drift tube, and in addition the gap between No. 1 and No. 2 was

* i,e, the diffracted component of the beam is not recorded by the photocell.
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micrometered at four points between drift tube faces to check aligmment and position.
A similar procedure was used for the rest of the drift tubes, except that the steel
scale was replaced by a 10 foot long aluminum I beam upon which the accurate positions
of drift tube centers had been scribed. A surface gauge was employed to transfer the -
scribed positions to the centers of the drift tube jsurface (Fig. 25). After alignment
of drift tubes, the grids were carefully installed without disturbiﬁg drift tube

~ positions. It is thought that this initial alignment was accurate to + 25 mils.

Later experience has shown that such accuracy is not required. A twisﬁ of 39 in drift
tube No. 25, so severe that the beam area is reduced to half, reduced the beam of the
linear accelerator by no more than a factor of 2.5, Axial displacement of a drifﬁ tube
by l/? inch did not affect the beam measurably, nOQ‘did 1/4 inch axisal displacement of
four drift tubes, though this latter.conditionodid meke buning of the pre-exciters
more critical than normal end made the r.f. envelope fuzzy; i.e., other modes were
excited noticeably. Present method of checking drif€ tube alignment consists of
sighting by eye down the outside of the line of tubes to check axial position and
aligmment, and checking the distances between drift tubes with inside éalipers to see
that the lengths of successive gaps increase by approximately constant increﬁents, It
is to be noted that this relative lack of sensitivity to lack of proper aligmment is
true only after the initial adjustments of the lower harmonics have been made, as
déscribed in Section II; All the disturbances referred to here are presumably high

harmonic perturbation to which the fields are relatively insensitive.

(8) Radiation Shielding - The stray radiation around the linear accelerator has

been investigated to determine its sources and energies. The radiation comes. practi-
cally entirely from x-rays produced by electron bombardment of the drift tube ends. -
The electrons arise from ioﬁ and electron cascading on the drift tube'énds and gas

between drift tubes. These sources were determined by exposing x-ray plates through
an iron slat collimater "telescope™ 1laid on top of the accelerator. The eneréies'of
the x-rays near the exit end of the accelerator were found by absorption measurements

to be up to 2 Mev corresponding to electrons passing through one or two gaps between
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No., 45 drift tube and the end of the liner.

One-half inch of lead shielding hung on frames near the sides and top of the |
liﬁear accelerator has reduced the x~ray level, measured two feet from the machine, to
~ 10 MR/hro The shielding has many openings such as hdles for the transmission lines,
and four-foot wide space below the Pb, so that thexe is scattered radiation throughout
the room. The level 30 feet from the machines is ~5 MR/hr.

Note from Fig; 26 that the x~ray le;el increases by a factor of 3 per kilovolt
d.co in the o?erating region of the machine, the normal operéting level being 10 kv
doCo

Three inches of lead glass are provided over the tank windows through which the
inside of the liner can be.viewed.

After the tank has been let down to air and re-evacuated, the radiation level is
higher by a factor of 2 to 5, but improves quickly with running of the r.f. which
serves to outgas the system. Outgassing can also be speeded by rumning hot water
through the liner‘qpoling 1ines, though that hgs very seldom been done.

(9) Vaguum System - The basic requirements of the linear accelerator vacuum system
are, first, a base pressure 10“5 mm or less and, second, a pump-down and bake-in time
of reasonable length, say, 8 hours. To fulfill these conditions in a steel ténk 40
feet long, of 15,000 liters capacity, containigg about 500 vacuum seals and joints and
several hundred feet of poiyéthylenercablé, it was obviously necessary to provide a
fast pump and keep leaks an§ outgassing to a minimum. That this has been done suo-.
cessfully can be seen from the fact that at present the base pressure is about 2 x
10~6 mm, the rate of pressure rise with the pumps closed off is as low as 107 mm/éec.,
and bske-in times as short as 4 hours have been recorded.

Eugpg_; The pumps used are ; 30 inch three-stage diffusion pﬁmp with a pumping
speed of 7000 liters/sec. and an 8 inch two-stage diffusion pump in series, backed by
two 43 c.f.m. Kinney rotary mechanical pumps iﬁ parallel., The diffusion pumps use
Litton cil, which is‘effectively kept out of the tank by a thorough refrigerated

baffling system. The pumping sp@é& measured inside the liner is 2,600 liters/%eca,'
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which is considered a reasonable fraction of the speed of ‘the pump alone.

For the first stages of pumping down there is a three inch pipe line about 250
feef long connecting the linear accelerator fore-vac system to a 750 c,f.m; Beach-Russ
mechanical pump in the 184" cycldt;on building. The pumping speed of this lihe
becomes low around 500 microns and at this point the twﬂ 43 c.f.m. Kinney pumps take
ovef° The 8 inch diffusion pump will operate agaigst'a back pressure of 125 microns,
and the usual operating pressure of the ﬁinney pumps is between 10 and 20 microns.

In order to remove condensible vapors from the tank and prevent pump oil from
entering it, a water-cooled baffle, (see FPig. 27) a ﬁ#éfﬁigerated bafflé, and a ligquid
nitrggen trap have been employed. The trap will hold almost 40 liters and consumes
200 liters of liquid nitrogen per day. Recent experiments indicate that‘it is possi-
ble %o rug?without this trap, after the initial olltg;assingo The refrigerated baffle
is coéledhby a small freon rgfrigerator to a temperature of about-30° C and has been
very effective‘in stopping_thé 0il vapors from the pump.

§gg;§_ggé_§gig;§ - A very wide variety of seals is used on the. linear accelerator.
Besides the usual types, such as soft and ha%d solder joints, gaskets, and arc-welded
seams , ;here are Wilson seals, sylphon seals, aircraft-type spark plugs, ;nd even
certain standard r.f. connectors which have beeﬁ found to be vacuum~-tight.-

Perhaps the most noteworthy of the gasket seals is the main tank gasket, which
runs completely around the tank and is almost 90 feet long. To eliminate the expense
of machining a flange 40 feet long it was decided to use a molded rubber gasket held
| to the flaﬁge with special screws aﬁd retained by a 1/4 inch square strip of steel
tack=welded to tﬁe flange aiong the vecuum side (see Fig., 28), Despite the un-ma-
chined flange, the performéﬁce of this gasket has exceeded our expectation. Three
bolts on each side sufficei%d hold the\flanges together and when the pumps are started,

R .
the external air pressure exerts ample force to complete the seal. The heads of the
screws act to sepafate the flanges and prevent them from damaging the gasket.

Another problem is encountered in making wacuum-tight the coaxial lines that

transmit power from the oscillators to the cavity. The requirements for this part
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were that it be vacuum tight, that the dielectric losses be small, that it make good
electrical connections inside the tank, that it be capable of inétallation and removal
without opening the tank, and that without impairing the seal, it could swing slightly
from side to side and vertically to allow for motion of the liner inside the tank. A&
line utilizing a Housekeeper; glass-to-copper seal was tried and discarded as too

fragile for the purpose. The design finally adopted is illustrated in Fig. 29. It
will be noted that the inside of the inne; conductor is evacuated, while the space
between the two conductors is at atmospheric pressure. In séite of their complexity,
careful fabrication and thorough pre—testing have made it possible to use these lines
with & minimum of trouble.

The inner conductor is fastened to the coupling loop inside the liner by means of
e captive screw which is reached with a long screw driver through the pipe-threaded
hole at the other end of the immer conductor. The whole line is held against the
external pressure by a retaining ring which permits some freedom of rotation of the
axis of the transmission line about lines in the plane of the molded rubber gasket.

It has been found that the standard r.f. fitting RG-98U is satisfactory for
bringing low power leads into the vacuum. The liner; and drift tube water-cooling
pipes are brought out of fhe tank through a rubber compression seal of conventional
type.

The stems of most of thé valves used on this tank are sealed with Wilson seals,
and have given little or ho.ﬁrouble; Some sylphons have been used, both in valves and
elsewhere, with spotty resulfse Mbst of fhem gave no trouble in use, while others
repeatedly failed. “

It is a policy of this laboratory to use double gasket seals wherever possible,
and to provide a "pump-out" passage connmecting the spacé bebween the gaskets with the
open air. The pump=-out is particularly important in that 1t gives a check point to
determine the “tightness" of the whole inner gasket, regardless of small leaks in the

outer gasket. It is also possible in emergencies to evacuate the space between the

two gaskets until a more permanent repair can be made. The use of this arrangement
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has eﬁﬁbiéd us to find quickly many leaks which otherwise would have been very.insidé

ious and ﬁard to locaﬁeo All components are pre-tested before installation.
Théfinside surfaces of our tank have been painted with glyptal as a rust prévén-
tive méééuréo The first time the tank was evacuated there was heavy outgassing ofbﬁhe
giYéﬁglzgéiventg but in e fewgdays this wes over and iuch subéequent outgassing hﬁﬁ?_
thereby'béen avoided, o2 .
Ii£ was feared that the ceramic accelerating tube in the Van de Graaff 5§nerat¢r

might>sbhe:aay fail under pressure and raise the pressure inside the linear accéléﬁéﬁor
to lOOfp;éoio or so. To prevent this, a "blow-éff" plate was installed which is ﬁéﬁd
onto its gasket only by its weight and the external pressure. It is expected o |
relie&e§any internal pressure over one p.s.i. Both e;tranceiand exit valves to the:-
mechine have been converted to solenoid controlled pneumstic valves interlocked to an
ionizaﬁién gauge'protective relay which‘turns off the ionization gauge filament power
'gnd éloSes both valves whenever the'pressur;_reading rises off scale.

v, OQC'iLIATORs

| Oﬁéfof the majdr developmental problems in connection with & linear aéceleratér
is ﬁhe.productioh of'thé‘large peak high:ffequepgy_power required, The présent
machine is designed to operate with an average voltage gradient of .90 megavolts per
foot or gvtotal voitage of 36 million overall. This differs from the energy gein

(28 Mév) of the particles due to operating phase angle and transit time loss. The
shunt impeéance of the cavity at reéénance on the fundamental mode is 316 megohmsov
From these numbers one arrives at a required peak power of approximately 2,5 megawaﬁfs;

The mechine is pulsed on fifteen times per second with an "

on" time of 300 microsecé

onds, or & duty cycle of 225o This gives an average power input éf app:pximatelylibrkwo
_While the average power requirements are quite moderate, the peak power could

not be délivered_by any ;ingle oscillator or tube in exigtence when the machine was

planned., It wes obvious that inifial operation would have to be w;th & multiplicity

of oscillators coupled into the resonator.

The original planning called for the use of surplus 200 mc radar transmitters
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(BC-877) in essentially unaltered form. Several difficulties developed. ' Cne was
. the low efficiency of the oscillators, but the limiting difficulty was their coupling
- system. It proved impossible to couple these oscillators into the resonant cavity

without the inclusion of a large resistive element in the coupling system to prevent

& K}
R

the oscillatogs from Jjumping to frequencies determined by the coupling system and their
"own multiplicity of resonant circuits instead of the resonant frequency‘of the cavity.

With this large loss, the efficiency from @dcs power "in" to r.f. power "out" was
in the neighborhood of 12 percent. This coupling system was inherently a loose
coupled system, so that the oscillators had a very narrow turning range over which they
.Would lock into the accelerator frequency, necessitating very careful tuning adjustments.

When it was realized that the BC-677 oscillators would be a definite weak link
in the machine, a program was initiated to infestigate possible modification of the
units. From a standpoint of economy, it was desiréd to use eas much of the original
surplus equipment as possible. A quick se%ies of tests determined that the tubes
(GL-éS%-A) used in the BC=677 were not a 1imitati6n on efficiency and on this basis it
was decided to use these same tubes in any new oscillator. In addition the following.
rough specifications were set up:

1. The frequénby of the oscillator should be determined primarily by the linear
accelerator cavity.

2. The oséillator should have reasonable overall effieciency.

3. The oscillators must be easy Lo maintain.

If the first two of these specifications are considered, they lead quite naturally
to an oscillator in which thé linear accelerator resonator ié‘effectively the tank
circuit of the osoiliatoro Such an oscillator would be capable of oscillating only on
e fregquency to which the main cavity was rgsonant, and would need no large loss element

to damp modes associated with its own resonant circuits, for there need not be such

circuitse.

This type of construction suggests an oscillator tube of some sort mounted directly

on the inside of the liner and having very low inductance loops coupling its input and
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output circuit to the fiélds inside the tankL  It brings with it the unfortunate

requlrement of developlng a tube which could be so used, as well as cooling and

malntenance problems.
7

A practical modification of this ideal scheme consists of using low inductance,
3 . ‘3

tightly coupled 1oops 1n the cav1ty, but brlﬂglng them,electrlcally outside of the

vacuun tank by means ofia transm1531on 11ne an integral -nupber of half wavelengths long.
Such a line has the property of presentlng at»the sending end exactly that impedance
which is connected at 1ts recelv1ng end ThlS scheme made it possible to have a pair
of terminals out51de of the vacuum.system whlch for electrical purposes were as good
as & direct connectlon to the loop inside, provmded the standlnm wave ratio on the line

differs considerably from unity.

The remaining problem wes to design an éscillator which could use these tightly
coupled terminals withéﬁt sacrificing all of the tightness in the coupling to the tubes,
in order to make -the QS§illatof fréqnency aﬁd phase be controlled by the accelerator
cavity. l )

From this ooncegt;‘the oscillator desiéﬁ shown in Fig. 30 evelved. A short
cylindrical éavity is'égéd in which four tub;s are placea symmetricéllyo The anodes of
the tubes are cOnnecteégfo the bottom of thé.resonator (for f,ft) and thé:cathodes are
connected directly to.fhe top of the résona;(‘;oro The resonator is tuned foughly to

resonance by the capacity beﬁween the tube elements. In order to keep the cscillator

free from clrcultsresonant nesr the d951red ooeratlng frequenCJ, the grid recelves

energy from the plate through the grld-plat cepacity, with .only a very small inductance

inserted from grld to ground to. determlne 1:_~ magnltude and phase of the grld signal.
In this constructlon the rafo fields of the output (plate-cathode) circuit are
totally enclosed in the resonator as shown 1n Flg, 30. From this drawing it is seen

that a co-axial line can be brought into th@ resonator in such a way as to link

v1rtua11y all of the magnetlc flux° In other words, it is possible to secure a

"

connection to the output circuit with low series impedance. It therefore follows that

the oscillator voltage will follow closely voltage developed across the loop in the
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main cavity. By unconventional design, it is possible to make the self inductance of
this loop so small that the coupled impedance of <the aoceleraior cavity at resonance
dominates. These loops are copper plates approximately 3 inches by 4 inches located

3/@ inch from the cavity wall, having an inductive impedance of approximately 15 ohms

-
"

at 200mc. The coupled impedance at resonance of theﬁcavity is 300 ohms.

Exemination of the overall system shows one remaining problem, once again the
matter of spurious modes. Looking at Fig., 31 which shows the impedance of the trans-
mission line and loop system for various frequencies, it is seen that no mode can exist
which is very close to but not on the correct frequenéy, since the coupling loop would
present a very low impedance to such a frequency, and this would be reflected by the
transmission line across the oscillator outputb. In;addition oscillations differing by
more than 50 percent from the correct frequency will not exist.because the grid drive
scheme is sufficiently selective to eliminate them. In tests, two frequencies other

;
than the desired one did appear. One of these was about 20 percent higher in frequency,

and the other 20 percent lower. The voltage distribution for these two frequencies

and the desired frequency is shown in Fig. 32.

-

It is seen that there is a voltage node on the line for the fundamental frequency,
;a/% wavelengths from the oscillator. Since the line is terminated in & load only on
a frequency to which the accelerating cavity is resonant and is short-circuited for
other frequencies, there would be a large voltage on the line at the )L/@ point if such
frequencies existed. If a resistor is placed across the line at thet point it will
heve a large aamping effect on the spurious frequencies without appreciably affecting
the correct one. In practice it turns out to be Sossible to eliminate these undesired
frequencies completely with.a 700 ohm resistor at this pbint, The amplitude of the
desired frequency at this point is only 1000 volts, which gives & loss in the resistor
of approximately 2 percent of the transmitted power.

The choice of characteristic impedsnce of the transmission line from the loop to
the oscillator is determined by the desired voltage at the nOAe” which is gpproximately

1/% of the osciilator voltage. This leads to a value of 50 ohms, which also represents
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the best ratio of inmer diametér to outer diameter from a flashing standpoint.

Examingtion of Fig. 7 which gives the spectrum of frequencies to which the
accelerator is resonant, shows that there exists very close to the desired frequency,
other resonances, which to the oscillator will appear just as good as the correct one.
The problem of keeping the h;gh power oscillators from running on one of these other
modes et first seemed formidable. 2

It developed in the course of the oscillator design that the oscillators would
not build up when connected tc a cavity by themselves, if the grid circuit was adjusted
for optimum output at high level. Building up was prevented by the low power-gain of

the tubes for smell signsls and the large energy storage or "fly-wheel effect” of the
cavity., It proved possible to force the oscillators to ﬂuild‘ﬁg by exciting the cavity
to about 10 percent of the final voitage (1 percent power) by means of a loosely
coupled oscillator pulsed on 100 microseconds ahead of thé main oscillators.

Tﬁis eliminated the problems of modé selection., All that is needed is to provide
a low-power free ruﬁning oscillator lossely coupled to the cavity. This oscillator
can be manually tuned to the desired modé and the main oscillators will build up~and
run only on that frequency. In practice three pre-exciters are used to provide the
power needed to start fhe main system of 25 oscillators.

The construction of an individual oscillator is shown in Fig. 32. The tube. anodes
are bypassed to the bottom of the oscillator tank with céncentric polystyrene sheet
capacitors fqr the purpose of d.c. plate voltage isolation. Since no r.f. fields exis?t
outside the éscillator cavity, the d.c. can be applied directly to the bofttom of the
tubes. The grid and filament connections and associated bypass condensers are assembled
on the tep or 1id, which is hinged to provide easy access to the tubes., All coumnections
t; the oscillator, including the r.f, ocutput, are of the plug-in type permitting the
entire oscillator to be diégonnected quickly in case of failure. In practice a
defective oscilletor can be located, replaced and the machine restoréd to operatibn
iﬂ two minutes,

The base, ih which the transmission line from the accelerator to the oscillators
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terminé%ésy serves primarily as a support for the oséillator and as & cabinet for the
filement transformer, motor blower and other accessory equipment.

The only metering provided fér the individual oscillators at the control desk
consists of meters reading d.c. grid current . These meters give a small constant

H : s
reading wheneverthe filament of an osciilator is 6;, read slightly higher due to grid
rectification whén the pre-exciters are operating, and are inversely proportional to
oscillator loading when the main oscillators are on. By noting the distribution of
readingslwith respect to the individual oscillator positions along the tank when the
pre-exéiters are on, it can Ee ascertained whether the pre-excitation is on the correct
frequency. This metering §eheme has proved very satisfactory, and seems to represent
the maximum.iﬁformation pef meter, g

For protection of the oscillators against tube flashes, each oscillator has a fast
overload relay in its plate circuit which is arranged to shut the main pulse system
off before the‘?ext pulse. The entire énergy stored in the pulse system 1s prevented
-from appearing in any one tube flash by havingﬁresistors built into the base of each
oscillator which are conunected in series with the high voltage lead. With this
protection, it is found that a single tube spark in general does no serious demage to
a tube, and the machine caﬁ be immediately regtéred to operation.

The oscillators are limited in output primarily by the internal resistance of the
tubes, and not by power dissipation in plate or grid. They are therefore loaded to
operate at 50 percent d.co to r.fs efficiency which gives the maximum r.f. powef output.

Ohe‘problem almost universally met in devices using high voltage r.f, in.a vacuum
is "multipactor">action, This is & secondary electron multiplication process which
can>produCe sevére loading at low power.levelss but once the system is above that level
it disappears. The mechanism of this discharge can be illustrated as follows. Consider
two parallel metal platés spaced some small distance and placed in a vacuum. In
general the secondary emission ratio for metals (with usual surface contamination)

will be greater than one. That is, if an electron strikes the surface more than one

electron will be emitted.



;U'QIU_UﬁUgﬁga

UCRL-236
Page 44

f‘J If an increasing r.f. voltage is established between the plates, there Wiil be
- b { £ -

found one value of voltage such that an"€lectron canwbust cros;ﬁﬁ?e gap ingﬁfactly {TJ
one-half cycle. If this ensrgy is of the correct order of magnitude more then one )
secondary electron will be released, and these elecﬁrons will see a volbtage such as
to ascelerate them back across the gap again where’they will make still more electrons.
This process builds up very rapidly, and;can dissipate a large amount of energy. It
oscurs only at low amplitudes in our. geometry because the transit time must be very
nearly right for multiplication to be cumulative, and it limits the amplitude to this
value,

The streaightforward cures are to make the electron transit time different in the
two directions by a d.c. bias, or to raise the voltage so rapidly that there are not
enough r.f. cycles in the eritical region for the discharge to become large. The
linear accelerator entrance end provides extremely favorable geometry for such a dis-
charge between drift tubes. The spacings between drift tuEes in this region are of
the order of oﬁe inch and it can be shown that this gao will be resonant for multipactor
action at sround 2000 volts. In addition there are many such gaps, any one of which
can be responsible.

This problem pfoduced some difficulty in early tests, and it was decided to
remove the effect by isolating every other drift tube from ground for doCo aﬁd to
apply a bias such as to make the transit time different in one direction from that in
the other. This method worked, but grought with it many diffiéulties in providing a
suitable bypass condenser from the stems to the liner. Later it was discovered
experimentally that the cavity could be pfe-excited at the high energy end where the
drift tube spacings were long and the geometry was not suitable for multipactoring,
ané the d.c. bias provisions were removed. It turns out that sufficient ehergy can
be put into the high energy end (taking advantage of the very low group velocity of
propagation of the cavity as a waveguidé at cut-off)‘to bring the rest of the cavity
up through the critical region fast enough to eliminate the effect,

With the cavity fed as described, build-up occurs in about 100 microseconds after
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plate voltage is applied to the main power oscillators. The time sequence of operations
and the plate voltage and r.f. pulse shapes aré shown in Fig. 33.

VI. POWER SYSTEM

(1) Pulse Netwark - This section presents the general requirements of the powe
£ .

system of the linear accelerator and the design that was gdopted to meet these require-
ments. Engineering details that are staﬁdard practice are omitted and the discussion
isblimited to those features of the machine that are unique. An over-all picture of
the power sys%em is given by a simplified block diagram, Fig. 34, that will be referred
to fréquently in the text.

Available electrical .components, electron tubes, the problem of cooling, and oﬁher
considerations, indicated that a pulsed power supply for the oscillators would be
required., Until the final oscillator was developed, the exact impédance and load
characteristics that this pulse system would have to drive were nof known. However,
it seemed that at most a system with the following specifiéations would be needed:

a) 1,000 amperes peak current ét 15,000 volts, with the voltage reasonably constant
during the pulse. b) A 300 microsecond pulse with e pulse repetition rate of 15 cps,
or a duty cycle of approximately 225. To fulfill these specifications it was decided
to use a standard three~phase mercury vapor rectifier circuit followed by a pulse-
forming network and spark gap switching. The five main pulse-forming networks shown
in Fig. 34 were constructed as a result of this decision.

The development of the power oscillators used in the present design of the linear
eccelerator required that pre-exciters (oscillators which provide an initial field in
the cavity before the main pglse) be used and that they be suppligd with a pulse
starting before the main pulse., This required that a separate system to the main
system be installed and that it be triggered before the main system.

The final power system is shown in Fig. 34: this figure describes most of the
important features of the power modulator. In the following we shall attempt to
describe some of its more unusual features,

(2) Pulse-forming networks - Many types of modulators providing pulses were used
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during ‘the war in radar équipmentl4)l$); one of the better types developed dﬁring
this time was the pulse~forming network typeol5)16) In it & synthetic transmission.
line, that is open circuited at one end, is charged up to a high voltage and then
suddenly discharged through a load impedance at the other end. If the load impedance
is equal to the characteriéfie impedance of the transmission line, the result is a
voltage across the load equal to one-half the original line voltage and lasting for
& time corresponding to twice the electrical length of the line. At the end of this
time, the voltage on the line is zero and all of the energy has been taken from the
line at a constant voltage. Wifh regard to output voltages, reflections, and waveform,
when the load impedance differs from the characteristic impedance Z, of the network,
)

the network may be treated by conventional transmission line theofyo

The original pulse—forming.networks developed early in the war for radar applica-
tionslS)ls) were made of four or five sections with mutual inductance between sections
and the values of the L and C in each section different. Such a network is an
excellent device‘if it is to be mass prdduced9 but it is difficult to construct from
standard components. The type of network we have used is illustrated in Fig. 35. The
network is composed of identical lumped components; except for the L/é in the first
section, end is a very simple thing to meke. The resistances of Zo/? in parallel-and
in series with the first section L and C respectively have been called "Gibbs sup-
pressors™, since they eliminateé the ®Gibbs phenomenon,"™ which is the overshoot at a
point of discoﬁtinuity when a functién is synthesized from its Fourier components.
This method is due to W, W. Hansen. Consider the iﬁitial impedance looking into the
network; because the capacity initially acts as a short circuit and the inductance
as an open circuit, the impedance will be infinite, With the Gibbs suppressors, the
initial impedance is Z,, as it should be. We have had very excellent results with
networks of more than §ix sections and have arbitrarily selected ten sections as a
good numbef to use. By éhanging the values of the inductances (or the capacities) a ..

voltage that varies with time in a specified manner may be obtained,17) for example,

to correct for pulse droop due to coil resistance,
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The values used for the main and pre-pulsed networks are shown in Fig. 35. If
the five main pulse'lines were run in parallel at 30 kv line voltage, there would be
5,600 joules stored in the capacities which corresponds to 18.7 megawatts peak power
or 1,250 peak amperes. Ingoperatioﬁ, the machine normally uses four pulse lines at
around 20 kv on the pulse iine, corresponding to 656 megawatts output.

let us consider the charging cycle of the circuit of Fig. 36a, which is an
idealized pulse network., Let us assume: (a) All the energy is stored in the capacities
of the pulse-forming network when S; is opened and closed. -(b) Yo energy flows
through the charging network during the time Sl is closed. (¢) The network is operating

with repeating switch closures in a steady state. Equating the energy "in" to the

energy "out" for one cycle;

fEIdt = EQ = EC(Vy - Vy) = :?1- C(V12 - V52) if V3 >0 | (58)
- Vy > 0
, Yy 2Lz 2 -
= BC(Vy - Vg) = > C(V1% + Vo2) if Vv 70
Vo €0

In Eq. (68), V1 and V3 are the voltages on the network when Sj is closed and opeﬁéﬁ

respectively. Solving for Vj:

i

1 = 2B -V, it Vg > 0 (59)

E+ (B2 - V(2B + Vg) if V3 < 0

In most modulators Vo = 0, i.e., the pulse line is fully discharged, snd this line

14
serves as a voltage doubler.

The coupling network is usually an inductance, as shown in Fig, 26b. The uni-
lateral element is due to the rectifying tubes. The charging current may be studied

by Circuit 36c, whose equation is:

Li.i.»r.l_fidt:E (60)
dt CJ
Integrating (60), assuming that the line is discharped at t = O, when E is applied:

1 (%) J ( i )2 R ;19)2 sin (wot + #) | (61)

wol

1

-1 iglw
wherefj:tanl——o—E——-‘?-and Wo = 57 -
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Let o be the time between the closings of S;. We then have three cases, if we

have a unilateral circuit like Fig. 36b. These cases are plotted in Fig, 37.

Case i - > A
Wo
1(6) = | —E| Isin web| .t <-OT (62)

N UoL ’ . V] (‘JO

=0 + > . ar,

N Wo
Case II @ = O
Wo

This is a special cese of Case I, and the condition usually called resonant
charging.

Case III ' o ¢
Wy

The current through the reactance L remains constant during the discharge

interval, thus

= j..:r— - wocv (63
: g 2 2 )
Then from (63) and (61)
3(0) = —E_ cot LT | | (64)
W oL 2

And for (61)
i(t) = [(EMOC)J[b‘éG (-“ig-"-iﬂ[sin {wot + (;-T-- “":"’)}]' - (65)

It is interesting to integrate (65) and divide by C:

V = 2Ecsa (-"-U-g—g:—>[cos {wo"' + L. -QM‘:}] | (66)

2 2

This gives us the voltage at any time. The ratio between the voltage at the

peak, if the switch fails to close, and the normal voltage is:

L+ Siﬁ_ﬁ29JZZg.= line voltage ratio
2 sin Luc<77@

From (65) the ratio of maximum to minimum current is:

.
Max current _ goo LT
Min current 2

In design a compromise must be made between the improved current ratio and the’

chances of a voltage overshoot; in case of misfire‘or shutting off the voltage
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overshoot may be suppressed by & safety device. As can be seen from the constants on

the block diagram, the linear accelerator is operated withe ¢ -Tr to reduce power supply
_ g Do P pply

¢

ripple.

The pre-pulse network system is approximately thg same, but on a much smaller scale.
It puts out a pulse of about éOO microseboﬁds which starts 100 microseconds before the
‘main pulse. The ére-pulse line is charged fhroﬁgh a tewperature limited diode. This is
a very convenient methqd of smoofhing out“the current ripple on a low power system where
one cen afford to throw away half of the power in the diodé. It is easily seen that

half of the power is lost in the diode by noting that during the charging time the current

is constant and the average diode voltage is equal to the average line voltage. Voltage

-
3

doubling is not obtained in this case because there is a power sink in the pulse gener=-
ating system.

(3) Spark Gaps - The pulgé networks are discharged through an air core choke that
slows down thew;ate of rise of the voltage applied to the oscillators. The spafkbgaps
are copper spheres with a‘jet of alr blowing on tﬂem; mounted in & soﬁnd—proof box.

As indicated in Fig. 34, the spark gap is triggered by a thyratron that discharges
a condenser intovan iroﬁ‘core pulse transformer; +%the secondary of the pulse transformer
applies é high voltage to the gap.

The pfe—pulse systém is similar. The electronic triggering circuit gives a flex-
ible system in that the time spacing between the main and pre-pulse pulses may be
changed by merely turning a kiob.

(4) Matching, Interlocks, Fte. - Both the main and pre-pulse channels have resistor

banks composed of 500 watt "glOW‘GOilSh with the oscillators. These are switeched in or
out from the control desk aﬁd insure tﬁaﬁ the network% are always operating into a
matched load. If a mismatch occurs, there will be reflections from the end of the
network and a reverse cﬁfrent will pass through the ground coﬁnection to the networks.

A small shunt is in series with this groupd current and the reverse current causes an
electronic device %o open the trigger signai circuit before the next pulse. A good many

possible faults on the load side of the spark gap will result in a mismatch and thus
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prevent the next pulse.

The a.c. and d.c. parts of the power supply are interlocked and protected from

o

overload in & stendard fashion. HMost of the fault protection on the lozd side of the

8

gap, such as the individual oscillator overload relavs, (see Section V) prevents the

T h
o
et

next pulse by opening the triééer circuit.

The high voltage pulse outrut is run directly to a distribution psnel where knif'e
switchés are provided that connect t; the individual oscillators. At this point there
is also attached a voltage divider that provides an oscillograph picture of the d.c,
pulse on the confrol panel. The high voltage wiring is RG-9U and RG-17U concentric
cable, with the shieldvused as the ground return.

A1l high voltage equipmeﬂt is interlocked for thé protection of persomnel. Inter-
locks and overload protective switches have indicating lights on the main control panel
to faqilitate the location of “rouble.

VIt

HIC ACCESSORTES

(1) Time base for linear accelerator - The requirements for the time base are that

it genergﬁa 4 pulses, to be used for turning on the sweep in an oscilloscope, for start-
ing the bremexciters, for starting the main oscillators, and for pulsing the Van de
Greaff. It was-considefed desirable that there be considerable latitude in the adjust«:
ment of these, and that there be a’trigger which is adjustablevover ahout 600 miecrosec-
onds for examining in detail any events taking place after the linear accelerator has
been pulsed. It is also desirable to be able to obbtain additional triggers from the
same time base., The requirement on stability of the triggers is that they be stable

with respect to each other within about 10 microseconds.
. 4
Since the desired repetition rate is approximately 15 cycles, it was decided to
meke 1t exsctly one quarter of the 60 cyele line frequency. This causes the power for
the oscillator pulses to be taken from the line at the same point in each cycle. It hes
the minor advantages that it produces freedom from hum troubles in associated eguipment,
4

snd that it makes it possible to synchronize easily other equimment operating near the

accelerator, in such & way that the linesar accelerator pulses do not interfere.
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A 15 cycle master timing pulse is obtained by squaring the 60 cycle input and
frequency dividing with two scaling pairs. The 15 cy¢le trigger is used to generafe a
linear sweep using a circuit much as deseribed in Puckles.lS) See Fig. 39. Actually,
for the purposes used, the linearity is merely a convenience. This linear sweep is
intercepted by é series of clipper circuits §t various Biases, and the discontinuities
ﬁhus obtained are used %o génerate the triggers. (Fig. 40 and wave form A end B). The
time of occurrence of trigger C can thus be varied by adjusting the bias at P. (Fig. 40).

Several chamels can be taken from the same 1linear sweep if suitable means are vred.
to keep the various channels decoupled. Thié decoupling problem ié particularly accen-
tuated by those channels which drive the thyratron triggers for the spark gap. Current
fed back through these.lines is sufficient to make it necessary to place the output
circuits:for these triggers in a separate chassis.

Although the general operation of the accelerator is at 15 cy@les, some experiments
have required a lower or higher repetition frequency. The only chaﬁge required to
operate at any desired frequgnoy below 15 cycles is to replacc the 60 cycle signal input
by the output of an audio-osecillator. )

(2) Vacuum tubé voltmeter - If a loop of accurately known area is introduced into the

linear éccelerator cavity from the side wall, the voltage generated on this loop can be
used to determine the voltage down the axis of the cavity, if the field distribution in
the cavity is accurately known.

The shapeo@fﬁthe r;f. envelope is as shown in Pig, 33, To measure the average
voltage and extrapolate to the peak voltage is difficult, since the shape of the r.f.
envelope is then important. As a result, a peak voltmeter is used. In the discussion
of this, the fapt that fhé top of the r.f. envelope is not perfectly flat will be
neglected. |

If the r.f. voltage is teken from the taﬁk and measured at some distance from the
loop,. there are problemé associated with matching the looﬁuto the line, matching imped- -
ances in the line, and terminating the line properly. These difficulties are such that

it appears easier to convert the a.c. to d.c. at the loop itself. To do this, a diode
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is'placed at the loop itself, inside of the vacuum system, but outside of the r.f.
cavity. (Fig. 41)

To‘operate this as a peak vqltﬁéter, the d.c, voltage at the diode plate must be
just a small amount less negative fhan the height of the péak of the r.f. envelope. If
the loop and the'diode impedagce are knéwn, the peakbvoltage can be calculated. The
duty cycle and the‘shape of the r.f. envelope must be taken into account. To avoid tak-
ing all of these factors into oonsideration, except as second order effects, the d.c.
must be as close to the r.f. peak as the maximum allowable error. In this way, the
actual d.c, voltage at the diode is treated as the r.f. peak voltage.

A design of approximately 1 percent accuracy is considered here, with one hundred
volts %he siée of the r.f. véltage to be measured. At least -99 volts d.c. must then be
at the dinde. This gives one volt acréss the diode at the r.f. peak. The angle of
conduction is approximately 16° out of 360°,

The‘average voltage across the diode.is «58 volts during conduction. Over an r.f.
cycle, thetaverage voitage is .58 x 16/360 = 2.6 x 1072 volts., If the duty cycle is
,1/?009 the voltage averaged ofer the entire .1/15 s;cond cycle is 1.3 x 10~% volté; The
average current throught the 10 K resistance of the diode is 1.3 x 1078 amps.

If we obtain the =99 volfs at tge diode by placing a high resistance to ground and
then measuring with some type of electrometer circuit or galvanometer, an R of approxi-
mately 1.3 x 1010 ohms is required. This is the maximum leakage allowable. This can be
obtained under ordinary circumstances quite easily, but meking connections through the
well of a vacuum system would be quite difficult.

If a slide-back voltmeter of the ordinary type is used, the -89 volts is obtaincd
from some outside sourc“e° 411 connections can be guard-ringed. (Fig. 42)

If the negative voltage at B exceeds the r.f. peak, no current flows through the
diode and the null reading galvanometer. Therefore this null reading must be approached
from one side. For one percent accuracy, the negative voltage at A can be at most 99
volts. This, means that it must be possible to read the 1.3 x 10°8 amnps previously

calculated on the null reading galvaenometer. Leakage resistances from B to A can be
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very small (they must be large compared to resistance of the galvanometer). However,
leakage resistances.from B direct to ground must be the same as previously calculated,
over 1.3 x 1010 ohms.’ The chief disadvantages of such & system are the difficulties in
finding a suiﬁable guard ring; and the difficulty of obtaining a null reading from one
side only, | ?

.To ovérsome these'disadvantages, an eutomatic slide-back peak voltmeter was designed.
This is similer in most respects to one described,bijreveling and Mﬁutner.lg) The
operation of this volbtmeter is automatic, but its operation can be best understood from

a deséription of atmanually-pperated voltmeter of the same type. (Fig. 43) If there is

100V peak r.f, and =99 V bias is applied at B, there is one volt of r.f. across the

' +

diode.

The cﬁfrent waveform through the diode will be integrated by the r.f. bypass
condenser: £o give a square video wéveformo This vided pulse will have -a peak 200 times
as large as the corresponding d.c. voltage; when the duty cycle is 200. In the case
cbnsidereé, |

R=50K

1.3 x 10~ x 200 = 2.6 x 10~® amps

i

v

i

2.6 x 1078 x 5 x 10%* = 13.0 x 1072 = .13 volts

This voltage cen be amplified by an amplifier of reasonable gaﬁn and applied to a
cathode fay oscillograph. In operation potentiometer P can be adjustedvuntil the
waveform is just visiblé-on the oscillogréph. The voltage at A is the same as the peak
voltage.

The actual circuit used differs from this only in thet the voltage at A is obtained
by using ﬁhe detected amplified Wavefofﬁ. (Fig. 44) As a specific éxaméle, consider
that with 100 volts r.f., if -99 volts is somehow placed at 4, -.13 volts of videq will
be applied to the amplifier. With a gain of +762, this will give é rectified output of
-99 volts, which can be applied to A. If less than -99 volts were applied to &, i.e.,
-98 volts, the output of the detector would be -198. If this were applied to A, it

would cut the diode off. As this voltage decreased, at 100 volts the diode would start

-

——
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conducting, the voltage feed back would continue to be less than -99 volts until tﬁe
voltage at B dropped to -99 volts. The schematic diagram of the instrument is shown in
Fig. 45.

Since there is a feedback loop, the circuit mustpbe such that the loop gainvis less
than unity for all frequency OOmponents.for which the phase shift is zero. The feedbéck
is effectively positive for the loop itself‘énd negative for the signal. This consider-
ation requires that a fairly long time constant be introduced in the attenuation circuit.
It is not claimed that optimum conditionsihave been obtained in the design of the pres-
ent circuit. It may be possible to achieve stability with a smaller time constant than
that used if a different type of attenuation circuit is used. For an accuracy of one
percent, it can be sezen that a gain of approximately 800 is required. If an accuracy of
+1 percent were required, a gain of 8000 would be necessary. The actual gain is unim-
portant as long as it is greater than the required value. If the voltmeter ié placed at
B, any leakage causes only a change in the gain. It will have three effects. One will
be to reduce the size of the video pulse by reducing the load resistance across which it
is formed. If R were infinite, a leakage resistance of 10,000 ohms would reduce %he
gain by a factor of 2 at this point. There will be én additional effect due to the
attenuation of the d.c. signal fediback, If Ry = R this will reduce the gain by a factor
of 2. It can be seen that there will be no large loss of gain as long as Ry > k. The
third effect is that leakage may cause saturation of the amplifier. The psak voltage
that the detector can put out in the circuit used is‘—ZOO volts. If operated at -100
volts, a leakage resistance of RL < R Would‘cause the ampnlifier to saturate., In the
circuit used a practical limit to‘leakage resistance wouvld be RL > .100,000.

Any capacity across the input will also cause a loss of gain if its size is such as
to cause an input time constant long compared with the width of the pulse being measured.
In our case, the input pulse was approximately 300 microseconds' and the input resistance
50,000 ohms. Hence:

. -6
C <'§99¥§—£9—— =6 x 1079 farad = ,006 microfarad
50 x 109
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‘Additional capacitance causes a corresponding loss in gain. If the gain obtained is
high enough, then the only critical components in the circuit asre the smmeter and the
resistance in series with it. The total gain of the circuit can change without causing
any effect. There is no provision for setting the zero of the instrunent.

It is not possible:to obtain arbit}arily high accuracy with this instrument under
the conditions in which it is used here. fny increase in gain fequires a corresponding-
ly longer time cénstanto. As the gain is inoreésed, the r.f. must be filtered more
effectively. The chief trouble obtained in operation was pick-up of the current pulse
of the oscillators. The main frequency component of this pulse was approximately 3 kv.
The skin depth of this is such that ordinary coaxial cables will not shield the center
wire ffom ite The pick-up voltage on the cable ground and the center wire of the cable
was of different amplitude, causing a signal to appear at the input. If the chassis

4 .
conbaining the amplifier equipment was grounded, this signal could be large enough to
throw the meter up to 200 volts. By isolating the chassis and cabling from the ground,
this can be reduced tb a volt or so on the output., It can be seen that any appreciable
increases in gain would cause additional trouble from this source, possibly requiring
the chassis to be mounted at the tank rather than at the end of a 30-foot cable.

The diode used is é 2=01C Eimac diode. Since this is located in the vacuuﬁ;;it is
necessary to operate this at half of its rated filament voltage because of insufficient
cooling, The cut-off of this tube is effectively at ~1/2 volt, the current beihg down
to approximately 2 pwA at this point., The gain of the amplifier is greater than 1,000,
making the error of the instrument of the order of one percent at the 100 V level. This
has hot taken into account the fact that the slope of the r.f, envélope being measured
is about 5 percent. Taking this into account, and considering changes which might occur
in the diode and meter circuits, the voltmeter is probably stable to about 5 percent in
operation over a period of several months.

(3) § measurements on the accelerator cavity - Q measurements were made on the

linear accelerator cavity in order to determine its shunt impedance. At each step in

&

the development of the copper liner, its Q was measured, and whean § was lower than
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anticipated, a search was made until the lossy element of the cavity was located and
fixed, as indicated by a'satisfaotory Q reading. Most of these losses were found
aotually to lie in the Jjoints of the drift tubecs, and in the drift tube stems.,

Several mebthods of §Q measurement were ¥tried, but the most satisfactory was the
stendard method of measuring the width of the r.f. resonance curve of the cavity, using -
a bunable CW oscillator. A diagram of the apparatus is shown in Fig., 48, R.f. energy
from the oscillator is brought into the cavity by & small adjustable loop which couples
into the magnetic field, and a similar loop takes energy ont to the detechor.

Oscillator - The oscillator for making a § measurement must be sufficiently stable
in frequency that it can be reproducibly tuned throush freguency intervals egual to the
resonance width of the cavity bpetwecen half-power points, which.is of the order of Af
2.9 kilocycles,

The oscilletor is followed by two amplifier stages, and consists of a 6C1 trio
self-excited oscillator, an 832 tripler, and an 832 nowar amplifier sunonlying aboub 20
watts.of rofo Actually, for reasons to be montioned later, only a small fraction of the
power is coupled into the cavity. It 1s never necessary to rctune the btriplsr or
amplifier sbapges during a measurement, since the Q of the tank circuits is small com-
pared with the accelerator'cavityo The plate power supply is electronically regulated,
and in addivion, the a.c. is supplied through a Sola line voltage repgulator. The latter

was added to stabllize filament temperatures.

Detector - A crystal rectifier and galvanometer measurc the r.f. power which

couples through the cavity; we usced both 1E-Z21 and 18-34 type crystals, the latier

1

boing preferable because of their high burn-out charscteristic., & galvanometer of
sensitiviby of 0.3 microamperes full scale was found to be convenient and sufficiently
sensitive. It is necessary tec be surc that the crystal is being operétcd at a level
sufficiently low that its chorscteristic-is scouratcly a square law. This is easily
verified by rotating the planc of the detector loop 45° from maximum in the cavity;

. o]

" . N . I U, . 4-1 . e b oA E e e L LA LI e
for a square law deieciur, Shis roduece +the colwanametaer roodine Lo Go5° 459, which 1w

1/2.



Uli)i)éijinzgg,;
; UCRL-236
Page 57
The detector must be well shielded so that r.f. reaches the crystal only from its
pick-up loop; we used an LC filter of several stages in the crysbtal output, so that

r.fs picked up by the galvanometer would not get back to the crystal and be rectified.

No precautions were taken to shield the oscillator from radiating r.f. into the

laboratory., 3 i

' Procedure - It was necessary to isola?e the desired mode of the cavity from several
others which are close to it in frequency. The accurate frequency of this mode is read
on a heterodyne frequéncy meter (Signal Corps No. T5-175/1).

When the oscillator has been aligned for the correct frequency, the input and
output loops coupling the oscillator and detector to the cavity are adjusted to give a
‘convenient reading on the galvanometer when the micrometer frequency vernier is
adjustéd for maximum energy.transfer through the cavity. WNoting the galvenometer
deflection for the peak of resonance, the micrometer is turned gquickly to find the
two positions on eitﬁer side of resonance;where the galvanometer reads exactly 1/? of
maximum; ‘+these two micrometer readings then reﬁresent the half-width of the resonance
cUYvVe,

It now remeins to determine accurately the frequency interval, Af, which these
two micrometer reaiiqgssubtend. The No. TS-l?S/%’frequency meter is used as a hetero-
dyne oscillator and detector to produce an audio beat note against the frequency of the
oscillator, and the resulting audio freguency is measured by comparison with a conven-
tional sudio oscillator, Q is then obtained from §Q = f/;sf, where Af is the full
width of the resonance curve, to the half-power points.. As an over-all check, we found
it convenient to construc% a standard cylindrical cavity of sheét‘copper; whose & we
measured once very carefully; thereafter it w;s our practice to measure the Q of this
cavity after measuring an unknown 4§, as & comparison on the calibration.

To insure that the act of measuring the § of a cavity does not introduce extra
losses and hence lower the measured Q, it is necessary to have both oscillgtor and
detector so loosely coupled that: (1) Reducing either coupling does not change the

measured Q. (2] The loading on the final stage of the oscillator is not aporeciably
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changed as the oscillator tunes through resonance. These conditions are realized, for
our case, by using the loops in a position where their effective area is about l/? om?.
If galvanometer readings are too small at the desired coupling oonditions, either the
oscillator power may be increased, or a more sensitive galvanometer can be used.

To tést whether the coupiing is sufficiently loo;e when a Q measurement has been
made, one increases or decreases the coupling and re-measures Q; 1if Q is independent
of coupling, the coupling is loose enough.

The final result for the linear accelerator cavity was a Q of 72,000, This was

_for the copper liner with drift tubes and 27 transmitter counling loops, but with the

loops disconnected from the transmission lines and oscillators. We estimate the
probeable error of the measurements to be about 5 percent, due mainly to frequency drifts
in the oscillator.

(4) Bolometer system for linear accelerator field distribution measurements - The

H

bolometer system_qas developed in order to give a quick and accurate comparison of the
r.f, magnetic field at a number of points along the copper liner. This functioh would
ordinarily be accomplished by means of a single travelling probe moving the length of
the cavity; however, because of the mechanical difficulty of controlling the motion of
such a probe inside the linear accelerator vacuum tank, it was %hought simpler to use

a system of many fixed probes.

The most difficult requirement of the fixed-probe system is to produce a large
nﬁmber of r.f. detectors (this system uses twenty) all having the seme sensitivity, and
capable of holding their calibration over long periods of time. Bolometers were :chosen
as the detector element because they are very durable, and have an accurate square-law
characteristic, even at high r.f. input levels, The actual elements used were taken
from Buss fuse cartridges, type 8AG, rated at 10 milliamperes; and these follow a
square law to within & percent, ﬁp to power levels 1/4 of the burnout level. It was
found that bolometers deteriorated and changed their calibration jin a few weeks of
operation, if they were operated higher than about 5 percent of the burnout level.

The output under this condition is about 25 millivolts, with 5 milliamperss d.c. flow-
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ing in the wire.

Pig, 47 shows the basic circuit vo operate a single bolometer. The bolometer
element is a fine platinum fuse wire carrying a dircct current, which gets heated by
r.f, current pulses from the piok-up loop. The resistance of the platinum changes
with the temperature, so the teﬁperature change is reflécted in a different IR drop in
volbage at the peint P. These voltage pulses: are then amplified and measured on a
peak vcltmeter, the latter reading being proportional to the total r.f. energy per
pulse; this is true because the thermal time constant of the bolometer is long compared
to the pulse duration; Since the various bolometers whiéh are to be used with the
system have resistances\varying es much as 30 percent, the load resistor R is made 100

N -
times larger than the bolometer’resistance (100 ohms) so that the current will always
be the same, regardless 6f which bolometer is switched in.

Two kinds of pick-up were troublesome, namely 60 cycle a.c., and the.BOO lsec long
video pulses fed to the transmitters. Both these arise from ground currents flowing
from the-oscillators to the steel tank; +the video currents particularly cause magnetic
fields which induce voltages of the order of tenths of a volt in any closed looplin the
area. The solution was to install a preamplifier in. a thick-walled steel box welded to
the under side of the linear accelerator tank (sce Fig, 48) in such & way that all leads
from the bolometers to the preamplifier are shielded from the induction field by at
least 1/4" of steel. The preemplifier chassis is heavily grounded to the inside of the
box, so that currents flowing in the cable from the control rack to the preamplifier‘
will not be carriedrto the bolometer cables. It was also necessary to thoroughly bond
the copper liner to the steel tank by means of copper straps at both ends and in‘the‘
middle of the cavity.

& block diagram of the entire system is shown in Fig. 49. The bolometer switching

is done remotely by means of twenty individual relays, so that all low-level video

lines stay within the shielding of the ovreamplifier. The preamplified pulse is put

through a high-pass R~C filter at the control unit to get rid of 60-cycle pick-up, then

it is amplified te about 100 volts and fed to the peak voltmeter. The pulses, shown on
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Fig. 33, have Fourier components only in the region from 3,000 to about 10,000 cycles

so a great discrimination against 60 cycles is possible in the filter. A neon tube,

=

shown at A in the preamplifiocr, is necessary to prevent capacitive surges from blowing

out bolometer wircs, during switching from one holometer to the next.
i B -
¥

Fig. 50 is a drawing of the bolometer probe assembly, showing it in relation to

=)

the cavity. The outer bushing is permenently screwed to the wall of the cavity, its

function being to orient each probe correctly to the field inside the cavity. The

bushing has a lock ring and an aligning pin to hold the probe in position.

consists of an attenuator tube with a bolometer tube which slides inside it, providing

ja¥

a waveguide beyond cubtoff of adjustable length. The attenuation setting is locked by

Y
means_of a screw and clamp, built into the right~hand end of the attenuator tube. The
bolometer tube contains an r.f. pick-up loop, the bolometer element, and a tapercd plug
type of bypass condenser. The insulation around the plug is one mil thick polystyrene,
which gives a capacity of 1,000 pufd.
The bolometer.elemsnt is in a hole drilled in the end of the taper plug, and is

hermetically sealed to contaiﬁ one atmosphere of air. This prevents the element from
having to operate surrounded by vacuum, which would éive the holometer wire a long
thermal time constent. The time donstant ﬁnder 1 atmosphere pressure is about .05
seconds. The connection from the bolometer element to the pick-up loop is made through

a small commercial Kovar-to-glass seal.

The calibration of the probes is done in such a way that any of the probes may be

9

plugged into any one of the bushings on the linear accelerator liner, and give identical
readings to within 5 percent in power. Fortunately, it turns out thatvwe can ¢xelte &
short copper cavity withéut drift tubes in air at the same.high'r,f. maegnetic tield as
exists in the linear accelerator cavity during ordinary operation. This provides
identically the same excitation for the holometers as they would get in the liuear

1

accclerator tank, and so provides an ideal calibration. The test cavity is provided
with two bushings and two bolometer amplifiers, one Lo monitor the power level and the

- i 11 . . o
other to calibrate an unknown” bolometer probe. The regular bolometer amplifier system
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for the linear accelerator is used for the latter. The calibration procedure is as

follows: .

1. The test cavity is excited to give approxiﬁately the same‘reading on a given
bolometer as the same bolometer gives when installed ;n the linear accelerator. This
level is then maintained by watching ﬁhe monitor; whiie calibrating a whole set of
probes,

2, An unknown bolometer is installed in the second bushing, and connected to the
amplifier. We now wish to determine roughly the power level at which the bolometer will
operate., The criterion has been to operate at 5 pércehﬁ of burn~out leyel, or at 20
percent of the level at which the probé characteristic deviates from square law. The
latter point ma& be determined without destroying thefbolometér, and hence was used as
the reference point. To determine thé characteristic, a bolometer probe is arranged
so that it may be rotated relative to the r.f. magnetic field; in the square-law region,
rotating the loop %50 from maximum gives exactly 1/? maximum reading on the meter,
Having establishedche-attenuator setting for the first bolometer, the gain control is
now set to give a convenient reading (say 80 percent of full scale] and the other
bolometérs wiil be set for exactly this same sensitivity._

3. To calibrate the other bolometers, the gain setting is left at the value

determined in (2) and each attenuator is set to give the same meter reading.

VIII. ACCESSORY EQUIPMENT

(1) Electron Catcher Magnet and Monochromatizing Magnet - The high axial r.f.
electric fields existing in the resonant cavity can accelerate any free electrons,
formed between drift tubes, to considerable energies, approximately 680 percent of the
voltage across the gap. Electrons férmed neaf the exit cnd of the No. 46 drift tube
by secondary electron multiplication or gas ilonization can be accelerated to an energy
of 1.1 Mev. These electrons constitute an aporéciable personnel hazard and also
interfere with certain experimental equipment.

pproximately 4,000 gauss between pole pieces

LI

A small electromagnet, producing a
[} >

2-1/?" in diametcr and 2" apart, is provided to deflect these electrons vertically, so
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LR

that they strike a carbon cylinder, thus producing only soft x-rays which are absorbed

in a three-inch-thick lead shield around the cylinder. This magnet can also be used

for small-angle vertical steering of the proton beanm.

(2) Monochrometizing magnet - An 8,000 gauss deflecting magnet is used to deflect
; 1

the 32 Mev proton beam horizoﬁtally throusgh an angle Bf 30° and thus separéte it from
the lower components of 4 and 8 Hev., The latter are produced by protons Spending 2 r.f.
cycles in each drift tube space. The magnet &lso removes the 16 Mev I componént if a
1/4 mil aluminum stripping foil is inserted ahead of the field. This magnet has:a

plan view and cross section as shown in Fig. 38. Output ports are provided at the 0°,

15°, and 30° positions. .

-

(3) Bombardment facilities - The facilities availablée at this time are the

following:

4 Mev Beam - A 90° horizontal deflecting magnet inserted between the Van de Graaff

1

generator and the linear accelerator permits use of either pulsed or d.c. proton beams

up to approximately 4.5 Mev. Energy stabilization circults for the Van de Graaff .

.’V

generator are not yet completed. . ' ,

)

32 liev Beam -.Proton beam current monitors, conSisting of r.f. shielded parallel
plate ion chambers feeding into conventional d.c. amplifier circuits, are wired ﬁa
indicate both at the bombardment ares and the contfol board. Chambers with 1/% m;l
aluminum plates are used when it is desired to monitor ahead of the target. Sglid
backed ones are aveilable for use when it is possible to monitor the beam aftéﬁ it ﬁés
passed through the target. There are two amplifiers, each with range varigble froﬁ

5 x 10“8 to 10715 amps of profons with the iomization chambers

tructed for absoclube cross

& current integrating.chamber has been specially con
section experiments. Proton current is measured in a Faraday cup, and integrated
either by a condenser or by an adjustable RC circuit which can be se&t to the same time
constant as the half-life being investigated, and hence eliminates any error due to
fluctuations in beam current.

Other Brnergies - Aluminum absorbers can be put ahead of the 30° horizontal deflect-

'
3
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ing magnet, so that beams of energy less than 32 Mev can be obtained. The 30°
deflecting magnet chambers can be removed, leaving a pole gap of 2", with,ﬁole faces
6" x 20" in which fields up to 9 kilogauss can be obtained. A 30-foot-long evacuated

tube can be attached to the exit end of the machine to bring the beam out through a

i -

4 e
concrete wall in a region of reduced bhackground. The beam there has increased in

diameter to approximately 1/2 inch compared to 1/4 inch at the e#it of the linear
accelerator, Cloud chambers can be used at the end of the 30-foot pipe.

A special bomﬁardment chamber has been constructed for the investigation of half-
lives of a few seconds to a few minutes. The chamber which is a 2-inéhes thick lead

house, contains the target holder, a thin-walled Eck and Krebs Geiger counter, and a

'

# )
parallel plate ion chamber to monitor the beam. Provision is made for flowing helium

“through the chamber. Provision is also made for placing absorbers in the beam, to

vary thé incident proton energy.
2

There is a special bombardment chamber for investigating absorption of B's from
short-lived emitters. It consists of & target holder and parallel plate beam monitor
functioning like the lead house mentionéd above, but having two thin walled Geiger
tubes approximately equally spaced 1 inch,from the "count" position of the target.
Absorbers can be placed in front of one Geiger tube, while the other serves as monitor
of the target activity.

&n automatic seqﬁence circuit*which controls the operation of the two chambers
mentioned ahove has been constructed. It activates a solencid to place the target in
the bezmn for a predetermined time, then swings 1t oyef ad jacent to the counter, and
records the counts on one pen of a Brush recorder for a predetermined 1éngth of time,
The other pean of the recofder gives‘l/ﬁS second and 10 second time marks or records a
second Geiger counter. The automatic circult can be sw’tched to turn off the linear
accelerator at the beginning of the ooupfing period, in order to rednce the counter

background.

% Constructed by lir. Donald R. Cone.
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Delayed gate circuits, giving an "on" time adjustable in width from O to 1,000
microseconds and delayed from O to 1/15 seconds after the r.f. pulse are available for

study of very short half-lives.

IX. PERFORMANCE

¥

'(l) Voltage - The oﬁtpﬁt;voltage of the linear aécelerator has been‘megsured'by:
(a) Total range méasurement in aluminum, using the range energy relation as computed by
Smithzo); (b) Absorbing the beamgl) from the output of the accelerator to the threshold
of the reaction BIl(p,n)cll which is acéurately known?2);  and (c) By measuring the
thresholeI) of the reaction C}2(p,d)c!! and correcting for barrier effect. All these
meesurements are in excellent agreement and give

32.0 #+ .i Yev

as, the central eneréy of the beam when the machine is operated in the normal manner.
It was shown that shifts up to 150 Kev coulq be produced by overating the oscillators
at an abnormally high value. |

The energy spréad of the beam can only be'inférféd at present from the sharpness
of the threshold of thé.read%ionZI) Clz(p,d)Cll. When the resulting excitation curve
is corrected for barrier and absorber sffaggling,the R;M.S. energy width of the beam
can be shown to be

AE < 100 Kev

In addition to the principal 32 Mev beam, there are two other beam components
(usually removed by the analyzing magnet,‘Sebtion VIII).

a) 16 Mev Hp*

b) 8 Mev H'
caused by particles spending two r.f. cycles in each drift tube space.

(2) Current =- Preseﬁt output current of the machine as observed by the current
integrals (Section VIII) and check of the absolnte cross section®d) of Clz(p,pn)Cll
is approximétely'4gibi03§wamps.j@This is accounted for as follows:

a) Ihjection current: 50 QA

b) Phase aﬁgle loss: 15
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6¢) Grid loss:s 2.5

d) Effective duty cycle: 300

Impro%ement in this figure is anticipatedg due to: a) Ion source improvements;
b) Grid redesign; c) Bunching of iop beam prier to entering the linear accelerator;
a) improved duty cycle, [ t ’ |

(3) Beam geometry - About 85 percent of the beam will pass through a circular

hole l/@ inch in diameter. The beam divergence is 10~° radians.

(4) Reliability - The mean tube life of the 434-A tubes when used in the accelera-

tor has been 300 hours, corresponding to one tube change per three hours of bombardment
time, ‘Sinee the time loss for the exchange of an_oscillator for tube repair is less
than 2 minutes, this has not resulted in appreciable time loss. There have only been
three cpenihgs of the tank for repairs involving leaks, etc., during the firét year

of operation.
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